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Preface

The traditional application market of magnesium alloys is in automotive and aerospace
industries where weight reduction is vital for economy of fuel consumption. It is be-
lieved that the transport industry needs magnesium to survive in sustainable world.
Consumer electronics is an emerging market, exploring magnesium for housings of
computers, cellular phones, cameras and other telecommunication hand-held devices.
The small size and low weight of consumer electronics products is compensated by
their high yearly demand reaching hundreds of millions of pieces, frequent upgrades
requiring a model change and overall annual growth. Similar features fuel a use of
magnesium in household and leisure products. Furthermore, magnesium application
continues to increase in bio-materials sector. Magnesium alloys are biocompatible and
research shows significant progress on bioabsorbable magnesium stents and ortho-
topedic hardware. Resorbable magnesium alloy implants for osteosynthetic surgery
would be advantageous to common implants of titanium or surgical steel thus elimi-
nating a need of second surgery for implant removal.

A resistance to surface degradation at room and elevated temperatures is paramount
for majority magnesium applications. High reactivity of magnesium and limited sur-
face stability still represent major drawback in application expansion and create a se-
rious challenge for scientists and engineers. As in the case of other metals, a basic
distinction is made between high temperature oxidation and room temperature cor-
rosion. Although typical service temperatures of magnesium parts are relatively low,
the alloy processing and component manufacturing stages frequently require heat
treatment may cause extensive oxidation. In general, room temperature corrosion of
magnesium alloys is affected by the same factors important to other metals. However,
the particular effect of corrosive environments of gases, sea water, engine coolant or
human-body fluids is unique for magnesium alloys. A separate issue represents elec-
trochemical corrosion where due to low electro-negativity of magnesium it is easily at-
tacked in industrial joints. Hence, surface protection techniques for magnesium alloys
are essential.

An emphasis of this book is on magnesium oxidation, corrosion and surface modifi-
cations, aimed at enhancement of alloy surface stability. First two chapters provide
description of high temperature oxidation with details of oxide structures and oxida-
tion characteristics of several commercial alloys. Following chapters cover elements of
general corrosion, methods of its investigation and corrosion inhibitors. The subject
of magnesium degradation in human-body fluids that controls medical applications
for surgical implants, exploring bio-compatibility of magnesium alloys, is described
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Preface

in subsequent three chapters. Several final chapters are devoted to methods of surface
modification and coatings, designed to improve corrosion resistance, corrosion fatigue,
wear and other properties. Each chapter contains a rich selection of references, useful
for further reading,.

A mixture of theory and technological details makes the book a valuable resource for
professionals from both academia and industry, primarily dealing with light metals
and magnesium alloys. I anticipate this book will also attract readers from outside the
magnesium field and allow them to understand application opportunities created by
this unique light metal.

December 2010
Frank Czerwinski
Bolton, Ontario,

Canada

FCzerwinski@sympatico.ca









Thermally-Formed Oxide on
Magnesium and Magnesium Alloys

Teng-Shih, SHIH, Jyun-Bo LIU and Pai-Sheng WEI
National Central University (Department of Mechanical Engineering)
Taiwan (R.0.C)

1. Introduction

Magnesium alloys are commonly used in making automobile parts or by the
communication industry due to their unique properties, such as low density, good damping
capacity and ease of manufacturing. Magnesium alloys are very active and often cause fire
hazards or surface degradation during the manufacturing processes, such as machining,
melting or heat treatment. Understanding the combustion characteristics of different Mg
alloys is necessary and of industrial interest.

Shih et al. (2002) studied the combustion of AZ61A alloys in different gases. They outlined
possible reactions between Mg and O,, CO; and CO based on their observations. Decreasing
CO,/ Ar decreases the amount of heat derived from the oxidation reaction. Shih et al. also
used a modified type of thermal analysis to study the combustion of magnesium alloyed
with calcium or aluminum (Shih et al., 2004). A Mg-5Ca alloy cake was ignition-proof up
t01000 K, while the solution-treated AZ91D alloy cake could also remain ignition-proof up
to 1000 K during heating. The CaO oxide layer was dense so served to provide good thermal
stability for the Mg-5Ca alloy. The oxide layer that formed on the surface of the solution-
treated AZ91D was mainly composed of MgALOy spinels, and it was this which improved
the thermal stability of the solution-treated AZ91D.

Czerwinski (2002) studied the oxidation of AZ91D alloys via TGA test results. Samples were
heated from 470 to 800 K. The oxidation process could be divided into three different
periods: the protective layer, incubation and non-protective periods. The protective behavior
was not discussed but the non-protective behavior was associated with the formation of
oxide nodules and their coalescence into a loose fine-grained structure.

Zeng et al. (2001) studied the Auger depth profiles of AZB91 (Mg-9Al1-0.5Zn-0.3Be) alloys
heated at 923 and 1043 K for 10 s. For the AZ91 alloy with added Be, MgO should form prior
to BeO at 923 K due to a high mole concentration ratio of Mg to Be. Beryllium possesses a
lower density than magnesium (1.65 g/ml versus 1.74 g/ml) and tends to enrich its
concentration beneath the top oxide layer (MgO). If the beryllium concentration is higher
than 2.3 at%, BeO would form and become attached to the upper layer (or subsurface)
decreasing the Be concentration in the nearby melt, where the Al concentration would
gradually increase. Spinel possesses a lower free energy than BeO (-1878.75 kJ/mol versus
-511.08 kJ/mol). This means that the inner layer is composed of complex oxides of MgO,
BeO and spinel. The BeO possesses a low thermal expansion coefficient (17.8 x 10-¢ at 298 K
and 31.7 x 10-¢ K-1 at 1000 K) compared with that of MgO (44.3 x 10-6 K- from 993 to 1933
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K) (Fei In et al., 1995). Consequently, the duplex oxide of BeO and spinel existing in the inner
layer enhances the thermal stability of the oxide film and thus reduce the possibility of
microcracks formation. Houska showed that adding 0.001 wt.% of Beryllium could delay the
combustion of Mg by about 200 K (Houska, 1988). Foerster (1998) found that adding 3-8
ppm Beryllium could greatly improve the oxidation resistance of the Mg alloy. Czerwinski
(2004) used TGA to study the oxidation and evaporation behavior of AZ91D magnesium
alloys with 5 and 10 ppm of beryllium at temperatures between 473 and 773 K. He found
that the addition of beryllium delayed the transformation from protective to non-protective
behavior. In addition, in an inert atmosphere, increasing the beryllium content reduced the
magnesium evaporation rate.

In this study, we discuss the morphology of a thermally formed Mg oxide layer using TGA
analysis and SEM observation. We then address the protective behavior of SF¢ during the
heating and melting of pure Mg. The oxide films grew on AZ91 melt and heated AZ80 cake
was compared and discussed.

2. Experimental procedure

Samples of pure Mg (99.9 wt.%) in size 5 mm x 5 mm % 10 mm were prepared. Each sample
was polished by p400-2000 abrasive papers without lubricants to minimize the effect of
amorphous oxide formation. The samples were then promptly removed to a muffle furnace
and heated under different atmospheres at 700 K for two time spans of 1 and 25 h,
respectively. For growing thermal oxides on the pure magnesium sample, air mixed with
and without 2% SFs was used as the surrounding protective atmospheres. The heated pure
Mg samples grew thermal oxides on their surfaces during heating. After being cooled to
room temperature, the samples were sectioned and polished and to SEM and optical
observations.

A Perkin-Elmer (TGA-7) apparatus was utilized to record the thermogravimetric analysis of
the pure magnesium 5 mm X 5 mm x 5 mm specimens. The weight change when the sample
was heated in an air atmosphere with a flow rate of 50 cm3/min was measured. The
specimen was preheated up to 423 K at a heating rate of 10 K/min, then held for a period of
1800 s. It was then heated to the reaction temperature of 700 K at a heating rate of 10 K/min
and held for 2.16 x 104s.

Electron Spectroscopy for Chemical Analysis (ESCA, Thermo VG Scientific Sigma Probe)
was used to analyze the composition of the surface oxides. The relationship of the
composition-depth profiles was obtained by using a 3 keV argon ion beam at 0.1 cm=2. The
chemical composition of the thermally formed oxide layer was also checked by using an
Electron Probe Micro Analyzer (EPMA, Joel JXA-8600SX). Experimental data for AZ91, from
the work of (Zeng et al., 2001), are also discussed.

3. Results and discussion

3.1 Thermogravimetric analysis at pure magnesium

The results of the thermogravimetric analysis of pure magnesium are recorded in Fig. 1. The
data show a weight gain during the short time when the cubic sample was preheated at 423
K for 1800 s in an air atmosphere. When magnesium was heated in air, it became hydrated
(>120 °C) to form brucite (Mg(OH)>). However, brucite dehydrayion is reversible (brucite =
periclase + water); this reaction can be shifted in either direction by increasing or decreasing
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the water vapor pressure at the appropriate temperature (Sharma et al., 2004) and (Schramke
et al., 1982). The weight change then decreased rapidly due to the dehydroxylation of
brucite. The sample's weight stabilized when the temperature reached 700 K; see stage III in
Fig. 1. After this stable period (or protective behavior), the weight again increased rapidly in
stage IV, as shown in Fig. 1. When pure magnesium is placed in contact with oxygen, the
following reactions occur: first, oxygen chemisorption on the surface of the magnesium,
then the formation and coalescence of oxide islands, and finally oxide thickening. When
there is water vapor, the reaction leads to the formation and growth of an oxide layer, but
the reaction rate is much less than in an oxygen atmosphere, and the oxide layer will contain
relatively large amounts of hydroxyl or hydroxide species (Splinter et al., 1993) and (Fuggle
et al., 1975). The Gibbs free energy of brucite and periclase are —711.8 and —525.8 kJ/mol at
700 K, respectively (Robie et al., 1978). When a pure magnesium sample is heated in an air
atmosphere, brucite forms first, especially at low-temperatures. Brucite is then transformed
to periclase by the dehydration or dehydroxylation associated with a large decrease in
volume (~50%) during the reaction process (Sharma et al., 2004).

0.08 -+ - 800
TGA pure Mg
1| air : 50 em¥min / i
0.04 + - 700
]
E )
® o - 600 .E
(=
E =
S £
;:'" =0.04 - 500 1
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=
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|1
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-0.12 I' I T ¥ T ¥ | T ¥ T ¥ 300
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Fig. 1. Thermogravimetric analysis of pure magnesium (99.96 wt.%); heating rate dT/dr = 10
°C min-1; air flowing rate = 50 cm3/min.

The protective behavior occurs during stage III (Fig. 1) due to a lack of easy paths for fast
Mg transport (Shih et al., 2006). Fig. 2a and b shows the sectional morphologies of a sample
heated at 700 K for 3.6 x 103 s. The protective behavior for this holding time is shown by the
thermogravimetric analysis; Fig. 1. Microchannels and microcracks are visible, but these
channels or cracks do not penetrate through the oxide film; meaning, there are no easy path
for magnesium transport. Brucite dehydrated and formed lamella MgO during heating.
Concurrently, dehydroxylation also brought water vapor to the surface of the brucite film.
Crystalline MgO can be rehyroxylated by increasing the water vapor pressure (Schramke et
al, 1982). During heating, dehydroxylation is energetically favorable for transforming
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Fig. 2. SEM photos showing the sectional view including oxide film and substrate; sample
(99.956 wt.% Mg) heated at 700 K for 1 h after being polished by abrasive paper; (a)
magnification 20,000% and (b) magnification 35,000x%.
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brucite into MgO. Rehydroxylation may also occur locally at points which a high vapor
pressure exists. Nanoscale cracking and fragmentation occur during dehydroxylation
(Sharma et al., 2004). Then, magnesium containing species could fill the cracks due to high
mobility during heating. They react with the steam vapor to form brucite, which heals the
microcracks. In our experiments, the fresh brucite on the microcrack walls and valley is
transformed into periclase due to dehydroxylation at 700 K. The above reactions proceeded
periodically during heating causing a protective behavior in stage III; see Fig. 1. When most
of the brucite was transformed to MgO, the water vapor was almost completely depleted.
The great difference in thermal expansion coefficient between magnesium and MgO caused
the oxide film to crack. These cracks acted as channels for transporting magnesium vapor
outward to react with the oxygen, result in the formation of ridges and/or nodules
associated with a rapid weight gain (a non-protective behavior) in stage IV of Fig. 1.

Fig. 2a shows an inclusion particle located underneath the oxide film and a microchannel
that is pointing to but not open to the particle. The thickness of the oxide layer varied from
0.6 to 1 pm and the microcracks were open for about half the thickness of the layer. This
microcrack formation may have been triggered by the particles so that dehyroxylation and
rehydroxylation could persist for a longer period of time.

Non-protective behavior occurs when the rehydroxylation process terminates and all the
oxide has become periclase. Open microcracks allow the transportation of Mg to react with

(a)

8926 20.9KV  X5,000  1pw

Fig. 3. EPMA photos showing the sectional view including oxide film and substrate; sample
(99.956 wt.% Mg) heated in air at 700 K for 25 h, sample polished by abrasive papers; (a)
magnification 5000%; (b) Mg mapping and (c) O mapping.
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the oxygen to form periclase. Fig. 3 shows the oxide penetration into the pure Mg substrate.
Ridges formed after the sample was heated in air at 700 K for 9 x 10¢ s. Extending the
heating time or raising the temperature causes the reaction to become much more rigorous,
forming more nodules on the oxide film, leading to a loose structure, as illustrated by
Czerwinski (2004).

3.2 The effect of SFg on the oxide film on pure magnesium

During the melting of magnesium alloys, CO,, SO, and SFs gases are often used as the
protective atmospheres. Using SFs can efficiently prevent magnesium ignition, but it also
has a significant negative impact due to the greenhouse effect. A better understanding of the
reaction of Mg with SFs is thus of industrial interest.

Samples of pure Mg were heated at 700 K for 9 x 104 s in an atmosphere of air mixed with
2% SFe. The samples were sectioned, polished and then observed by SEM and analyzed by
an Electron Probe Micro Analyzer. Fig. 4b-d shows the Al, F and S mapping, respectively.
The tested fluorine resided at the interface between the substrate and the thermally formed
oxide layer. Sulfur was incorporated with the fluorine near the oxide layer, but its intensity
was far less than that of the fluorine. Aluminum showed locally at the substrate and oxide
layer interface indicating the possibility of the existence of spinels.

(b)

spinel

ge24  20.8KkV i2,080 18pa

(d)

1

I“ng

/

MgS

492e 240Ky %2,080 10ve 623 20.8KV ®e,e00 18vn

Fig. 4. EPMA photos showing the sectional view including oxide film and substrate; sample
(99.956 wt.% Mg) heated in a protective atmosphere (0.2% SFe) at 700 K for 25 h; sample
polished by abrasive papers; (a) magnification 2000%; (b) Al mapping; (c) F mapping and (d)
S mapping.
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Fig. 5. The square of the film thickness versus film exposure time, for film samples produced
under a cover gas of air containing 0.3% at 973 K

As explained previously, brucite formed during heating. It turned out to become periclase
when dehydroxylation occurred. At a high-temperature (700 K), magnesium containing
species diffused out from the substrate via the microcracks to react with oxygen to form
periclase and also released latent heat (AH = 600.5 kJ/mol). The protective atmosphere
contained a small fraction of SFs (about 2%) which is heavier than CO, and air (6.4 kg dm=3
for SFg, 1.9 x 103 kg dm™3 for CO,, and 1.2 x 10-3 kg dm for air). The SFs might fill up the
microcracks in the thermally formed oxide layer and was heated by the reacting periclase.
SFs can be decomposed if sufficient heat is available: AH = —=1221.6 k] /mol. In other words, a
reaction of two moles of MgO can offer enough latent heat to decompose one mole of SFs.
The SFs was heated and reacted with Mg to form MgF, (formation enthalpy —1120.1 k] /mol;
formation energy —1001.2 kJ/mol (Barin, 1995)). The above reactions occurred persistently;
forming periclase, decomposing SFs, and then producing MgF». The MgF» was incubated in
the microcracks and gradually filled the interface between the magnesium substrate and the
oxide layer.

In this study, we used an atmosphere of air mixed with 2% SFe. It is reasonable to postulate
that MgF> and MgS coexisted at the interfacial layer between the oxide and the substrate, as
indicated by the F and S mapping. Aluminum is soluble in magnesium and would thus
diffuse out to form spinel during heating since the formation energy is —2005.6 kJ/mol at
700 K, which is more favorable than MgF, (-1001.2 kJ/mol) or MgO (-525.8 kJ/mol). When
the Mg sample was heated and held at 700 K in an atmosphere of air mixed with 2% SF,
spinel could form at the interfacial layer between the oxide and the substrate, where MgF»
formed on the surface of the substrate. MgF, possesses a cubic structure similar to TiO, and
has a low thermal expansion coefficient of 18 x 106 K-! (a,) and 13.7 x 10-¢ K1 (ac),
compared with MgO which is 44.3 x10-6 K-1 (Fei In et al., 1995) and (Krishna Rao et al.,
1962). The MgF, film can therefore provide protection to the magnesium during heating.
Cashion et al (2002). prepared a film sample by melting Mg in a covering gas of air
containing 0.3% SFe at 973 K. The film was about 0.25 pm in thickness after an exposure time
of 1 h, In this study, the thermally formed oxide layer was about 6-8 pm, as indicated in Fig.
4, after magnesium was heated at 700 K in air containing 2% SFs. The thickness of the
thermally formed oxide film was far greater than that of the film deposed on the melt,
although the former was heated at 700 K and the latter was treated at 973 K.
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The Auger electron spectroscopy tests show the relation of the film composition versus
sputtering time; see Fig. 5 (Cashion et al.,2002a). Fluorine can be detected. The MgF> product
showed from the interfacial layer between the oxide film and the substrate was about one-
half the thickness of the film. In this study, the MgF, occupies less than one half of the
territory of the thermally formed oxide film (which was formed at 700 K for 1 h under a
covering gas containing 2% SFe); see Fig. 4. Two important observations can be made after
comparing Fig. 4 and Fig. 5. First, MgF. was apparently preferentially located at the
interfacial layer between the oxide film and the Mg substrate. Second, increasing the heating
temperature increased the MgF, in the oxide film was evident experimentally.

During the heating thermally formed oxides first formed brucite which was then
transformed to periclase at a high-temperature. Microcracks formed and the magnesium
containing species diffused outward to react with the oxygen. The MgO would cover the
surface of the heated Mg whether in the solid or in the melt. The reacting MgO product
released heat, decomposing SFe, resulting in the formation of MgF, Magnesium diffused out
from the substrate via microcracks. Therefore, the MgF, product was preferentially located
in the microcrack valleys. Increasing the heating temperature increased the reaction rate for
forming MgO, offering a higher driving force for decomposing SFs and forming MgF; at the
microcrack valleys. Therefore, MgF, was deposited underneath the MgO, and grew from the
interfacial layer. The thickness of the MgF. layer increased following an increase in
temperature and/or heating time. It therefore occupied a greater fraction of the oxide film
and provided protection for the Mg melt as is the case in Fig. 5 (film on the melt) and in Fig.
4 (thermally formed film).

Spinel (MgAlOy) is more energetically favorable at 700 K (-2005.6 kJ/mol) than either AlF;
(-1326.2 k] /mol) or MgF, (-1001.2 k] /mol). It preferentially forms at areas where aluminum
has diffused out from the Mg matrix and reacted with oxygen. The reacting spinel releases
latent heat (-2297.8 kJ/mol) which generates a great driving force for decomposing SFs.
Fluorine mapping thus shows the obvious intensity nearby the colony, corresponding to the
Al mapping in Fig. 4.

3.3 Oxidation of AZ80 heated in air

The solution-treated AZ80 alloy sample was heated in air at 700K up to 1h. The surface of
the heated sample changed in color from a bright metallic to a matt gray, reflecting the
existence of the oxide film. Optical observation indicated that there were some small
nodules distributed over the surface. Fig. 6a and b shows sectional views of the sample
observed by SEM. Microcracks resided within the thermally formed oxide film. The crack
sizes were less than those found within the thermally formed oxide film from the pure Mg
sample; Fig. 2a and b. These microcracks can act as an easy path allowing the diffusion of
Mg, to react with the oxygen, which produced the nodular structure.

The ESCA analysis shows the concentration-depth profile of the solution-treated AZ80 sample;
see Fig. 7. The outer layer is mainly MgO. The concentration profiles of magnesium, oxygen
and aluminum show a plateau on the intermediate region. This region is mostly composed of
MgO and some spinel (MgAI,Oj). The latter phase increased with the depth of oxide film in
conjunction with the increase in the aluminum content. The spinel fraction increased up to a
point where the oxygen content became level after dropping. The atomic percentage of oxygen
and magnesium in the spinel was about 57.1 and 14.3%, respectively. Spinel formation would
consume a large amount of oxygen. The oxygen diffused inward from the surrounding
atmosphere. Increasing the oxide film thickness increased the difficulty for oxygen diffusion,
limiting the spinel reaction to some extent, as shown in Fig. 7.



Thermally-Formed Oxide on Magnesium and Magnesium Alloys 9

Micro-pore

| &= Inlans

EHT= 5,00 KV
Bigmal & = InLans

Fig. 6. SEM photo shows the sectional view of solution-treated AZ80 sample after polish by
abrasive papers and heated in air at 700 K for 1 h; (a) and (b) magnification 30,000 showing
the existence of micropore.
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.
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Fig. 7. ESCA analyses showing the measured atomic concentrations of Mg, O, Al and Zn
versus sputtering time on solution-treated AZ80 after polished by abrasive papers and

heated at 700 K for 1 h; the total sputtering time 11000 s.

20.0KV  X5,008 tin

6832 200KV %5.000

Fig. 8. EPMA photos showing the sectional view including oxide film and substrate;
solution-treated AZ80 heated in air at 700 K for 1 h; sample polished by abrasive papers; (a)
magnification 5000%; (b) O mapping and (c) Al mapping.
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Fig. 8 shows the EPMA analyses of oxygen and aluminum. From the coexistence of Al, O
and Mg, it can be reasonably postulated that this area is composed of spinel. This is
distributed near the interfacial layer, but is more like a network in the oxide film. The
formation energies of spinel and periclease are —1878.75 and —493.09 k]/mol (at 1000 K),
respectively. After being heated, MgO will form on the sample surface first after which
aluminum concentration in the substrate increases. This is energetically favorable for
formation spinel. The thermal expansion coefficient of spinels, 29.4 x 10-¢ K-, is far less than
that of MgO, 44.3 x 10-6 K-1, at a heating temperature of 1000 K (Fei In et al., 1995). Spinel is
much more thermally stable than MgO. This means that the solution-treated AZ80A could
resist ignition up to 823 K (Shih et al., 2004).

3.4 Oxidation films on the AZ91 melt and AZ80 heated cake

In the reference work of Zeng et al., an AZ91 (Mg-9A1-0.5Zn) alloy was prepared using
commercially pure Mg, Al, and Zn. The alloy was melted in an electric resistance furnace.
When the melt temperature reached 973 K, the oxide film was removed from the melt. The
melt was then poured into a permanent mold to obtain cakes with a diameter of 80 and
70 mm in thickness. The cakes were remelted in a crucible at 923 K for 10 s to prepare the
surface oxide samples.

ESCA analyses were done to show the concentration-depth profiles of the elements on the
oxide film; see Fig. 9a. The surface layer is rich in magnesium; the ratio of magnesium to
oxygen is greater than 1. The oxygen content remains constant for a short distance then
gradually decreases with depth. Periclase is the main constituent phase in this layer with
some magnesium trapped in the MgO making the magnesium to oxygen ratio greater than
1. The magnesium concentration drops when there is a significant increase in the aluminum
concentration indicating the existence of spinel in this region, Fig. 9b.

Comparing Fig. 7 and Fig. 9, we can make the following conclusions: (1) the thickness of the
oxide film developed from the AZ91 melt is about 0.5-0.6 pm and the thermally formed
oxide film deposited on the solution-treated AZ80 is about 4-6 pm. The former sample was
melted at 923 K for 10 s and the latter was heated at 700 K for 3600 s. In other words, the
reaction time is the influential factor in determining the thickness of the oxide film; (2) the
concentrations of Mg, Al and O versus depth profiles of both the AZ 91 and AZ80 samples
show a similar pattern and (3) the oxide film developed from the AZ91 melt possesses a
higher magnesium concentration in the top layer than that obtained from the heated AZS80.
The former oxide film contains more than 50% magnesium and the latter about 50% Mg.
This difference was caused by the heating temperature (Fig. 10).

Fig. 9b schematically illustrates the prospective phases contained in the oxide film on the
AZ91 sample. The top layer (zone I) is rich in MgO, with some Mg trapped in the
microcracks. The intermediate layer (zone II) is composed of spinel, MgO and trapped Mg.
In this layer, the spinel comprises a high fraction in the region close to the inner layer (zone
III) but MgO is dense in the region close to the outer layer (zone I). The MgO and spinel
have decreased fractions in the inner layer, but Mg greatly increases in concentration
approaching the substrate.

During heating, brucite is transformed to periclase by the incorporation of voids and
microcracks. Magnesium diffuses from the microcracks to react with oxygen, increasing the
thickness of the periclase in conjunction with the magnesium trapped in the oxide layer.
When perilcase increases in thickness to some extent, the microcracks will again open, and
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Fig. 9. (a) Relationship of Al, O and Mg concentrations versus sputtering time for sample of
AZ91 alloy melted at 923 K for 10 s (Zeng et al., 2001); (b) the prospective phases along with
the estimated fractions of each oxide resided at different zones in the oxide film and (c)
schematically illustrated the different oxide and trapped Mg in the oxide film.

newly formed periclase erupts into the melt forming a new layer of oxides. This process
persists, increasing the thickness of the oxide film and also allowing for chance to form
spinels. There are two possible paths for spinel formation: (1) metastable MgO can react
with the Al-Mg melt to form spinel by 4MgO + 2Al = MgAlLLO4 + 3Mg (Salas et al., 1991)
and (2) the oxide film fractures generating a chance for the reaction of oxygen with the Mg-
Al melt. Aluminum has a higher density than Mg (2.7 g/cm? versus 1.74 g/cm?3) so after the
top surface layer of the MgO increases in thickness, the Al content in the subsurface of the
melt tends to increase. Spinel formed via this reaction (path (1)) is likely to be located at the
oxide film and substrate interface but that formed via the microcrack, path (2), would more
likely be located within the oxide film; see Fig. 8b. Once the spinel fraction in the oxide film
increased the thermal stability of the oxide film improved blocking the microchannels
transporting metal from the melt (Cashion et al., 2002b). Fig. 9c schematically illustrates the
distribution of MgO, spinel and Mg trapped in the oxide film.
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Fig. 10. Relation of Al, O, Mg and Be concentrations versus sputtering time for sample of
AZBI1 alloy melted at 923 K for 10 s

4. Conclusion

The ignition-proofing of a magnesium alloy can be obtained by using an inert gas
atmosphere and/or by an alloying procedure. Magnesium alloys can usually be protected
by CO,, SO, or SFs using an inert gas atmosphere. There are many elements of the alloying
procedure that have already been studied, including calcium, aluminum and so on. Based
on the present studies, the following conclusions can be made:

(1) Brucite forms on magnesium and is transformed into periclase by the dehydration
process. Microcracks caused by the large volume change of dehydration provide an easy
path for evaporating Mg. Each path can produce a nodule on the surface of the oxide film.
For an oxide film with a high population of nodules, the reacting MgO will ignite the melt
or the heated alloy.

(2) When inert gas SFs was used, MgF, or MgS, can form on the surface of pure magnesium
at the interfacial layer between the oxide and the substrate where the reacting MgF> could
block the diffusion of Mg from the substrate.

(3) As a result of adding element Al, a trace of spinel was observed in the magnesium oxide
layer. The reacting spinel tended to form at the interfacial layer which affected Mg diffusion
from the substrate, improving the ignition-proofing of heated sample.

(Paper had originally published in Materials Chemistry and Physics 104 (2007) )
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1. Introduction

Because of the rapid development in automotive, aircraft, and electro industry the use of
light alloys and their development is extensively increased. This increase is especially
evident in the use of light magnesium alloys. The advantage of the Mg-alloys is in the
mass/strength ratio, i.e. small mass of final products and their good mechanical properties;
these alloys also have a good corrosion resistance (Kainer & Von Buch, 2003).

Magnesium alloys are usually used at room temperatures but they can also stay at higher
temperatures and oxidizing atmospheres in different stages of processing, such as:
overheating of the charge, melting, casting, heat treatment and mechanical processing,
recycling etc. But those conditions result undesirable effects that change chemical properties
and deteriorate structural properties of the surface layers. Therefore the knowledge of
oxidation of Mg-alloys at different temperatures is important for development of new Mg-
based materials and the optimization of their technological processes.

Various Mg alloys: AE42, AZ91, AM50, and AM60 were exposed to oxidation at different
temperatures in order to determinate high-temperature oxidation resistance.

1.1 Oxidation of magnesium

1.1.1 Low temperature oxidation

Corrosion of all grades of magnesium and Mg-alloys is of the electrochemical nature
[Vehovar, 1991]. High corrosion potential is needed due to the high negative standard
electrode potential of Mg. In pure or alkaline water Mg(OH), passive films of crystalline
nature are formed on the surface of magnesium (Kurze & Ahc, 2003). In the water solution
having pH<10 this passive layer is unstable because of high compressive stresses inside the
layer (geometric incompatibility with the Mg-lattice), causing the separation of layer and the
commencement of corrosion. Hydrogen liberated in corrosion causes further separation of
this passive layer. In pure alkaline water solution with pH>10.5 the layer is very stable. In
water solutions containing chloride, sulphide, or carbonate ions (fluoride ions are
exception), the passive Mg(OH); layer is destroyed and dissolved. Such corrosion occurs if
magnesium is exposed to exhaust gases, acid rain and salts.

In the same way corrosion attacks the whole passive layer. The corrosion of Mg has two
magnitudes. Higher values of corrosion are obtained in the solutions containing chloride or
sulphide ions than in pure distilled water. Formation of hydrogen is the main cathode
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reaction in this corrosion mechanism. The source of porous corrosion layer is in the
inhomogeneous crystal structures, e.g., when Mgi7Al;; phase is precipitated on grain
boundaries. These structures have higher standard potential and they cause electrolytic
process within the surrounding matrix. This electrochemical corrosion creates traces of
porous corrosion product (Kainer & Von Buch, 2003, Ghali et al., 2004). In the Mg alloys, the
pressure corrosion cracking appears when the internal or external tensile stresses are
combined with the effect of corrosion media (chloride, sulphide and chlorate solutions). This
leads to brittleness at the crack points because hydrogen, formed during the corrosion
process, is absorbed (Kainer & Von Buch, 2003).

Electrochemical corrosion appears because of formation of galvanic cells. It frequently
occurs in the Mg alloys that contain more electrochemically stable metals (alloy components
or impurities), e.g., heavy metals, especially iron, copper, and nickel that are in electric
contact with the matrix. Electrochemical corrosion is intensified in the high-purity Mg-alloys
and in dry atmosphere (when no electrolyte is present).

Corrosion resistance of Mg-alloys (Kurze & Ahc, 2003) is increased with higher purity of
alloys, with addition of special alloying elements (Y, Nd, La, Zr and Ce), and with surface
treatment procedures (cleaning of surface, colouring, anodic treatment....).

1.1.2 High-temperature oxidation

The course of high-temperature oxidation of magnesium is linear. At higher temperatures,
particularly around 437 °C (eutectic temperature) (Massalski & Okamoto, 1990), a different
behaviour was noticed at Mg-Al alloys. The obvious difference at higher temperatures resulted
from the fact that chemical properties and relative volumes of phases in Mg-Al alloys were
changed because of the diffusion process. The alloys at lower temperatures form transformed
eutectic; but at temperatures above 437 °C the eutectic spheroidizes and progressively decays,
while the magnesium region is homogenized throughout the matrix. Aluminium, that is the
main alloying element, has a very different oxidizing and volatilization properties from Mg.
Though aluminium itself forms a very resistant film of ALOs, the addition of over 1 mass % Al
increases the oxidation of magnesium (Czerwinski, 2004).

It is known that in the atmosphere containing oxygen, the growth of oxide film is diffusion
controlled in the solid state, forming a compact oxide surface. In Mg-alloys at higher
temperatures the lattice diffusion is reduced due to a noticeable lack of simple ways for
quick transport of Mg vapours to the surface. Therefore the oxide film stays stable and
protective for a longer time. Diffusivity of Mg in MgO lattice is known, and it is (Lea &
Molinari, 1984): D = 1.0 10exp(-150/RT) m?/s.

Observations show that the thin oxide layer that is formed presents a good protection
(Czerwinski, 2004). At lower temperatures transformed eutectic is formed in the alloy. It
spheroidizes and progressively decays at temperatures above 437 °C, while, as already
mentioned, the magnesium region is homogenized throughout the matrix. Protective oxide
film is destroyed by formation of the so-called oxide spongy spots (Fig. 1) (Medved &
Mrvar, 2006). The morphology of the oxide spongy spots that are randomly distributed on
the surface of the alloy does not show any evident uniform growth of those spots. Such type
of structures shows the formation of “fresh” oxide on oxide/metal contacts and on the
surfaces. It is believed that these spongy spots are formed in the presence of the oxygen
penetrating through the cracks. This creates the condition for the reaction between oxygen
and metal on crack walls and a spongy oxide layer is formed. The intensity of this reaction
depends on the size of cracks and the rate of their healing, respectively, filling the cracks
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with fresh oxygen. The growth of thick MgO layers is controlled by the first-order reaction.
Generally, it is desirable that such a type of uncontrolled oxidation does not depend on the
thickness of layer. It is also confirmed that oxygen can easily penetrate through the surface
of the metal.

200 Pixel

(a) The growth of oxide sponges

- .

(b) Protective oxide layer

Fig. 1. Morphology of protective oxidation and growth of the oxide sponges (Medved &
Mrvar, 2006)

The correlation between the thermo-gravimetric kinetics and the microstructure
demonstrates that there is a relation between the increasing oxidation and the growth of
oxide sponges. The growth of these sponges is activated in the stage of in-homogeneity,
especially during the formation of the metal liquid phase with high vapour pressure of
magnesium. At high temperatures magnesium can sublimate by the diffusion through the
oxide film after the incubation period. Of greater importance is the elimination of Mg
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vapours from the metal surface. They cause that compact oxide film decays into a porous
layer. Above 437 °C the degree of Mg volatility is so high that vapour does not only fill up
all the pores in nodules but also fills the surface where the oxide films are formed. The
opened oxide sponges continue to grow by the transfer of magnesium vapours through the
pores and simultaneous reaction with the oxygen forming a product that has morphology of
“a cauliflower”. It was noticed that the simultaneous oxidation of magnesium led to
formation of an alloy, where oxide fills up the places of the “consumed” metal. It seems that
oxidation is intensified with time and at temperatures higher than 472 °C and it is also
related to the enlargement of spots and pores. (Zerwinski, 2004, Zerwinski, 2002) These
spots and pores are suitable for vapour condensing inside the layer, and this increases the
surface of metal that is exposed to oxygen. Further growth of the oxide film depends on the
selection of oxidizing components of the alloy that stimulate the reaction on the surface
between the oxide and metal, and this increases the surface available for evaporation.

The progress of oxidation was experimentally determined with the TG curves for the Mg-Al
alloys. A physical model was calculated on the basis of this time relationship. A model of
the Mg-Al alloy oxidation (Medved & Mrvar, 2006) was calculated from the TG curves, as
(see Equation 1 and 2):

Am = 5-107° > - 0.0022t> - 0.0315t + 100.01 [%] protective oxidation (1)

Am = 0159 t* -2.0942 t° +103.72 t* -2277.8t +118597 [%] progressive oxidation (2)

2. Experimental work

Cylindrical samples with 4.0 mm diameter and 2.0 mm height were prepared and placed on
platinum carrier (Fig.2). The samples were examined thermogravimetrically (TG) with the
449c Jupiter Instrument (NETZSCH) for simultaneous thermal analysis (STA). They were
heated in protective atmosphere (nitrogen) to various oxidation temperatures (200, 400, 450
and 500 °C), with the heating rate of 10 K/min. The samples were then held in oxygen
atmosphere for 12 h and afterwards cooled at 10 K/min to the room temperature. After the
DSC analysis the macrographs of specimens were made with the Olympus SZ61
stereomicroscope.

Chemical composition of the examined alloys is presented in Table 1.

DSC analyses were made with all the alloy samples. Atomic force microscopy (AFM) was
used to determine the shape of oxides in the specimen from AM60 oxidized at 400 °C. Auger
electron spectroscopy (AES) was used to determine the depth of diffused oxygen and the
thickness if the oxide layer.

Alloy | Mg (mass %) |Al (mass %) |Si (mass %)|Mn (mass %) |Zn (mass %)|RE (mass %)
AE42 Rest 42 0.03 0.29 0.15 1.5
AMS50 94.7 4.7 - 0.40 0.12 -
AM60 93.7 5.84 0.028 0.33 0.05 -
AZ91 Rest 8.5-9.5 - 0.17-0.4 0.45-0.9 -

Table 1. The chemical composition of examined alloys
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(a) Before the experiment

(b) After the experiment

Fig. 2. Sample on the TG carrier made of platinum

3. Results and discussion

In Figures 3 to 6 the TG curves of oxidation and the macrographs of examined alloys are
presented. At low oxidation temperature (200 °C) a thin oxide layer was formed on the
sample surface. At oxidation of AM50, AM60, and AE42 alloys a small increase of mass in
the range of 0.1 - 0.5 mass % was found; in the AZ91 alloy the mass was reduced for
approximately 0.1 mass %.

At 400 °C the oxidation of the AE42 alloy was quite scarce and a change of mass of
approximately 0.1 mass % was determined; in the AZ91 alloy the change of mass was
higher, 0.85 mass %. At the temperature of 450 °C, an excessive oxidation of the AZ91 alloy
took place as also reported by (CZERWINSKI, 2004, CZERWINSKI, 2002). At the oxidation
of the AM50, AM60, and AE42 alloys the change of mass was higher and it varied between
0.2 and 3.8 mass %. At the highest oxidation temperature (500 °C), the change of mass in the
AE42 alloy was 0.7 mass %. At the oxidation temperature of 500 °C the highest mass change
was found for the AM60 alloy, it exceeded 30 mass %.
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The specimen taken from the AM60 alloy before and after the 12-hour oxidation at the
temperature of 400 °C was analysed by the AFM analysis (Fig.7) and AES analysis (Fig.8).
Figure 7.a gives evidence only of abrasion on the specimen surface. Here the oxidation did
not take place. Figure 7.b presents the surface of the specimen after the oxidation at 400 °C
for 12 hours. On the surface oxide sponges that were formed in the oxidation atmosphere
were evident.

The comparison of different alloys at the same temperature (Fig.8 and 9) showed that at low
temperatures (Fig. 8) all alloys had good corrosion resistances. At higher temperature (Fig.
9) AZ91 alloy was unstable; the most stable alloy was AE42. The corrosion stability becomes
lower with a larger Al addition.

The profile analysis was made on specimens before the oxidation and after the oxidation at
200 °C and 400 °C for 12 hours. From Figure 10.a it is evident that the oxygen decreases
continuously with the etching time so the oxide layer is very thin. The concentration of the

(b) After oxidation
Fig. 7. AFM picture of the specimen from the AM60 alloy at 400 °C
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oxygen decreases slower at the oxidized specimen at 200 °C/12h, the oxide layer is a bit
thicker (Fig.10.b). When the specimen was under the oxidation atmosphere at 400 °C the
profile analysis with AES showed that the oxygen diffused deep to the specimen and the
concentration did not decrease while etching the specimen.
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Fig. 8. Mass changes as a function of time for all samples at 200 °C
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The kinetic models of examined alloys were made out of TG measurements and are
described by the following equations (time t is in minutes):
At 200 °C:

Am o = 99.87651 + 8.17415107*t - 4.807211077
Am e = 99.98293 — 0.00112:t + 7.52251107%-t* — 2323391073 +
+3.0403410 " t* — 1.40687-10 74t
Am g, = 99.87012 + 8.4261510*t — 1.4783810°°-t* + 9.8835510 -t
Am o = 99.8961+ 416135107t + 1.3107310°°t* — 4.251810°t> + 3.07167-10'*t*

At 400 °C:

Am 5o = 99.97025+ 0.00259-t — 1.32636107°t* + 3.33877-10 5> —
- 4.033510 " t* + 1.898281071t°

Am g = 99.9179 + 0.0037-t — 2.13318107°-t* + 6.0011910 % —
~7.3225510 4% 4+ 3224391074 ¢°

Am gy, = 99.94066 + 0.00321t — 1.87755107°-t* + 5282310 7%t
— 68729410 t* + 3.3096810*°

AmAM60 = 100.04052 + 49079910_4’( — 39201310—7t2 4 6.32061'10_10'1:3

At 450 °C:

Am s = 9955591 + 0.00222+
Am g, = 99.70671 + 7.424427107t
Am 0 = 9926979 + 0.00712: — 1.12601-107°-t* + 1.26182:107°-t>
Am g = 121.55408 — 0.74693t + 0.0083t*> — 3.1660110°-t> +
+ 5.24557-10°%t* - 3.2236110 ' t°
At 475 °C:

Am o = 9843285+ 0.03175t — 1.65827-10*t* + 4.01739-10 7> —2.50182:10 " t*

Am g, = 100.01846 + 0.00112:+

Am pyeo = 99.75402 + 0.02563t — 3.45083107*t* + 1.78234-10 %> — 2.80083107°-t* +
+ 1438641072t

Figures 11 and 12 present the comparison of DSC curves of the examined Mg-alloys. During
the heating of Mg-Al alloys, two regions of melting were detected, except with the AE42
alloy. The first peaks on the curves in the lower temperature interval (419-431 °C) could be
attributed to the melting of eutectic (amg + AliyMgi2). Because of different fractions of the
eutectic, the areas under the curves, that represented the consumed heat and thus the
quantity of eutectic too, differed. The second peaks on the curves indicated the melting of
the amg primary phase in all the alloys. They had different courses because of different
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amounts of Al in the alloys, and melting commenced the first with the alloys having higher
amounts of aluminium. This meant that aluminium decreased the alloy melting point and it
influenced the amount of the (amg + AliyMgpp) eutectic in the microstructure too.
Considering the phase diagram (Fig.13), all the alloys are in the range where eutectic should
not be formed. This means that eutectic is a non-equilibrium phase.

The experiments have shown that the oxidation took place in heating and it progressed
when holding specimens at constant elevated temperature. This oxide layer had a
“protective” nature and grew unisotropically across the microstructure; it was stable under
certain defined conditions and its thickness partly depended on the temperature and the
time of oxidation.
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Fig. 11. DSC analyses of the melting process of Mg- alloys
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Fig. 12. DSC analyses of solidification of Mg- alloys
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Equilibrium melting point of the eutectic is 437 °C (Fig. 13.b). The DSC determined the
temperature of eutectic melting at 431 °C (Fig. 12). At this temperature the first liquid phase
(Medved & Mrvar, 2006) appeared. The morphology of uniform oxide distribution was
changed into oxide “sponges” that were formed due to the evaporation of magnesium.
Oxidation became more intense with time because of long exposure to higher temperatures.
Under such conditions the diffusion of the magnesium to the surface is intense and the
oxide grows in the form of the so called “sponges”, until the complete material is
“disintegrated”.

4. Conclusions

The purpose of the examination was to determine the course of oxidation of the Mg alloys in
the oxygen atmosphere at different temperatures in 12 hours. The results showed that the
oxide layer could protect material against the progressive oxidation until some critical
temperature has been reached. The nature of the oxide layer depended on several external
conditions, such as atmosphere, temperature of the oxidation process, and also on the type
of alloy. Regarding the obtained results the following conclusions can be made.

The heating and cooling DSC curves indicated the course of melting and of solidification of
Mg-Al alloys. The additions of Al decreased the liquidus temperatures. DSC curves showed
that the second peak appeared on the solidification curves when alloys contained 4 or more
mass % of Al. Optical microscopy revealed that this was due to non-equilibrium eutectic
crystallization during the cooling process.

TG curves indicated the course of oxidation. It has been proved that in all the examined
alloys during the heating to the oxidation temperature, a thin oxide layer with a protective
nature was formed. This layer was independent of the alloy composition and it was stable
till the alloy melted down. The alloys that contained eutectic phase in their microstructure
were protected by the oxide layer up to the first incipient fusion (equilibrium up to 437 °C).
In the alloys without the eutectic phase the protective oxide layer existed to higher
temperatures (at least up to 450 °C). In the alloys with eutectic phase the protective oxide
layer was destroyed above the eutectic temperature and under these conditions the so-called
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spongy growth of oxide became evident. Oxidation of this kind is destructive and usually
leads to complete degradation of the material.

It is evident that the most stable alloy at high temperatures was the AE42 alloy and the most
unstable one was the AZ91 alloy. Alloys with higher Al additions had lower corrosion
stability.

After the 12-hour oxidation of the AM60 alloy it was found that the concentration of the
oxygen was increasing to some depth and it remained constant afterwards. The fractions of
magnesium and oxygen did not change. The concentrations of aluminium and carbon were
reduced to only few at. %.

The kinetic model of high-temperature oxidation of examined cast magnesium alloys was
made regarding the time and temperature.
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1. Introduction

Magnesium is the 8t most abundant element on the earth. Moreover, it is the lightest
structural metal. Magnesium and alloys have numerous advantageous properties such as
high specific strength, high thermal conductivity, high dimensional stability, high damping
capacity, good machinability, good electromagnetic shielding characteristics and easily-
recycling characteristics. These excellent properties make them an ideal choice for a number
of applications including automobile parts, computer and mobile components, sporting
goods, aerospace equipment, household equipment, and implanted materials (Zhang &
Zhang, 2004).

However, magnesium and alloys are chemically active (the standard potential of Mg2+*/Mg
is -2.356Vvs. N.H.E. at 25°C(Bard & Faulkner, 2001).). Hence, they are extremely susceptible
to corrosion whether in wet atmosphere or acid, neutral and weak alkaline solutions. The
poor corrosion resistance seriously hinders their widespread use in many applications.
Hence, a lot of researches have been performed on the corrosion of magnesium and alloys
(Song & Atrens, 2003; Song, 2005; Song, 2006; Wei at al, 2007; Li et al, 2008a-c).

In the investigations on the corrosion of magnesium alloys, the hydrogen evolution and
weight loss measurements, the electrochemical techniques such as polarization curves and
electrochemical impedance spectroscopy (EIS), the corrosion morphology characterization
techniques such as optical microscopy and scanning electron microscopy (SEM), the
corrosion products identification methods such as X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS) and energy dispersive spectroscopy (EDS), etc., are often
used. These conventional methods can provide the information of corrosion rate, corrosion
resistance, corrosion morphology, corrosion products composition (Song, 2006). However,
they fail to provide the micro-dynamic information of the "magnesium alloy - corrosive
medium" interfaces, which is critical for understanding the corrosion mechanism and hence
developing anti-corrosive magnesium alloys. Moreover, these conventional investigations
are always carried out in such a way producing much perturbation of the "magnesium alloy
- corrosive medium" interfaces. Therefore, employing appropriate methods to clarify the
micro-dynamic details of the "magnesium alloy - corrosive medium" interfaces with
minimal electrochemical and physical perturbation is very necessary.
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The use of in situ ellipsometry to investigate the metal-solution interfaces in the corrosive
medium in real-time and without perturbation is well established. Our group
simultaneously used ellipsometry and electrochemical measurements (cyclic voltammetry
and EIS) to investigate the corrosion behaviors of copper electrode in borax solution and in
weak-alkaline medium with the aggressive ion Cl- (Lei et al, 2001 a-b). M.V. Vinnichenko et
al. employed in situ ellipsometry to investigate stainless steel corrosion behavior in buffered
solutions with amino acids (Vinnichenko et al, 2003). R. Bogdanowicz et al. used in situ
ellipsometry and cyclic voltammetry measurements for the investigation of oxide growth on
copper in 0.1 M NaOH solution (Bogdanowicz et al, 2009). In these studies, the optical
properties and thickness of the metal-solution interfaces or the surface films on the metals
were obtained by deconvoluting the ellipsometric data based on certain models. Thus the
micro-dynamic details of the corrosion interfaces were clarified.

In this chapter, we briefly introduce the ellipsometric theory and present some original
experimental and interpretive studies on the corrosion behaviors of magnesium alloys in
some typical corrosive mediums, such as the simulated sea water, the simulated acid rain
and the simulated industrial cooling water, with the principal means of in situ spectroscopic
ellipsometry. In addition, the inhibition of sodium molybdate (an environmental-friendly
inhibitor) on the corrosion of magnesium alloy in the simulated industrial cooling water is
identified and explained. It has to be pointed out that in this work the "magnesium alloy -
corrosive medium" interfaces are considered as homogeneous and hence are regarded as a
single layer with the aim to simplify the heavy deconvolution task. By deconvoluting the
dynamic spectroscopic ellipsometric data, the refractive indexes and thickness of the
"magnesium alloy - corrosive medium" interfaces during the different corrosion processes
are obtained. The corrosion mechanism of magnesium alloys in these different corrosive
mediums is proposed. The influence factors on the corrosivity of the mediums are
discussed. The use of the in situ spectroscopic ellipsometry technique enables detailed
characterization of the evolution of the thickness and optical properties of the "magnesium
alloy - corrosive medium" interfaces during the corrosion processes. These studies are
extremely important for clarifying the corrosion mechanism and reconstructing the
corrosive interface structure of magnesium alloys.

2. Experimental and ellipsometry theoretical

2.1 Experimental

Materials. — Among the various magnesium alloys, the Mg-Al-Zn system, which includes
alloys containing 2-10% Al, combined with minor additions of zinc and manganese, is the
earliest commercially used and the most widely used (Zhang & Zhang, 2004). Hence, in this
work, a Mg-Al-Zn magnesium alloy, namely AZ40, is chosen to be investigated. The AZ40
magnesium alloy rod was manufactured by Chongqing Magnesium, Ltd, P. R. China.
Tablel lists the chemical composition of the alloy.

Elements Al Zn Mn Si Cu Ni Fe Mg

Content (mass %) 4.07 0.31 0.12 0.01 0.02 0.003 | 0.01 Bal.

Table 1. Chemical composition of the AZ40 magnesium alloy.



In Situ Ellipsometric Study on Corrosion of Magnesium Alloys 31

The AZ40 magnesium alloy electrode was cut from the rod of the alloy with cross-section
area of 1.0 cm? and embedded in epoxy resin holders. Before each experiment, the electrode
surface was mechanically polished with 300, 600, 1000, 1800# grit emery papers to get a
plane mirror finish, then degreased ultrasonically in acetone for 3 min, rinsed with distilled
water and dried in air.

Corrosive mediums. — The corrosion resistance of one magnesium alloy is dependent on
the medium to which it is exposed (Papavinasam, 2000). In this work, three typical corrosive
mediums, including the simulated sea water, the simulated acid rain and the simulated
industrial cooling water, are chosen to be investigated.

The simulated sea water is actually 3.5% NaCl solution (pH=5.30), which is the most typical
corrosive medium and represents the strong aggressive Cl- environment.

The acid rain is a serious pollution all over the world, which has attracted a lot of attention
from environmentalists and researchers. Chongging, as an important city of the southwest
China with rapid developing of the magnesium industries, was one of the most serious acid
rain areas in the world several years ago. In this work, the simulated acid rain is chosen as a
typical corrosive medium for investigation. The simulated acid rain was prepared according
to the research results on Chongqing rain water (Tang & Bai, 2000). The composition of the
Chonggqing rain water is listed in Table2. The pH value of the simulated acid rain was
adjusted to 4.67 (very close to the pH value of the rain water) by dilute sulphuric acid.

Ions SO | CI- | NOs | Caz* | Mg?* | K* Na+ | NHyt | F

Content (mg/L) 463 | 246 | 4.04 | 1529 | 092 | 084 | 0.76 | 3.86 | 0.64

Table 2. Composition of the Chongqing rain water (Tang & Bai, 2000).

The industrial cooling water is an important medium in industrial production, which is
corrosive to the metal equipments. The concentration of Cl- in the industrial cooling water is
about 200 mg/L, which is much lower than that in the sea water. In this work, the simulated
industrial cooling water is regarded as a typical corrosive medium for study. Since our
purpose focuses on the corrosion of AZ40 magnesium alloy caused by the aggressive ion Cl-
in the simulated cooling water, the simulated cooling water is actually 200 mg/L NaCl
solution (pH=5.23). Moreover, the inhibition of sodium molybdate, an environmental-
friendly inhibitor, on the corrosion of magnesium alloy in the simulated cooling water is
studied. According to our previous work (Li et al, 2008 b), the concentration of sodium
molybdate is chosen as 1000 mg/L.

The corrosive mediums mentioned above were prepared from analytical grade chemicals
and distilled water. All chemicals were offered by the Sinopharm Chemical Reagent
Company of China.

Measurements. — Open circuit potential (OCP) and in situ spectroscopic ellipsometry
measurements were conducted simultaneously at the room temperature.

OCP measurements were carried out on a CHI660B electrochemical workstation supplied by
the Shanghai Chenhua Instruments Company of China. The electrochemical cell consisted of
a conventional three-electrode configuration with a platinum sheet as the counter electrode
and a saturated calomel electrode as the reference electrode. The working electrode was the
cleaned AZ40 magnesium alloy electrode.

In situ spectroscopic ellipsometry measurements were performed using a Woollam
ellipsometer M-2000U which was made in USA. Two ellipsometric parameters, A and y,
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were acquired. The measured wavelength range was from 245 nm to 1000 nm and the
incident angle was fixed at 70°. The light beam reflected from the sample surface became
weak due to the increasing roughness of the corrosion interfaces, which led to some spectral
noise at 245-390 nm and 780-1000 nm during the measurements. Hence, only the
experimental spectra within 390-780 nm were deconvoluted and reported in this work. A
Woollam program (based on a Marquardt-Levenberg algorithm), WVASE32, was used for
numerical analysis of the experimental ellipsometric data.

The refractive indexes of the corrosive mediums (the simulated sea water, the simulated
acid rain, and the simulated industrial cooling water without and with sodium molybdate)
were respectively 1.3391, 1.3323, 1.3324 and 1.3328, which were measured using an Abbé
refractometer at the room temperature.

2.2 Ellipsometry theoretical

The following theoretical background for ellipsometry was described elsewhere
(Bogdanowicz et al, 2009), which is excerpted here to help comprehending the ellipsometry
technique.

The ellipsometry is an optical method for thin layer analysis. It is based on polarization state
measurement of the light beam reflected from the sample. Such a procedure is used for
thickness monitoring of dielectric and semiconductor layers synthesized during physical
vapor deposition or chemical vapor deposition processes.

Following assumptions describing the analyzed optical model should be made. A model of
a single layer for thin oxide film is considered (Stein et al, 1998). Linearly polarized light
beam is incident on the sample at $%=70° angle, where layer thickness is di. Ny is a refractive
index of medium, where substrate is located. Thin oxide films cover the strongly absorbing
metal substrate characterized by refractive index N>. The complex refractive indexes of
investigated layers are denoted as Ni. For ellipsometric purposes, the complex-amplitude
parameter p is defined as a ratio of total reflection coefficients:

r .
p= r—s = tan e/t 1)
’

The ellipsometric angles A and ¥ represent the amplitude and phase ratio difference

between p- and s-polarization of light beam (Fujiwara, 2007). The amplitude reflectance
coefficients in both polarization modes are expressed as follow:

rS

@)

o 1+ exP(‘j2ﬂ1) { T + 1o exp(—jZﬂl) }
1+ thrh exp(=j25,) 1+ 15y exp(—j2/4,)

where 791, 712 are the Fresnel reflection coefficient defined at boundaries of various i-
medium, which depends on N; = n; - ik; complex refractive index (Fujiwara, 2007). The phase
shift due to light beam refraction of angle ¢, is expressed by:

B = 4#(%) N, cos¢; 3)

All refractive indices Ny, N1, and N> are complex functions of the A wavelength of incident
light beam. The substitution of Fresnel reflection coefficients and Eqgs. 2 and 3 in Eq. 1 gives
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complex ratio p as a function of medium refractive indexes, light wavelength, and layer
thickness.

3. Results and discussion

3.1 AZ40 magnesium alloy in the air

First, the experimental ellipsometric spectra of the AZ40 magnesium alloy in the air was
collected and deconvoluted with the aim to determine the optical constants of the AZ40
magnesium alloy.
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Fig. 1. Ellipsometric spectra of the AZ40 magnesium alloy in the air.
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Native (hydr)oxide film

AZ40 magnesium alloy

Fig. 2. Optical model for deconvoluting the ellipsometric spectra of the AZ40 magnesium
alloy in the air.

Fig.1 shows the experimental ellipsometric spectra (as dots) of the AZ40 magnesium alloy in
the air. Considering that a native (hydr)oxide film always exists on the alloy surface, a one-
layer optical model (AZ40 magnesium alloy - native (hydr)oxide film - air) shown in Fig.2 is
used to deconvolute the ellipsometric data. The generated ellipsometric spectra are shown
as the solid lines in Fig.1, which are in good agreements with the experimental spectra. By
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deconvolution, the thickness of the native (hydr)oxide film is determined to be
approximately 40.0 nm. Moreover, the optical constants (1, k) at different wavelengths for
the AZ40 magnesium alloy are obtained, which are illustrated in Fig.3. For comparison, the
optical constants (n, k) (within 550-850 nm wavelength) of the AZ31 magnesium alloy
obtained in our previous work (Li et al, 2008 a) are also shown in Fig.3. The n and k values of
the AZ40 magnesium alloy are larger than those of the AZ31 magnesium alloy at the same
wavelength, which is attributed to the different surface status that caused by different alloy
composition and pretreatments. However, the variation tendency of the n and k values with
the wavelength is similar for the two magnesium alloys. These optical constants for different
magnesium alloys can certainly enrich the current database for the optical constants of
materials.

400 500 600 700 800 900
Wavelength /nm

Fig. 3. Optical constants of the AZ40 and AZ31 magnesium alloys.

3.2 AZ40 magnesium alloy in the simulated sea water

The aggressive ion CI- in the simulated sea water is strongly corrosive to most metals and
alloys. Fig.4(a) illustrates the evolution of OCP of the AZ40 magnesium alloy upon
immersion in the simulated sea water.

During the initial 4.8 min, the OCP shifts positively from the beginning -1.624V to -1.558V,
which indicates that some corrosion products are unsolvable and stack on the sample
surface to provide slight protection to the alloy. After that, the OCP drops suddenly to -
1.571V at 4.9min and then gradually stabilizes at about -1.588V from 8.4min till the
immersion end. The sudden drop of the OCP is likely due to the falling off of the corrosion
products from the alloy surface. The stable OCP reflects that the corrosion achieves
dynamic-equilibrium and the corrosion rate varies little.

Fig.4(b) shows the corresponding variation of the ellipsometric parameters A and ¥ (at the
wavelength A = 670.0 nm) with the immersion time. The two parameters both increase
slightly upon immersion.

To get the quantitative information on the thickness and optical properties of the corrosion
interface during immersion, an optical model should be built and the dynamic spectroscopic
ellipsometric data will be further deconvoluted.
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Generally, the corrosion interface is composition-complex and heterogeneous, which is very
difficult to simulate. In the present work, to simplify the deconvolution, the corrosion
interface is equivalent to a homogeneous layer. Hence, a one-layer model (AZ40 magnesium
alloy - corrosion interface - corrosive medium) shown in Fig.5 is used to deconvolute the
dynamic spectroscopic ellipsometric data during immersion. Some ellipsometric spectra
generated by the deconvolution are shown as the solid lines in Fig.6, which are in good
agreements with the experimental spectra shown as the dots in Fig.6.
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Fig. 4. Evolution of (a) OCP, (b) A and ¥ (at A = 670.0 nm) upon immersion of the AZ40
magnesium alloy in the simulated sea water.
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Fig. 5. Optical model for deconvoluting the ellipsometric spectra of the AZ40 magnesium
alloy in the corrosive medium.
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Fig.7(a) and (b) respectively show the changes of the thickness d and the refractive index n
(at A = 670.0 nm) of the corrosion interface layer with the immersion time. The variation of
the thickness d and the refractive index n of the layer generally are correlated with the layer
properties (Ord & Huang, 1985). The decrease of the thickness d usually corresponds to the
dissolution of the surface film while the increase of the thickness d often reflects the
formation of the adsorption/precipitation film. The linear increase of the layer thickness d
with time indicates the poor protection performance of the layer. The changes of the layer
thickness d upon immersion follow a logarithmic function, which reflects that the layer can
provide good protection. In addition, the larger refractive index n often means the higher
density and better protection of the layer. These rules are useful for the subsequent
analyzing of the corrosion interface properties.
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Fig. 6. Experimental and generated ellipsometric spectra during immersion of the AZ40
magnesium alloy in the simulated sea water for different time.

According to the evolution of the thickness d and refractive index n of the corrosion
interface layer between the AZ40 magnesium alloy and the simulated sea water shown in
Fig.7, and the evolution of OCP shown in Fig.4(a) as well as the SEM and EDS analysis in
our previous work (Li et al, 2008 c), the corrosion details of the AZ40 magnesium alloy in
the simulated sea water can be speculated as follows.

The corrosion process can be divided into I, IT and III three stages, as shown in Fig.7.

Stage I: It may include the dissolution of both the native (hydr)oxide film and the AZ40
magnesium alloy as well as the deposition of some unsolvable corrosion products on the
AZ40 magnesium alloy surface, which can be inferred from the huge changes of the
thickness d and refractive index n of the surface layer in the air and the first measured value
(about 0.9min) after the alloy contacts with the simulated sea water. The thickness d of the
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surface layer changes from 40.0 nm in the air to 165.0 nm at 0.9min after the alloy contacts
with the corrosive medium. The refractive index n of the surface layer changes from 1.7325
to 1.5535. Due to the strong corrosive nature of the simulated sea water, the reactions in the
stage take place very quickly.

Stage II: The stage lasts within 0.9-8.0min immersion, during which the thickness d of the
corrosion interface layer decreases slightly and the refractive index n increases little. This
stage mainly includes the dissolution of the AZ40 magnesium alloy and the falling off and
re-filing in of the corrosion products on the alloy surface. The falling and re-filing of the
corrosion products makes the slightly decreasing hetergenerity of the corrosion interface.
The decrease of the thickness d of the corrosion interface layer in this stage follows a linear
relationship:

d /nm= -0.8596%t /min+ 165.45 (R2=0.9964) 4)

Stage III: This stage starts at 8min till 30min immersion end. In this stage, the thickness d
and refractive index n of the corrosion interface layer are almost constant, which reflects that
the corrosion of the AZ40 magnesium alloy in the simulated sea water has achieved the
dynamic-equilibrium and the corrosion rate varies little.

1.65
1.62 .
1.59 .
1.56 |
1.53 .

1.50
180

170

d /mm

160

150

1 i 1 i 1 i i

0 5 10 15 20 25 30
Time /min

Fig. 7. Evolution of (a) the thickness d, (b) the refractive index n (at A=670.0 nm) of the

corrosion interface between the AZ40 magnesium alloy and the simulated sea water during

immersion.
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3.3 AZ40 magnesium alloy in the simulated acid rain

Fig.8(a) illustrates the evolution of OCP of the AZ40 magnesium alloy upon immersion in
the simulated acid rain. The OCP shifts about +100mV during the initial 4.8min immersion
and then keeps increasing slightly. Fig.8(b) shows the corresponding changes of the
ellipsometric parameters A and ¥ at the wavelength A = 670.0 nm during immersion. The
parameter A first increases slightly with immersion time, and then increases more obviously.
The parameter ¥ shows the trend of decreasing and then minor increasing. The quantitative
information on the thickness and optical properties of the corrosion interface during
immersion of the AZ40 magnesium alloy in the simulated acid rain is acquired by
deconvoluting the dynamic spectroscopic ellipsometric data according to the one-layer
model (AZ40 magnesium alloy - corrosion interface - corrosive medium) shown in Fig.5.
Fig.9 illustrates some experimental (as dots) and generated ellipsometric spectra (as solid
lines) during immersion, which are in good agreements.
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Fig. 8. Evolution of (a) OCP, (b) A and ¥ (at A = 670.0 nm) upon immersion of the AZ40
magnesium alloy in the simulated acid rain.

Fig.10(a) and (b) respectively show the evolution of the thickness d and the refractive index
n (at A = 670.0 nm) of the corrosion interface layer upon immersion. Combining with the
evolution of OCP shown in Fig.8(a) as well as the other electrochemical results in our
previous study, the corrosion details of the AZ40 magnesium alloy in the simulated acid
rain can be conferred.

Similarly, the corrosion evolution undergoes I, Il and III three stages, which are illustrated in
Fig.10.

Stage I: Due to the lower pH value of the simulated acid rain, the natural (hydr)oxide film
on the AZ40 magnesium alloy surface dissolves very quickly after the alloy contacts with
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the simulated acid rain and then the alloy dissolves. From the large increase of the thickness
d (40.0 nm in the air and 148.4 nm at 0.8min after the alloy contacts with the simulated acid
rain) as well as the decrease of the refractive index n (changing from 1.7325 to 1.6153) of the
surface layer, it can be inferred that the anions such as SO42 and NOs- in the simulated acid
rain easily adsorb on the alloy surface and the unsolvable corrosion products likely
precipitate on the surface to form the surface layer. The above dissolution, adsorption and
precipitation occur very rapidly.
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Fig. 9. Experimental and generated ellipsometric spectra during immersion of the AZ40
magnesium alloy in the simulated acid rain for different time.
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Fig. 10. Evolution of (a) the thickness d, (b) the refractive index n (at A=670.0 nm) of the
corrosion interface between the AZ40 magnesium alloy and the simulated acid rain during
immersion.
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Stage II: The stage lasts within 0.8-8.2min immersion of the AZ40 magnesium alloy in the
simulated acid rain. At about 8.2min immersion, there is a turning point on the d
(thickness)-f(time) curve and n(refractive index)-t curve, after which the thickness d
decreases and the refractive index n increases at a different rate. Hence, this stage is inferred
to mainly include the dissolution of the AZ40 magnesium alloy, the desorption and re-
adsorption of the anions as well as the falling off and re-filing in of the corrosion products
on the alloy surface, which make the decreasing hetergenerity of the corrosion interface. The
thickness d of the corrosion interface layer decreases linearly as the following relationship:

d /nm=-0.3448x¢ /min+ 14850 (R2 = 0.9946) )

Stage III: This stage starts at 8.2min till 30min immersion end. The processes occur in this
stage are similar to those in stage II. But the rates of the dissolution of the AZ40 magnesium
alloy, of the desorption and re-adsorption of the anions as well as of the falling off and re-
filing in of the corrosion products on the alloy surface in these two stages are slightly
different, which makes the different decrease rate of the thickness d and the different
increase rate of the refractive index n of the corrosion interface layer in these two stages. The
decrease of the thickness d of the corrosion interface layer in this stage follows a linear
relationship:

d /nm=-0.5314x¢ /min+ 150.54 (R2 = 0.9994) ©6)

3.4 AZ40 magnesium alloy in the simulated cooling water

Fig.11(a) shows the evolution of OCP of the AZ40 magnesium alloy upon immersion in the
simulated cooling water without and with sodium molybdate (the inhibitor). The OCP in
these two cases both shifts about +120mV once the magnesium alloy contacts with the
mediums, and then keeps constant. The OCP in simulated cooling water with the inhibitor is
always more positive than that without the inhibitor. Fig.11(b) and (c) respectively show the
corresponding changes of the ellipsometric parameters A and ¥ ( at A = 670.0 nm) during
immersion. The parameter A in the two cases both increases with time, which is more
obvious in the simulated cooling water with the inhibitor. The parameter ¥ shows the trend
of increasing, decreasing, and then increasing with time in the simulated cooling water
without the inhibitor, which is opposite to the trend in the presence of the inhibitor. By
deconvoluting the dynamic spectroscopic ellipsometric data according to the one-layer
model (AZ40 magnesium alloy - corrosion interface - corrosive medium) shown in Fig.5, the
quantitative information on the thickness and optical properties of the corrosion interface
during immersion can be obtained. Fig.12 and Fig.13 respectively show some experimental
(as dots) and corresponding generated ellipsometric spectra (as solid lines) during
immersion of the AZ40 magnesium alloy in the simulated cooling water without and with
the inhibitor. The experimental spectra agree well with the generated ones.

Fig.14(a) and (a') respectively illustrate the thickness d evolution of the corrosion interface
layer upon immersion of the AZ40 magnesium alloy in the simulated cooling water without
and with the inhibitor. Fig.14(b) and (b') respectively show the corresponding changes of the
refractive index n (at A = 670.0 nm) of the corrosion interface layer. Combining with the
evolution of OCP shown in Fig.11(a) as well as the EIS, SEM and EDS analysis in our
previous research (Li et al, 2008 b), the corrosion details of the AZ40 magnesium alloy in the
simulated cooling water without and with the inhibitor are presumed.
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Fig. 11. Evolution of (a) OCP, (b) A and (c) ¥ (at A = 670.0 nm) upon immersion of the AZ40
magnesium alloy in the simulated cooling water without and with the inhibitor.
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Fig. 12. Experimental and generated ellipsometric spectra during immersion of the AZ40
magnesium alloy in the simulated cooling water without the inhibitor.

As shown in Fig.14, the corrosion processes of the AZ40 magnesium alloy in the simulated
cooling water without the inhibitor include I, I and III three stages.
Stage I: The stage lasts 4.0min after the alloy contacts with the medium. The thickness d and
refractive index n of the corrosion interface layer change very little during this stage, which
indicates that the stage mainly corresponds to the dissolution of the native (hydr)oxide film
on the alloy surface.
Stage II: The stage lasts within 4.0-19.0min immersion. The thickness d and refractive index
n of the corrosion interface layer both increase slightly. This stage is speculated to mainly
include the minor dissolution of the alloy and the adsorption of OH- that produced during
the dissolution process to form the adsorption film on the alloy surface.
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Fig. 13. Experimental and generated ellipsometric spectra during immersion of the AZ40
magnesium alloy in the simulated cooling water with the inhibitor.

18 without inhibitor with inhibitor .
17F o E .
= | B s :
16 | o | () |
5 ST oo
e~ I e B E—
oo T ]
g - | | ]
& ) Lo ) E
T 60 | E E " .
401 | ! oo : =
: 1 ' " 1 I. 1 " 1
0 0 20 40 60
Time /min Time /min

Fig. 14. Evolution of (a) and (a') the thickness 4, (b) and (b') the refractive index n (at A=670.0
nm) of the corrosion interfaces between the AZ40 magnesium alloy and the simulated
cooling water without and with the inhibitor.

Stage III: This stage starts at 19.0min till 60.0min immersion end. The refractive index n of
the corrosion interface layer decreases. The layer thickness increases linearly with the
immersion time, which can be described as the following relationship:

d /nm=1.3386xt /min+ 12.631 (R2 = 0.9997) @)

This stage is inferred to mainly correspond to the minor dissolution of the alloy and the
deposition of the unsolvable corrosion products such as Mg(OH) on the alloy surface.
Similarly, the corrosion processes of the AZ40 magnesium alloy in the simulated cooling
water with the inhibitor can be divided into I', II' and III' three stages, as shown in Fig.14.
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Stage I': The stage lasts 5.0min after the alloy contacts with the medium. The thickness d of
the corrosion interface layer has little change while the refractive index n increases slightly,
which indicates that the stage mainly includes the slight dissolution of the native
(hydr)oxide film, and the adsorption of the poly-molybdenum anions ( such as [Mo;O2]¢
and [MogOz]+) that generated by the polymerization of the inhibitor ions (Mu et al, 2006) as
well as OH- that produced during the dissolution process to form the adsorption film on the
alloy surface.

Stage II': The stage lasts within 5.0-30.0min immersion. The refractive index n of the
interface layer decreases and gradually tends to be constant. The layer thickness d increases
linearly with the immersion time. The linear relationship can be described as:

d /nm= 2.3786xt /min+ 27.559 (R2 = 0.9998) ®)

This stage is speculated to mainly include the slight dissolution of the alloy, the
precipitation of magnesium poly-molybdate and the deposition of the unsolvable corrosion
products such as Mg(OH); on the alloy surface.

Stage III': This stage starts at 30.0min till 60.0min immersion end. The refractive index n of
the interface layer keeps stable increasing. The layer thickness increases logarithmic with the
following relationship:

d/nm = 81.605+6.1962 x In(t /min-16.802) (R2 = 0.9995) )

This stage is presumed to mainly correspond to the increasing homogenerity and
compactness of the interface layer, which makes the layer more protective to the alloy.

3.5 Discussion of the influence of the corrosive medium

As well known, Mg?* is the sole stable magnesium species in aqueous solutions with pH
value lower than 8.50. Therefore, the native (hydr)oxide film on the AZ40 magnesium alloy
surface will dissolve after the alloy contacts with the acidic corrosive medium especially the
medium with low pH value such like the simulated acid rain in this work. After the
dissolution of the (hydr)oxide film, the primary anodic reaction (the dissolution of
magnesium) occurs:

Mg — Mg2+ + 2e- (10)

Spontaneously, the cathodic reaction (the reduction of protons) occurs:

2H,0 + 2e — 20H- + H, 11)

The OH- producing in reaction (11) leads to the pH increase at the corrosion interface. Once
the interfacial pH is high enough, Mg2?* will precipitate as solid hydroxide Mg(OH) (The
solubility product constant pKs, of Mg (OH)z is 11.25 (Dean, 1999).) and then deposit on the
alloy surface.

If some special ions exist in the corrosive medium, the unsolvable precipitates, such as
magnesium poly-molybdate in the simulated cooling water with sodium molybdate, will
deposit on the alloy surface, too.

From the analysis in sections 3.2-3.4, it is obvious that in the present work the simulated sea
water is the most corrosive medium to the AZ40 magnesium alloy, and the simulated acid
rain is secondly corrosive while the simulated cooling water is the least corrosive. The
dissolution of the native (hydr)oxide film as well as the AZ40 magnesium alloy in the
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simulated sea water takes place very rapidly. The thickness of the corrosion interface layer
between the AZ40 magnesium alloy and the simulated sea water changes linearly and the
layer has smaller refractive index values, which indicates the poor protection of the layer to
the alloy. In the simulated acid rain, the native (hydr) oxide film and the AZ40 magnesium
alloy also dissolve very quickly due to the more acidic nature of the medium. The thickness
of the corrosion interface layer changes linearly while the refractive indexes of the layer are
not small, which indicates that the layer can provide some protection to the alloy and the
corrosion of the alloy in the simulated acid rain is not very serious. In case of the simulated
cooling water, the dissolution rate of the native (hydr)oxide film on the alloy surface is slow
and the AZ40 magnesium alloy dissolves slightly. The thickness of the interface layer
increases linearly and the layer has large refractive indexes, which indicates that the layer
can provide good protection to the alloy and the corrosion of the alloy in the simulated
cooling water is slight. With the addition of the inhibitor (sodium molybdate) in the
simulated cooling water, the dissolution rate of the native (hydr)oxide film on the alloy
surface is much slower. The thickness of the interface layer increases logarithmic and the
layer has larger refractive indexes, which reflects that the layer can provide much stronger
protection to the alloy.

Hence, the pH value of the corrosive medium and the concentration of the aggression ion
Cl- in the medium greatly determine the corrosive nature of the medium. The lower pH
value and the more CI- ions, the more corrosive of the medium, and thus the more poor
protection of the corrosion interface layer and the more serious corrosion of the alloy. The
molybdate inhibits the corrosion of the AZ40 magnesium alloy in the simulated cooling
water by improving the homogenerity and compactness of the interface between the alloy
and the corrosive medium.

4. Summary and outlook

In this work, the feasibility of using in situ spectroscopic ellipsometry as a powerful tool for
obtaining a better understanding of the corrosion details and mechanism of the AZ40
magnesium alloy in three typical corrosive mediums (the simulated sea water, the simulated
acid rain, and the simulated industrial cooling water without or with sodium molybdate)
was explored. The refractive indexes and thickness of the "magnesium alloy - corrosive
medium" interfaces upon different corrosion evolution are obtained by deconvoluting the
dynamic spectroscopic ellipsometric data according to a one-layer model. The corrosion
details and mechanism of the AZ40 magnesium alloy in different corrosive mediums are
analyzed by correlating the variation of the refractive indexes and thickness of the corrosion
interfaces with the layer protective properties. The inhibition mechanism of sodium
molybdate on the corrosion of the AZ40 magnesium alloy in the simulated cooling water is
elucidated. The corrosion dynamics during different stages is explicit. The corrosivity of the
three corrosive mediums in the present work is compared and the influence factors on the
corrosivity of the medium are discussed.

The corrosion details and mechanism described in the present work are very useful to
reconstruct the corrosive interface structure of magnesium alloys in the corrosive mediums
and will absolutely supplement the current investigations on the corrosion of magnesium
alloys by the conventional methods. Moreover, the optical constants of the AZ40
magnesium alloy especially the abundant optical constants of the "AZ40 magnesium alloy -
corrosive medium" interfaces upon different corrosion evolution obtained in the present
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work can greatly enrich current database for optical constants of materials. Thus, the
application of in situ spectroscopic ellipsometry to the study of the corrosion processes for
magnesium alloys shows considerable promise.

However, some work remains to be done to refine the interpretive approach. For example,
adopting a multi-components EMA (Efficient medium approximation) model instead of a
one-layer model to represent the corrosion interface during deconvoluting the dynamic
spectroscopic ellipsometric data, the results are expected to better reflect the composition-
complex and heterogeneous natures of the corrosion interface.
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1. Introduction

Magnesium is an important engineering material because of its light weight and excellent
properties. Its density is 1.74 g-cm?3, only 2/3 that of aluminum and 1/4 that of iron.
Moreover, it also has many advantageous properties such as good -castability, hot
formability, excellent machinability, good electromagnetic shielding characteristics, good
biocompatibility, and recyclability (Cao et al, 2006; Staiger et al, 2006). Therefore,
magnesium and its alloys have the potential to replace steel and aluminum in many
applications. They have already been used in aerospace, aircraft, automotive, mobile
electronics, biomaterials and other fields (Zhang & Zhang, 2004).

However, there are some challenges for applications of magnesium and its alloys in a larger
scale. The most important one is improving their poor corrosion resistance. Magnesium is a
very active metal, and the standard potential of Mg2*/Mg is -2.356V (vs. N.H.E. at 25°C)
(Bard & Faulkner, 2001). Therefore, magnesium and its alloys are extremely susceptible to
corrosion, which can cause the decreased mechanical stability and unattractive appearance
(Gray & Luan, 2002). To protect magnesium and its alloys from being corroded, the
following techniques are frequently used (Zhang & Zhang, 2004):

- Conversion surface treatments, as chromating, phosphating, etc.,

- Anodizing,

- Electroplating and electroless plating,

- Adding corrosion inhibitors.

A great number of scientific studies have been devoted to the subjects of the first 3
techniques above (Song, 2005). But the last one, adding corrosion inhibitors has been seldom
involved. Inhibitors are chemicals that react with a metallic surface, or the environment this
surface is exposed to, giving the surface a certain level of protection (Roberge, 2000). For the
metals widely employed in the industry such as iron, copper, zinc and aluminum, adding
corrosion inhibitors is an effective and convenient method to decrease the corrosion rate. For
magnesium and its alloys, there are very few publications on their corrosion inhibitors and
only few inhibitors such as the salts of F- (Song, 2005), Cr.O7> (Song, 2006), 8-
hydroxyquinoline (Galio et al, 2010), and so on, are involved. Since F- and Cr,O? pollute the
environment seriously, it is quite necessary to pay more attention to develop the
environmental friendly corrosion inhibitors for magnesium and its alloys.
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In this chapter, we briefly show our recent research progress in the environmental friendly
corrosion inhibitors, sodium benzoate (SB) and sodium dodecylbenzenesulphonate (SDBS),
for AZ31 magnesium alloy, an important and widely used magnesium alloy, in an
aggressive medium, 3.5% NaCl solution. In comparison with the traditional inhibitors of the
salts of F- and Cr,O7?%, these green inhibitors, SB and SDBS, are promising widely used for
magnesium alloys because of their advantages of high inhibition efficiency and harmless to
the environment. Our research provides a basis for understanding their anti-corrosion
mechanism and indicates the potential approaches for improving the corrosion inhibition
efficiency.

2. Corrosion of AZ31 magnesium alloy in 3.5% NaCl solution

2.1 Electrochemical impedance spectra (EIS) measurements

In general, the corrosion resistance of magnesium alloys is less than that of aluminum alloys
because the oxide layer on the magnesium alloys is not compact (Zhang & Zhang, 2004; Song,
2006). When a magnesium alloy contacts some aggressive media such as the solution contains
Cl, the aggressive media will penetrate the oxide layer, reach the surface of the alloy and react
with the metal substrate, which leads to the occurrence of corrosion. Usually, the rates of the
penetration and chemical reactions increase upon the temperature rising. As the results, the
corrosion at higher temperature is more serious than that at low temperature. To obtain some
information about the corrosion and the influence of the temperature on the corrosion, the
electrochemical impedance spectra (EIS) of AZ31 magnesium alloy samples in 3.5% NaCl
solution at different temperatures were recorded and showed in Fig.1. The EIS were acquired
at open circuit potential (OCP) after the samples exposed to the NaCl solution for 1 h.
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Fig. 1. EIS of AZ31 magnesium alloy in 3.5%NaCl solution without inhibitors at different
temperatures.

From Fig.1, it could be observed that EIS at every experimental temperature comprised a
capacitive resistance loop at high and medium frequency and an inductance loop at low
frequency. Generally, the capacitive loop in the high and medium frequency region reflects the
information of resistance capacitance relaxation process that related to the charge transfer
resistance R; and the electric double layer capacity Cq; the inductance loop in the low
frequency region may be attributed to the instability of the electrode surface when the
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aggressive ions such as Cl- were adsorbed (Cao & Zhang, 2002). It also could be found, from
Fig.1, that the shape of all EIS at different temperatures was almost the same and the diameters
of the capacitive resistance loops at high frequency region decreased with the temperature
rising. This meant that the temperature only had a little influence on the mechanism of AZ31
magnesium alloy and the serious corrosion occured under the high temperature condition.

To determine quantitatively the impedance parameters of AZ31 magnesium alloy in the
3.5% NaCl solution, the capacitive loop in the high and medium frequency range of the
measured EIS data were fitted with the equivalent circuit showed in Fig. 2. In the circuit, the
dispersion effect was considered and a constant phase element (CPE) was used to substitute
for the capacitive element Cq (Cao & Zhang, 2002). Two electrochemical parameters, charge
transfer resistance R, and the double layer capacitance CPEgq were calculated simultaneously
and were listed in Table 1. The calculated R; decreased rapidly from 545.6 to 73.34 Q-cm?
when the temperature was raised from 10 to 50°C. Generally, R; is related to the charge
transfer reaction and reflects the corrosion resistance of the sample. According to the change
of Ry, it could be inferred that the corrosion reactions of AZ31 magnesium alloy occurred at
high temperature much easier than that at low temperature, which meant that, the
magnesium alloy corroded more easily at elevated temperature.

Rs CPEa
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Fig. 2. Equivalent circuit for fitting EIS of AZ31 magnesium alloy in 3.5%NaCl solution.

T/°C Ri/Q-cm? CPEq -T/uF-cm? CPEq -P
10 545.6 15.49 0.9074
20 230.0 29.48 0.8653
30 121.7 29.90 0.9123
40 90.00 39.18 0.9070
50 73.34 25.97 0.9225

Table 1. Electrochemical parameters obtained by fitting EIS data.

2.2 Polarization curve measurements

In Fig.3, the polarization curves of AZ31 magnesium alloy samples in the solution with 3.5%
NaCl at 10 and 30°C were illustrated. The slopes of the anodic branches were very large,
which meant that a small increase in the overpotential would lead to a large increase in the
anodic current. This phenomenon could be attributed to the poor protection of the surface
layer of AZ31 magnesium alloy. When the corrosion reactions take place for magnesium
alloys, the reactions can be expressed simply as following (Song, 2006):

Mg — Mg?2* + 2e- (anodic reaction) (1)
2H,0 + 2e- — H; + 20H- (cathodic reaction) 2)

Mg?2*+ + 20H- — Mg(OH), (product formation) (3)
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The unsolvable corrosion product Mg(OH), precipitates on the surface of magnesium alloy
and form a surface layer. The layer could protect the magnesium alloy from being corroded
slightly. However, this protection effect is very poor because that the Mg(OH) layer is not
compact (Song, 2006). When a corrosive medium containing Cl- contacts with AZ31
magnesium alloy, CI,, a kind of aggressive ion with small radius, can penetrate this loose
Mg(OH); layer easily, reach the surface of the magnesium alloy and accelerate the reaction
(1). Therefore, the surface layer which composed with the corrosion products Mg(OH), only
has a little protective function for the magnesium alloys in the solution with Cl-, which led
to that the current increased sharply upon the anodic overpotential increasing as if the
Mg(OH); layer did not exist.
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Fig. 3. Polarization curves of AZ31 magnesium alloy samples in the 3.5% NaCl solution at 10
and 30°C.

Compared with the two polarization curves obtained at different temperature in Fig.3, it
could be found that the corrosion potential shifted about 30 mV in the negative direction
and the corrosion current increased about 10 times when the temperature was raised from
10 to 30°C. The increased current indicated that the corrosion was more serious at elevated
temperature than that at lower temperature, which was in agreement with the results of EIS
measurements above.

3. Inhibition effect of sodium benzoate (SB) for AZ31 magnesium alloy

Sodium benzoate (SB) is the sodium salt of benzoic acid. Its structure was showed in Fig. 4.

O O'Na*

Fig. 4. The skeletal chemical structure of SB.

SB has been recognized as safe as a direct food additive for a long time, and also been used
as a corrosion inhibitor for steel, zinc, copper, copper alloys, aluminum and aluminum



Environmental Friendly Corrosion Inhibitors for Magnesium Alloys 51

alloys (Papavinasam, 2000). Therefore, SB is a kind of environmental friendly corrosion
inhibitor. In a corrosion system with the presence of SB, the benzoic acid anion CgHsCOO- is
adsorbed onto the metal surface via carboxyl groups, which reduces the free energy of the
system and impedes the passage of ion-atom of the metal from the lattice into the solution.
Sequentially, the corrosion reaction (1) has been inhibited (Afshari & Dehghanian, 2010).
There are many reports which involve the inhibition effect of SB on various metals.
However, the inhibition effect of SB on magnesium alloys has rarely been reported.

3.1 EIS measurements

Fig.5 showed the EIS results of AZ31 magnesium alloy samples after being exposed to the
3.5% NaCl solutions with different concentrations of SB at 20°C. When the SB concentration
was low (less than 0.3 mol-L-1), the main characteristic of EIS was the same as that of the EIS
without SB. They were still composed of a capacitive resistance loop at high and medium
frequency and an inductance loop at low frequency. The capacitive resistance loop at high
and medium frequency enlarged upon the SB concentration increasing, which indicated the
increase in the corrosion resistance. When the SB concentration increased to a relative high
level (greater than 0.4 mol-L1), the capacitive resistance loop at high and medium frequency
kept in enlarging. However, the inductance loop at low frequency was substituted by a
capacitive resistance loop. This capacitive resistance loop at low frequency generally was
considered to be related to the adsorption-desorption processes of corrosion inhibitor
molecules on the surface of magnesium alloy electrodes (Cao & Zhang, 2002).
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Fig. 5. EIS of AZ31 magnesium alloy in 3.5%NaCl solutions with different concentrations of
corrosion inhibitor SB at 20°C.

By analyzing the capacitive resistance loop in the high and medium frequency range with
the equivalent circuit showed in Fig.2, both the charge transfer resistance R; and the
interfacial capacitance CPE4 were calculated and listed in Table 2.

In Table 2, the corrosion inhibition efficiency 7 was also listed. The values of 7 were
calculated according to the following formula:

_R-RY
7 R

t

x100% 4
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where R and R; represent the charge transfer resistance of the system without and with the
corrosion inhibitor SB, respectively. The inhibition efficiency 7 reached 88% till the
concentration of SB was 0.4 mol-L-, and 7 increased very little when the SB concentration
was higher. Therefore, the concentration 0.4 mol-L-! could be treated as the “most economic
concentration” for SB. Moreover, it should be noted that all 7 in Table 2 were less than 90%,
which indicated that SB was not a desirable inhibitor for the magnesium alloys.

¢sg /mol-L-1 R; /Q-cm? CPE4 -T/pF-cm-2 CPEy -P n/%
0 230.0 29.49 0.8653 —

0.1 288.4 36.16 0.8246 20.25

0.2 515.6 28.77 0.8411 55.39

0.3 644.1 29.50 0.8392 64.29

0.4 2005 12.54 0.9222 88.53

0.5 2121 13.44 0.9215 89.16

Table 2. Electrochemical parameters obtained by fitting EIS data and the calculated
corrosion inhibition efficiency of SB at 20 °C.

3.2 Adsorption isotherm for SB on magnesium alloy

Assuming that the adsorption process of SB onto the AZ31 magnesium alloy sample surface
was governed by Temkin adsorption isotherm, the relationship among the corrosion
inhibitor concentration ¢, the adsorption equilibrium constant K and the surface coverage 6
would be (Mu et al, 2005; Sahin & Bilgic, 1999):

exp(—2a8)=Kc ©)

where « is the molecular interaction parameter, which represents the interaction among the
different substances in the adsorptive layer. When o = 0, there is no interaction between the
adsorptive substances; when « > 0 or a < 0, there exists attractive or repulsive force among
the adsorptive substances, respectively. Formula (5) could be converted into formula (6) as
following:

Inc=-2a6-InK (6)

To simply the calculation, the coverage 6 could be substituted approximatively by the
corrosion inhibition efficiency 7 (Cao & Zhang, 2002). Thus, the relationship between ¢ and
1 was fitted as a linear function and the results were showed in Fig. 6. The linear correlation
coefficient of the fitting was 0.981, very close to 1, which indicated that our assumption
about the adsorption process was correct, which meant that, the adsorption of SB on AZ31
magnesium alloy obeyed Temkin adsorption isotherm.

The adsorption equilibrium constant K was 15.61 L-mol, which was calculated from the
intercept of the fitted straight line in Fig.6. The value of o, calculated from the slope of the
fitted line, was -1.104. The negative sign of o suggested that the intermolecular repulsion
existed among the adsorbed SB molecules on the surface of AZ31 magnesium alloy sample.
The repulsion is a possible reason for the large dosage of SB and the undesirable corrosion
inhibition efficiency.
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Fig. 6. The relationship between Inc-7 for the adsorption of SB at 20°C.

3.3 Influence of the temperature on the inhibition effect of SB

To investigate the influence of the temperature on the inhibition effect of SB for AZ31
magnesium alloys, the temperature of the medium was cooled to 10°C. The EIS were
illustrated in Fig. 7. Since the main characteristic of EIS in Fig. 7 was the same as that in
Fig.5, the same equivalent circuit, showed in Fig.2, could be used to fit the EIS. The charge
transfer resistance R; and the interfacial capacitance CPEq were calculated and listed in
Table 3, then the corrosion inhibition efficiency 7 was obtained with the formula (4), too.
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Fig. 7. EIS of AZ31 magnesium alloy in 3.5%NaCl solutions with different concentrations of
corrosion inhibitor SB at 10°C.

csg /mol-L-1 R; /Q-cm? CPEg4; -T/uF-cm-2 CPEq4 -P n/%
0 545.6 15.49 0.9074 —

0.1 674.3 13.54 0.9051 19.09

0.2 910.1 10.86 0.9316 40.06

0.3 1467 12.55 0.9227 62.81

0.4 1593 12.08 0.9268 65.75

0.5 1695 10.82 0.9423 67.81

Table 3. Electrochemical parameters obtained by fitting EIS data and the calculated
corrosion inhibition efficiency of SB at 10 °C.
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The values of the corrosion inhibition efficiency 7 in Table 3 were greater those that in Table
2, which indicated that the elevated temperature was helpful to inhibit the corrosion of
magnesium alloys.

By using the same procedure as that to deal with the data at 20°C, the linear relationship
between Inc-7 at 10°C was drawn in Fig. 8 (the correlation coefficient of the fitting was
0.970), and the parameters of Temkin adsorption isotherm (molecular interaction parameter
o= -1.474, adsorption equilibrium constant K = 17.31 L-mol-!) were obtained.
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Fig. 8. The relationship between Inc-7 for the adsorption of SB at 10°C.

3.4 Thermodynamic parameters for adsorption of SB on magnesium alloy
Thermodynamic model is very helpful to understand the adsorption phenomenon of
inhibitor molecules. By using the obtained adsorption equilibrium constant above, the
adsorption free energy, adsorption heat and adsorption entropy can be calculated based on
the Van’t Hoff equation of physical chemistry (Atkins & Paula, 2006):

InK = —AH + Constant )
RT

where AH is the adsorption heat. Obviously, the relationship between InK and 1/T could be
described as a linear function, hence AH could be obtained from the slope of the straight
line. Fig. 9 showed the linear relationship between InK and 1/T, and the adsorption heat
was calculated as -4.296 k]-mol-l. Under the experimental conditions, the adsorption heat
can be approximately regarded as the standard adsorption heat AH? (Mu et al, 2005).

To obtain the standard adsorption free energy AG?, the following equation was employed
(Mu et al, 2005):

K= 1exp[_§$o ] ®)

where the value of 55.5 is the concentration of water in solution expressed in mol-L-1.
Then the standard adsorption entropy AS? could be calculated based on the thermodynamic
basic equation (9):

AG® = AH" —TAS° )
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Fig. 9. The relationship between InK and 1/T for the adsorption of SB.

All the calculated thermodynamic parameters were listed in Table 4.

T /°C AH° /kJ-mol-! AGY /kJ-mol-! ASO /T-mol-1-K-1
10 -4.296 -16.17 41.92
20 -4.296 -16.48 41.58

Table 4. Calculated thermodynamic parameters for the adsorption of SB on AZ31
magnesium alloy surface at 10 and 20°C.

The negative value of AH? indicates that the adsorption of SB is an exothermic process. And
according to the magnitude of AHY, it seems reasonable to assume that physical adsorption
takes place for SB on AZ31 magnesium alloy surface. The negative value of AG? means that
the adsorption of SB on AZ31 magnesium alloy surface is a spontaneous process. The
positive values of ASO suggest that the adsorption is a process accompanied by an increase in
entropy. The increased entropy might be related to that the repulsive force exists among the
adsorptive molecules of corrosion inhibitor SB, which leads to the disordered arrangement
of SB molecules on AZ31 magnesium alloy surface.

3.5 Polarization curve measurements

Polarization curve experiments can provide an insight into the mechanism of the SB
corrosion inhibition effect. Since the temperature has a little influence on the EIS results,
here we only show the potentiodynamic polarization curves of AZ31 magnesium alloy in
3.5% NaCl solutions with and without additions of 0.5 mol-L- SB at 10°C in Fig,. 10.

The corrosion potential E.orr and pitting potential Epix were marked in Fig. 10. In 3.5% NaCl
solution without SB, Ei; of AZ31 magnesium alloy was more negative than E.or, which was
similar to the result reported in the literature (Song & Atrens, 2003). This indicated that pitting
occurred spontaneously when AZ31 magnesium alloy contacted with the aggressive medium,
which meant that AZ31 magnesium alloy was unstable in the NaCl solution. When the
solution contained SB, E.orr was more negative than Ep. It also could be observed that Ecor
shifted in the positive direction about 20 mV after SB was added into the solution. Moreover,
compared with the situation without SB in the solution, the current density of anodic branch
decreased obviously while the cathodic branch current density only changed little.
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Fig. 10. Polarization curves of AZ31 magnesium alloy samples in 3.5% NaCl solutions with
and without SB at 10°C.

Therefore, it could be inferred that SB was a kind of anodic corrosion inhibitor for AZ31
magnesium alloy.

3.6 Scanning electron microscope (SEM) characterization

To observe the inhibition effect of SB directly, the surface morphology of AZ31 magnesium
alloy samples was acquired with Scanning Electron Microscope (SEM) and showed in Fig.
11. Before the SEM observations, the magnesium alloy samples had been immersed in the
3.5% NaCl solution contained SB 0.4 mol-L-1 at OCP at 30°C for 1h. As the comparison, the
SEM image of surface morphology of the sample exposed to the solution without SB at OCP
for 1Th was also acquired and showed in Fig. 11 (a). The image of Fig. 11 (a) indicated that
the serious corrosion occurred, the corrosion products covered the sample surface and there
were many cracks in the surface layer of the products. In Fig. 11 (b), the sample surface after
immersion test in SB solution was still very smooth, which meant that SB inhibited the
corrosion of AZ31 magnesium alloy effectively.

HYV. 20.00 KV SEM MAG: 5.00 kx
DET:SEDefector  DATE: 04128/08 Topm

HV. 20.00 KV ‘SEM MAG. 5.00 kx
DET!SE Defector  DATE: 04128108 Topm
Digital Microscopy Imaging Digital Microscopy Imaging

@ (b)
Fig. 11. SEM images of AZ31 magnesium alloy samples after 1h immersion at 30°C in the
solutions contained (a) no inhibitors; (b) 0.4 mol-L-1 SB.
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4. Inhibition effect of sodium dodecylbenzenesulfonate (SDBS) for AZ31
magnesium alloy

The structure of sodium dodecylbenzenesulfonate (SDBS) was showed in Fig. 12. SDBS is an
anionic surfactant with good biological degradability and usually used to produce industrial
and daily detergents. It has also been recognized as a kind of environmental friendly
corrosion inhibitor for some metals and alloys. However, besides our work (Li et al, 2009),
there are few reports on its inhibition effect for magnesium alloys.

T
%—ONa
@)

CH3(CH2)10CHS
Fig. 12. The skeletal chemical structure of SDBS.

4.1 EIS measurements
Fig. 13 and Fig. 14 showed the EIS of AZ31 magnesium alloy samples, which were acquired
in the 3.5% NaCl solutions with different concentration of SDSB at 30 and 50°C respectively.
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Fig. 13. EIS of AZ31 magnesium alloy in 3.5%NaCl solutions with different concentrations of
corrosion inhibitor SDBS at 30°C.

The main characteristic of EIS, including a capacitive resistance loop at high and medium
frequency and an inductance loop at low frequency, was the same as that of the EIS with SB,
which were illustrated in Fig. 5. Therefore, the equivalent circuit in Fig.2, which was used to
analyze the EIS with SB, could also be used to fit the EIS data here. Both the charge transfer
resistance R; and the interfacial capacitance CPEq were calculated and listed in Table 5 and
Table 6, respectively. Moreover, the corrosion inhibition efficiency 7 was obtained with the
formula (4) and listed in the tables, too. Obviously, the “most economic concentration” of
SDBS was 0.008 mol-L-1. Compared with SB, whose “most economic concentration” was 0.4
mol-L-1 and the highest inhibition efficiency was less than 90%, SDBS was a better inhibitor
for AZ31 magnesium alloy because of the lower dosage and higher inhibition efficiency.
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Fig. 14. EIS of AZ31 magnesium alloy in 3.5%NaCl solutions with different concentrations of
corrosion inhibitor SDBS at 50°C.

csps /mol- L1 | Ry /Q-cm? CPEq4; -T/uF-cm-2 CPEq -P n/%
0 121.7 29.91 0.9123 —

0.004 510.1 16.24 0.8867 76.14

0.008 1442 13.83 0.8871 91.56

0.012 1597 13.22 0.8889 92.38

0.016 1512 15.80 0.8715 91.95

Table 5. Electrochemical parameters obtained by fitting EIS data and the calculated
corrosion inhibition efficiency of SDBS at 30 °C.

cspps /mol-L1 | R¢ /Q-cm? CPEg; -T/pF-cm-2 CPEq -P n/%
0 73.34 25.97 0.9225 —

0.004 278.4 20.29 0.8777 73.66

0.008 767.1 9.807 0.9243 90.44

0.012 1115 11.39 0.8932 93.42

0.016 2557 11.00 0.8967 97.13

Table 6. Electrochemical parameters obtained by fitting EIS data and the calculated
corrosion inhibition efficiency of SDBS at 50 °C.

It should be noted that the temperature only had little influence on the corrosion inhibition
efficiency of SDBS based on the calculated values in Table 5 and Table 6.

4.2 Adsorption isotherm and adsorption thermodynamic parameters for SDBS on
magnesium alloy

By testing graphically, it was found that Langmuir adsorption isotherm described the
relationship between the surface coverage value & and the concentration of the corrosion
inhibitor SDBS perfectly:

L (10)
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where K denoted the adsorption equilibrium constant. Here the coverage 6 also was
substituted by the corrosion inhibition efficiency 7 approximately to simply the calculation.
According to the equation (10), linear regressions between ¢/ # and c at 30 and 50°C were
carried out and the results were illustrated in Fig. 15 and Fig. 16, respectively. The slopes of
the straight lines, the linear correlation coefficients and the equilibrium constants K were
listed in Table 7.

In Table 7, the slopes of the straight lines, the linear correlation coefficients were very close
to 1, which confirmed that the adsorption of inhibitor SDBS onto AZ31 magnesium alloy
surface was governed by the Langmuir adsorption isotherm.
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Fig. 15. The relationship between c/6 - ¢ for the adsorption of SDBS at 30°C.
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Fig. 16. The relationship between c/ 6 - ¢ for the adsorption of SDBS at 50°C.

T /°C K /L-mol-! Slope 7
30 1085 1.017 0.996
50 617.3 0.9282 0.999

Table 7. Linear regression parameters of ¢/ 0 - ¢ for the adsorption of SDBS.
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Fig. 17. The relationship between InK and 1/T for the adsorption of SDBS.
Using the values of K in Table 7, a linear relationship between InK and 1/T, which were
used to calculate standard adsorption heat AH? based on the formula (7), were obtained and

illustrated in Fig. 17. Then, the standard adsorption free energy AG? and standard
adsorption entropy AS? were calculated with the formulas (8) - (9) and given in Table 8.

T /°C AHO /kJ-moll | AGO /kJ-mol-1 ASY /]-mol-1-K-1
30 -22.96 -35.43 41.14
50 -22.96 -37.77 45.82

Table 8. Calculated thermodynamic parameters for the adsorption of SDBS on AZ31
magnesium alloy surface at 30 and 50°C.

According to the value of AHY, it could be inferred that the adsorption of SDBS on AZ31
magnesium alloy surface is an exothermic process and belongs to the physical adsorption.
The negative value of AGP indicates that the adsorption of SDBS onto AZ31 magnesium
alloy surface is a spontaneous process. The positive values of AS0 suggest that the
adsorption is a process accompanied by an increase in entropy.

4.3 Polarization curve measurements

The polarization behaviors of AZ31 magnesium alloy samples in 3.5% NaCl solutions
without and with 0.012 mol-L-1 SDBS at 30°C were showed in Fig. 18. The presence of SDBS
in the solution led to that corrosion potential Ecorr shifted in the positive direction about 15
mV and E.r was more negative than the pitting potential E,i. Moreover, the current
densities of both the anodic and cathodic branch decreased, it could be inferred that SDBS is
a kind of mixed corrosion inhibitor for AZ31 magnesium alloy.

4.4 SEM characterization

SEM technique was used to characterize the surface morphology of AZ31 magnesium alloy
samples. After being exposed to the 3.5% NaCl solution with 0.012 mol-L-1 SDBS for 1h, the
sample still had a smooth surface, which was given in Fig. 19. Compared with the rough
surface of the sample immersed in the solution without any corrosion inhibitors, (illustrated
in Fig. 11 (a)), it could be concluded that SDBS was an effective corrosion inhibitor for AZ31
magnesium alloy.



Environmental Friendly Corrosion Inhibitors for Magnesium Alloys 61

-1

7=30°C blank
SDBS 0.012 mol-L"
2 3
5
<
T St
<
“\ Ecorr
7 L L L L
-1.8 -1.7 -1.6 -1.5 -1.4 -1.3
E/N

Fig. 18. Polarization curves of AZ31 magnesium alloy samples in 3.5% NaCl solutions
without and with 0.012 mol ‘L1 SDBS at 30 °C.
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Fig. 19. SEM image of AZ31 magnesium alloy simple after 1h immersion at 30°C in the
solution contained 0.012 mol-L-1 SDBS.

5. Comparison of the effect of inhibitors for AZ31 magnesium alloy

To evaluate the corrosion inhibition effect of SB and SDBS, their inhibition efficiency was
compared with that of the salts of F- and CrO72. The salts chosen here were KF and
K2Cr0y7, the widely used corrosion inhibitors for magnesium alloys at present (Song, 2005;
Song, 2006).

First, polarization curve measurements were carried out. Fig. 20 illustrated the polarization
curves for AZ31 magnesium alloy samples in the 3.5% NaCl solutions contained one of the
inhibitors of SB, SDBS, KF and K>Cr,O7at 30°C, respectively.

Since the negative difference effect (NDE) exists for magnesium alloys (Song & Atrens,
2003), the corrosion current density calculated from the polarization curve is not reliable.
Here we only analyzed the polarization curves qualitatively. In Fig. 20, it could be observed
that the current decreased with the presence of the inhibitors, which suggested that every
inhibitors studied here could inhibit the corrosion of magnesium alloy -effectively.
According to the shifts of the corrosion potential, it could be inferred that SDBS, KF and
K2Cr,O7 were mixed inhibitors while SB was an anodic inhibitor for magnesium alloys.
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Fig. 20. Polarization curves of AZ31 magnesium alloy samples in 3.5%NaCl solutions with
different inhibitors at 30°C.

EIS technique was also employed to evaluate the inhibition effect. Fig. 21 showed the EIS of
AZ31 magnesium alloy in 3.5% NaCl solutions without and with the different corrosion
inhibitors at 30°C. The capacitive resistance loop at high and medium frequency enlarged
obviously upon the presence of the inhibitors, which indicated that all inhibitors reduce the
corrosion of AZ31 magnesium alloy effectively. The results of EIS and polarization curve
measurements were in good agreement qualitatively. Moreover, by fitting the EIS data in
the high and medium frequency range with the equivalent circuit showed in Fig.2, the
values showed in charge transfer resistance R; and other electrochemical parameters could
be calculated quantitatively. Table 9 listed the electrochemical parameters obtained by
fitting EIS data and the corrosion inhibition efficiency 7 calculated with the formula (4).
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Fig. 21. EIS of AZ31 magnesium alloy samples in 3.5%NaCl solutions with different
inhibitors at 30°C.

Cinhibitor / MoOl-L-1 R: /Q-cm? CPEq -T/pF-cm2 | CPEg -P 1n/%

0 121.70 29.91 0.9123 —
0.4mol-L! SB 818.40 15.73 0.9114 85.13
0.008mol-L1 SDBS 1442.0 13.83 0.8870 91.56
0.1mol-L! KF 557.10 10.26 0.8677 78.15
0.05mol-L-t  K>Cr,Oy 1054.0 73.38 0.9636 88.45

Table 9. Electrochemical parameters obtained by fitting EIS data and the calculated
corrosion and inhibition efficiency of different inhibitors at 30 °C.
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Based on the polarization curves in Fig. 20 and the corrosion inhibition efficiency 7 in Table
9, the sort order of the corrosion inhibition efficiency for the different inhibitors should be:

sBS > Mer,0,2 ~ MTsB > M- (11)

Considering the toxicity of F- and Cr.O7>, SDBS and SB are promising widely used for
magnesium alloys because of their advantages of high inhibitive efficiency and
environmental friendly property.

6. Conclusions

In this chapter, EIS, potentiodynamic polarization and SEM measurements were conducted
to study the effect of environmental friendly corrosion inhibitors of SB and SDBS on the
AZ31 magnesium alloy in 3.5% NaCl solutions. Our investigations show that both SB and
SDBS are the effective inhibitors for magnesium alloys, which provides a basis for
understanding their anti-corrosion performance and indicates the potential approaches for
improving the corrosion inhibition efficiency.

SB is as an anodic inhibitor for magnesium alloys. The inhibition efficiency increases with
the increased concentration and the elevated temperature. The adsorption process of SB
onto magnesium alloys is a spontaneous exothermic process and follows the Temkin
adsorption isotherm with negative molecular interaction parameter, which suggests the
existence of repulsive forces in the adsorbed layer.

SDBS inhibits both the anodic and cathodic processes simultaneously and acts as a mixed
inhibitor for magnesium alloys. The inhibition efficiency increases with the increased
concentration and the temperature has little influence on the inhibition efficiency. The
adsorption process of SDBS onto magnesium alloys is a spontaneous exothermic process
and obeys a Langmuir adsorption isotherm. As a corrosion inhibitor, SDBS is better than SB
because of the lower dosage and higher inhibition efficiency.

Compared with the traditional corrosion inhibitors for magnesium alloys such as Cr;O7> and
F-, these inhibitors, SDBS and SB, are promising widely used for magnesium alloys because of
their advantages of high inhibitive efficiency and environmental friendly property.

It should be pointed that there is much scope for developing the environmental friendly
inhibitors for magnesium alloys. One topic of the future investigations is the effect of other
green inhibitors, such as the salts of MoO,% , for magnesium alloys. Another topic is the
study on the synergistic effect of the complex corrosion inhibitors. For example, it is helpful
to improve the inhibition effect by employing other suitable environmental friendly
inhibitors which could be adsorbed onto the magnesium surface, weaken or remove the
repulsive forces in the adsorbed layer of SB and make the protective layer more compact.
The development of high efficiency environmental friendly inhibitors for magnesium alloys
will fasten the engineering applications of magnesium alloys in a larger scale.
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1. Introduction

Magnesium (Mg) is the fourth most abundant cation in the human body [Fekry & El-Sherief,
2009]. It is very abundant in the Earth being considered the fourth highest, following iron,
oxygen and silicon. The raw ores of Mg are dolomite (MgC0Os.CaCOs3) and magnesite
(MgCOs), and Mg is the second most abundant metal in seawater following sodium. It is
therefore a comparatively low cost material. Magnesium is the lightest of all metals in
practical use, and has a density (1.74 g cm=3) of about two thirds of aluminum and only one
quarter that of iron. Pure magnesium metal has useful properties such as shielding against
electromagnetic waves, vibration damping, dent resistance, machinability and low toxicity
in humans, in addition to its recyclability as it has a lower specific heat and a lower melting
point than other metals. On the other hand, magnesium has shortcomings such as
insufficient strength, elongation and heat resistance as well as being subject to corrosion. To
put Mg to practical use, it is necessary to deal with its shortcomings and improve its
performance through alloying with various elements. Alloying magnesium improves its
strength, heat resistance and creep resistance (creep is defined as deformation at a high
temperature and under load). However, the addition of alloying elements modifies the
corrosion behavior of magnesium in such a way that it can be beneficial or deleterious.

Some advantages of magnesium alloys are their high stiffness-to-weight ratio, great ease of
machinability, good casting qualities suitable for high pressure die-casting, high damping
capacity and good weldability under controlled atmosphere. Magnesium can form
intermetallic phases with most alloying elements, the stability of this phase increases with
the electronegativity of the other element [Kainer, 2003]. Aluminum (Al) had already
become the most important alloying element for significantly increasing the tensile strength,
specifically by forming the intermetallic phase Mgi7Al12. Similar effects can be achieved with
zinc (Zn) and manganese (Mn), while the addition of silver (Ag) leads to improve high-
temperature strength. The identification of magnesium alloys is standardized worldwide in
the ASTM norm; each alloy is marked with letters indicating the main alloy elements,
followed by the rounded figures of each (usually two) weight in percentage terms. The last
letter in each identification number indicates the stage of development of the alloy.
However, according to the elemental composition two major magnesium alloy systems are
available to the designer. The first includes alloys containing 2 - 10 wt% Al, combined with
minor additions of zinc and manganese. These alloys are widely available at moderate cost,
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Abbreviation letter Alloying element Abbreviation letter Alloying element
A Aluminum N Nickel
B Bismuth P Lead
C Copper Q Silver
D Cadmium R Chromium
E Rare earths S Silicon
F Iron T Tin
H Thorium W Yttrium
K Zirconium Y Antimony
L Lithium V4 Zinc
M Manganese

Table 1. ASTM codes for magnesium’s alloying elements

and maintain their room-temperature mechanical properties up to 95° to 120° C. Beyond
this, increase in temperature adversely affects mechanical properties and the corrosion
properties deteriorate rapidly. The most important alloys of this group are AZ-, AM- and AS
- Mg based systems. The second group consists of magnesium alloyed with various
elements (rare earths, zinc, thorium, and silver) except aluminum, all containing a small but
effective zirconium content that imparts a fine grain structure and thus improved
mechanical properties. These alloys generally possess much better elevated-temperature
properties, but they are more costly. The most important alloys of this group are ZE, HK
and ZK [Kainer, 2003].

Magnesium alloys as potential biodegradable material provides both biocompatibility and
suitable mechanical properties [Song, 2007]. Mg?* is an essential element and present in
large amounts in the human body. It is the fourth most abundant cation in the human body,
with an estimated 1 mol of magnesium stored in the body of a normal 70 kg adult, with
approximately half of the total physiological magnesium stored in bone tissue [Song & song,
2007]. The presence of magnesium in the bone system is beneficial to bone strength and
growth. Magnesium alloys have specific density (1.74-2 g/cm3) and Young’s modulus (41-
45 GPa) most close to those (1.8-2.1 g/cm3, 3-20 GPa) of human body’s bone. Therefore, in
orthopedic and bone repairing or replacement applications magnesium alloys are
particularly superior to any other metallic or polymer implants in terms of physical and
mechanical properties, as the dissimilarity in Young’s modulus between an implant and
natural bone can result in stress shielding effects, leading to concentration of stress at the
interface between the bone and implant reducing stimulation of new bone growth and
decreasing implant stability [Song, 2007].

On the other side, magnesium is 1.6 and 4.5 times less dense than aluminum and steel,
respectively. Moreover, magnesium is essential to human metabolism and is naturally
found in bone tissue [Fekry & El-Sherief, 2009]. Biodegradable implant materials in the
human body can be gradually dissolved, absorbed, consumed or excreted, so there is no
need for the secondary surgery to remove implants after the surgery regions have healed.
Metallic materials continue to play an essential role as biomaterials to assist with the repair
or replacement of bone tissue that has become diseased or damaged. Thus, it is projected
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that magnesium and its alloys be applied as lightweight, degradable, load bearing
orthopedic implants, which would remain present in the body and maintain mechanical
integrity over a time scale of 12-18 weeks while the bone tissue heals, eventually being
replaced by natural tissue [Staiger et al., 2006]. Also, magnesium has a high negative
standard electrode potential (-2.37 V at 25 °C) and thus is corroded relatively faster than
other metallic materials, especially in Cl- containing aqueous environment, indicating that
magnesium can degrade/or be corroded in a human body environment. Thus interface
problems such as interface loosening and inflammation can be resolved and the second
removal surgical operation for the case of bone screws and plates can be avoided. Thus, Mg
alloy can gradually be dissolved and adsorbed after implanting [Revell et al., 2004; Zreiqat
et al., 2002; Yamasaki, 2002 & 2003]. A suitable degradation rate is critical to a biodegradable
Mg implant before the tissue has been sufficiently recovered or healed [Witte, 2005]. After
the recovery or healing, the implant should be gradually dissolved, consumed or absorbed
by the human body. In fact, with recent developments and understandings of corrosion and
prevention of Mg alloy, controlling the corrosion performance of Mg alloy should be
possible now [Yamasaki, 2003; Song & Atrens, 2003]. Extruded Mg alloys as AZ91E and
AZ31E are getting more and more widely used because of their considerably high plasticity
in comparison with the die-cast Mg alloys [Zenner & Renner, 2002]. Several studies [Song,
2007; Witte et al. 2008; Song et al., 1999] have shown that the corrosion behavior of Mg alloys
is significantly dependent on the alloying elements and the microstructure.

Glucosamine (CsH13NOs) is an amino sugar. All of the glucosamine forms originated from
shellfish, Some carrier molecules are needed (such as sulphate or HCl ) because raw
glucosamine is unstable by itself - it needs to be bound to the sulfate or HCI carrier in order
to be stored for any period of time. Glucosamine sulfate is a naturally occurring chemical
compound found in the human body. It is used by the body to produce a variety of other
chemicals that are involved in building tendons, ligaments, cartilage, and the thick fluid that
surrounds joints. Glucosamine sulfate used in dietary supplements does not always come
from natural sources. It can also be made in a laboratory. Glucosamine sulfate is commonly
used for arthritis. Scientists have studied it extensively for this use [Giordano et al., 2009].
Osteoarthritis (OA) is the most common form of arthritis that can affect the hands, hips,
shoulders and knees. In OA, the cartilage that protects the ends of the bones breaks down
and becomes thin. This results in more joint friction, pain, and stiffness. Researchers think
that taking glucosamine supplements may either increase the cartilage and fluid
surrounding joints or help to prevent breakdown of these substances, or may be both.
Supplemental glucosamine may help to prevent cartilage degeneration and treat arthritis.
This chapter reviews the biological performance of magnesium based alloys (biodegradable
materials for temporary implant) as AZ91D alloy in simulated body fluid (SBF), AZ31E
alloy in Ringer’s and AZ31E, AZ91E in Hank’s solution at 37 °C that have been used as
orthopedic biomaterials. Their corrosion behavior was studied by the analysis of corrosion
resistance variation with immersion time, using electrochemical impedance spectroscopy
(EIS) tests and corrosion current density using potentiodynamic polarization technique. The
results were confirmed by scanning electron micrographs. The aim is to explore possible
routes to improve limiting factors such as the corrosion resistance and improve integration
of the implant with tissue, and ultimately highlights the need for further research. It is
aimed to find the best magnesium alloy with low cost and low corrosion rate as implant in
human body. Furthermore, the feasibility to slow down the biodegradation (i.e. corrosion)
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of magnesium alloys to solve the rapidly corroding magnesium implant problems was
demonstrated by studying the effect of adding glucosamine sulphate to Hank's solution on
the corrosion behavior of AZ31 alloy. This line of research was still under consideration.

2. The main problem and how to solve?

Recently, a number of studies had been carried out to investigate the corrosion behavior of
magnesium alloy in artificial physiological fluids. However, most of them were considering
an Al containing Mg alloy [Witte et al. 2006]. Most alloying elements will dissolve into the
human body during the magnesium alloy degradation. Magnesium alloys did not perform
well due to inappropriately high corrosion rates [Song & Song, 2007]. The screws and plates
made of these magnesium alloys corroded too quickly due to high impurities of the alloys
and as a consequence, subcutaneous gas cavities appeared in treated patients [Song & Song,
2007]. However, slower corrosion rates are needed for magnesium alloys to be suitable as a
potential biomaterial [Witte et al. 2005]. Mn and Zn were selected to develop a Mg-Zn-Mn
magnesium alloy for biomedical application due to the good biocompatibility of Zn and Mn
elements [Zhang et al. 2009]. The development of biodegradable implants is one of the most
important research areas in medical science [Song & Song, 2007, Mani et al., 2007].
Compared with traditional permanent implants, biodegradable materials will not cause
permanent physical irritation or chronic inflammatory discomfort. Mg or its alloys are non-
toxic to the human body.

Thus in this study, it was observed that corrosion resistance for AZ91D in Simulated body
fluid increase with increasing time of immersion until 35 h. Also, it found to increase for
AZ31E in Ringer’s solution increases with increasing immersion time till 100 h of
immersion. Also, the corrosion resistance of AZ91E and AZ3I1E alloys increase with
immersion time in Hank’s solution for 100 h. However, the corrosion resistance of AZ31E
alloy is much better than AZ91E alloy at all times of immersion. All results are confirmed by
scanning electron micrographs. Also, by addition of Glucosamine as inhibitor for corrosion
of AZ31E in Hank’s solution, it was evaluated that total resistance Rr or relative thickness
1/Cr of the film formed are higher compared to the values in absence of glucosamine.
However, the best corrosion inhibition is observed by addition of 0.01 mM Glucosamine and
this was confirmed by SEM images.

3. Experimental

A die cast magnesium aluminum alloy (AZ91D) with composition (Wt%): 9.0 Al, 0.67 Zn,
0.33 Mn, 0.03 Cu, 0.01 Si, 0.005 Fe, 0.002 Ni, 0.0008 Be and balance Mg, an extruded
magnesium aluminum alloys with chemical composition (wt%): 2.8 Al, 0.96 Zn, 0.28 Mn,
0.0017 Cu, 0.0111 Fe, 0.0007 Ni, 0.0001 Be and balance Mg for AZ31E and 9.0 Al, 0.7 Zn, 0.13
Mn, 0.03 Cu, 0.01 Si, 0.006 Fe, 0.004 Ni, 0.0007 Be and balance Mg for AZ91E. All donated
from Department of mining, Metallurgy and Materials Engineering, Laval University,
Canada. The sample was divided into small coupons. Each coupon was welded to an
electrical wire and fixed with Araldite epoxy resin in a glass tube leaving cross-sectional
area of the specimen 0.2 cm? for AZ91D alloy and 0.196 cm? for both AZ91E and AZ31E
alloys. The solutions used were simulated biological fluid (SBF), recommended by Cigada,
which contains (g/1): NaCl 8.74, NaHCOj3 0.35, Na,HPO4 0.06, NaH,PO4 0.06 [Fekry & El-
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Sherief, 2009], Ringer’s solution (RS) (g/1): NaCl 8.6, CaCl, 0.33, KCI 0.3, Hank's balanced
salt solution with composition (g/1): NaCl 8.00, NaHCO; 0.35, Na,HPO, 0.0477, KH,PO4
0.06, KCl 0.40, D-Glucose 1.0 [Ghoneim et al.,, 2010]. The pH of the solution was 7.4.
Glucosamine sulphate (C¢ Hig NOs);S04.2KCl and all solutions are prepared using triply
distilled water. The surface of the test electrode was mechanically polished by emery papers
with 400 up to 1000 grit to ensure the same surface roughness, degreasing in acetone, rinsing
with ethanol and drying in air. The cell used was a typical three-electrode one fitted with a
large platinum sheet of size 15%20x2mm as a counter electrode (CE), saturated calomel
(SCE) as a reference electrode (RE) and the alloy as the working electrode (WE). The
impedance diagrams were recorded at the free immersion potential (OCP) by applying a 10
mV sinusoidal potential through a frequency domain from 100 kHz down to 100 mHz. The
EIS was recorded after reading a steady state open-circuit potential. The polarization scans
were carried out at a rate of 1 mV/s over the potential range from -2.5 to 0 mV vs. saturated
calomel electrode (SCE). Prior to the potential sweep, the electrode was left under open-
circuit in the respective solution until a steady free corrosion potential was recorded.
Corrosion current, icorr, which is equivalent to the corrosion rate is given by the intersection
of the Tafel lines extrapolation. In the weight loss measurements, the treated samples were
weighed before and after the immersion in Hank's solution in absence and in presence of
different concentrations of glucosamine sulphate. The instrument used is the
electrochemical workstation IM6e Zahner-elektrik, GmbH, (Kronach, Germany).The
electrochemical and weight loss experiments were always carried inside an air thermostat
which was kept at 37°C, unless otherwise stated. The SEM micrographs were collected using
a JEOL JXA-840A electron probe microanalyzer.

4. Results and discussion

4.1 Electrochemical impedance measurements

4.1.1 AZ91D alloy in simulated body fluid (SBF)

The EIS scans as Bode plots in Fig. la-c. for AZ91D alloy in dependence on the immersion
time were recorded in the test solution for 35 h. The diagrams show resistive regions at high
and low frequencies and capacitive contribution at intermediate frequencies. The impedance
(1Z]) as well as the phase shift (0) of AZ91D alloy is clearly found to depend on immersion
time. It is of inertest to observe that an increase in time of immersion, from 0 to 1.5 h (Fig.
1a), continuously increases the |Z | value whilst Omax is nearly constant.

However, at 2.0 to 10 h (Fig. 1b), the impedance value increases but not sharply. At higher
immersion time 15-35 h (Fig. 1c), an increase in the immersion time increases the |Z| value
whilst Omax gradually decreases with a concomitant shift to lower frequencies. This trend is
most likely a result of a decrease in the surface film capacitance commensurate with a
decrease in the adsorbed amount of anions forming SBF as Cl, HCO; , H,PO; or HPO,?
on the electrode surface [Fekry & El-Sherief, 2010]. The results in general reveal two clear
trends concerning the number of peaks observed in the patterns of the phase shift. The first
one is for the behavior of AZ91D alloy at time of immersion from 0 to 5 h, where the Bode
plots display only one maximum phase lag (Fig. 1a, b). The second trend is for the alloy at
immersion time from 10 to 35 h where another peak of phase lag appears at the low
frequency region (Fig. 1c).
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Fig. 1. a-c. Bode plots of AZ91D alloy as a function of immersion time in SBF at 37 oC.

The impedance data were thus simulated to the appropriate equivalent circuit for the
cases with one time constant (Fig. 2a) and the others exhibiting two time constants (Fig.
2b), respectively. This is the simulation that gave a reasonable fit using the minimum
amount of circuit components. Generally, the impedance response of an actively
corroding metal in an aqueous solution is well simulated by the classic parallel resistor
capacitor (R;C;) combination in series with the solution resistance (Rs) between the
specimen and the RE. In this model a charge transfer resistance (R;) is in parallel with the
double layer capacitance (C1), as depicted in Fig. 2a. In this case, the electrode surface is
covered with a passive film Ry and Cj, the film resistance and capacitance, respectively.
On the other hand, for the impedance diagrams with two time constants the appropriate
equivalent model consists of two circuits in series from RiC; and R»C: parallel
combination and the two are in series with R;. In this way C; is related to contribution
from the capacitance of the outer layer and the faradaic reaction therein and C; pertains to
the inner layer, while R; and R; are the respective resistances of the outer and inner layers
constituting the surface film, respectively [Wu et al., 2008]. Analysis of the experimental
spectra were made by best fitting to the corresponding equivalent circuit using Thales
software provided with the workstation where the dispersion formula suitable to each
model was used [Fekry, 2009]. In this complex formula an empirical exponent (a) varying
between 0 and 1, is introduced to account for the deviation from the ideal capacitive
behavior due to surface inhomogeneties, roughness factors and adsorption effects [Fekry,
2009]. In all cases, good conformity between theoretical and experimental was obtained
for the whole frequency range.
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The experimental values are correlated to the theoretical impedance parameters of the
equivalent model shown in Fig. 3. It was found that film healing and thickening (Rr)
becomes effective by increasing time of immersion in SBF solution leading to a quasi-steady
state thickness at longer times (1/Cr). This is caused by the formation of adherent corrosion
products on the sample surface as Mg(OH), which is precipitated from the solution during
the corrosion of magnesium alloys due to saturation and localized alkalization [Gu et al.,
2009]. Metal ions released from corrodible alloys to the surrounding tissues, may cause
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Fig. 2. Equivalent circuit model representing (a) one, and (b) two time constants for an
electrode/electrolyte solution interface.
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Fig. 3. The total resistance (Rt) and relative thickness (1/Cr) for AZ91D alloy as a function of
immersion time in SBF at 37 °C.
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biological responses in short term or prolonged periods. The toxicity of a metallic material is
governed not only by its composition and toxicity of the component elements but also by its
corrosion and wear resistance [Gu et al., 2009]. In a saline environment, magnesium-based
alloys would be degraded to magnesium chloride, oxide, sulphate or phosphate [Fekry & El-
Sherief., 2009] and the same occur in SBF. Also, magnesium carbonate precipitated on the
surface of magnesium alloy improved the corrosion resistance of magnesium alloy in the
case of atmospheric corrosion [Jénsson et al., 2007]. For chloride ions, in poorly buffered
chloride solutions, they reveal low corrosion rates due to the formation of a partially
protective Mg(OH), layer. Also, phosphates inhibit dissolution of the oxide film and raise
the corrosion potentials with increasing immersion time [Narayanan & Seshadri, 2007].
Phosphate is formed on the oxide surface and prevents dissolution. Generally, SBF improves
slightly the corrosion resistance of AZ91D alloy with time.

It should be also emphasized that formation of a complete surface layer of oxidation
products looks to be very difficult. This can be confirmed by SEM examination of AZ91D
alloy surface after 35 h immersion in the respective SBF (pH 7.4) as shown in Fig. 4
compared to that of the polished sample (blank) at magnifications of 1000x. As can be seen,
the micrograph for blank consists from uniform distribution, however, after immersion; it
shows microcracks [Heakal et al.,, 2009 & 2009] which determine the existence of film
vulnerable region. The relatively fine B-phase (Mgi7Al12) precipitated at the outer portions of
the platelets has light appearance with a shiny white color. However, flower-like MnAl,
intermetallic inclusions [Pardo et al., 2008] are also found deposited on some few areas from
the surface.

A0pm T 1000 i A0pm T %1000
Blank After 35 h immersion

Fig. 4. SEM images of AZ91D alloy in air after polishing (blank) and in SBF at 37 °C after 35
h of immersion.

4.1.2 AZ31E alloy in Ringer’s Solution (RS)

The EIS scans as Bode plots, in Fig. 5a-c, for AZ31E alloy, as function of the immersion time,
were recorded in the test solution for 100 h. The diagrams show resistive regions at high
frequencies. The impedance (|Z|) as well as the phase shift (8) of AZ31E alloy is clearly
dependent on immersion time. It is of inertest to observe that an increase in the time of
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immersion, from 0 to 4.0 h (Fig. 5a), gradually increases the |Z| value, whereas Omax is
nearly constant. From 8.0 to 20 h (Fig. 5b), the impedance and Om.x values increase
gradually. For larger immersion time from 30-70 h (Fig. 5c), both |Z| value and Omax
increase sharply. The results in general show that Bode plots display two maximum phase
lags. Fig. 6, as an example for 1h immersion of AZ31E alloy, manifested two depressed
capacitive semicircles, typical of Randles element, at higher and lower frequencies regions,
separated by an inductive loop at intermediate frequencies. Inductive loops can be
explained by the occurrence of an adsorbed intermediate on the surface. The experimental
data were consistent with the involvement of the intermediate species Mg* in magnesium
dissolution at film imperfections or on a film-free surface. At such sites, magnesium is first
oxidised electrochemically to the intermediate species Mg*, and then the intermediate
species react chemically with water to produce hydrogen and Mg2*. The presence of CI- ions
increases the film free area, and accelerates the electrochemical reaction rate from
magnesium metal to Mg* [Song et al., 1997]. The capacitive semicircle at higher frequencies
is attributed to the redox Mg-Mg* reaction since it was assumed to be the rate determining
step in the charge transfer process. Therefore, the resistance value obtained from intercepts
of the first capacitive semicircle with real axis corresponds to the charge transfer resistance.
On the other hand, the second capacitive semicircle could be attributed to the fast
complementary corrosion reaction. The curve manifested that addition of chloride ions leads
to increase in the size of the capacitive semicircles with immersion time, an indication of
increasing the resistances and decreasing the corrosion rate. The increase in resistivity arises
from the change in chemical composition of the surface film due to incorporation of CI- ions
into the film especially through defect sites with low ionic resistance.
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Fig. 5. a-c. Bode plots of AZ31E alloy as a function of immersion time in RS at 37 °C.
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The impedance data were thus simulated to the appropriate equivalent circuit for the case
with two time constants (Fig. 7). The model includes the solution resistance Rs, a series
combination of resistance, R, and inductance, L, in parallel with charge transfer resistance
(Ret)1, and the constant phase element (CPEj). In the high frequency limit, the inductive
contribution to the overall impedance is insignificant. Therefore, the Nyquist plot of the
impedance is a semicircle characteristic of the parallel arrangement of the double layer
capacitance and charge transfer resistance corresponding to the corrosion reaction.
Contribution to the total impedance at intermediate frequencies comes mainly from the
charge transfer resistance and inductive component in parallel. The inductor arising from
adsorption effects could be defined as (L = Rt) , where 7 is the relaxation time for adsorption
on the electrode surface. The low frequency locus displays the characteristics of parallel RC
circuit. This circuit includes another constant phase element (CPE;) which is placed in
parallel to charge transfer resistance element (Ru)1. The (Ry)1value is a measure of charge
transfer resistance corresponding to the Mg*-Mg?* reaction. The CPE is used in this model
to compensate for non-homogeneity in the system and is defined by two values, Q and a.
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Fig. 6. Nyquist plot after 1 h of immersion in RS at 37 °C.
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Fig. 7. Equivalent circuit model representing two series time constants for an
electrode/electrolyte solution interface.
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The impedance of CPE is represented by Zcpg = Q-1(iw)™, where i = (-1)/2, ® is frequency
in rad s—1, ® =21f and f is the frequency in Hz. If a equals one, the impedance of CPE is
identical to that of a capacitor, Zc = (iwC)= and in this case Q gives a pure capacitance (C).
For non-homogeneous systems, a values range from 0.9-1. Computer fitting of the spectrum
allows evolution of the elements of the circuit analogue. The aim of the fitting procedure is
to find those values of the parameters which best describe the data. The experimental and
computer fit results are given in Table 2. It was found that the fit results were consistent
with the experimental data within 5% error.

As shown in Table 2, film healing and thickening becomes effective by increasing the time of
immersion in Ringer’s solution, leading to a quasi-steady state thickness at longer times.
This is caused by the formation of adherent corrosion products on the sample surface as
Mg(OH); which is precipitated from the solution during the corrosion of magnesium alloys
due to saturation and localized alkalization [Fekry & El-Sherief, 2009]. This is confirmed by
measuring the pH of Ringer’s solution after completing the experiment, which becomes 11.0.
Calcium could improve both the corrosion resistance in NaCl solution and the mechanical
properties of magnesium alloy. Moreover, Ca is a major component in human bone and can
accelerate the bone growth [Azza et al., 2010]. It was thought that the presence of Ca ion
benefits the bone healing. However, for chloride ions, low corrosion rates were obtained due
to the formation of a partially protective Mg(OH), layer. The growth of the polarization
resistance with the immersion time is consistent with the continual decrease of the bio-
corrosion rate.

SEM examination of AZ31E alloy surface after 100 h immersion in the same RS is shown in
Fig. 8, as compared to that of the uniform distribution for polished sample (blank). After
immersion; it shows microcracks [Fekry & El-Sherief, 2009], which indicate the existence of a
vulnerable film. There are plenty of visible corrosion products on the surface of AZ31 after
100 h immersion.

Time R/ (Ra)/ Qi / @ R/ L (Rap/ Q. /

Hour Qcm2?2 Qcm? pF cm-2 Q cm?2 Q cm? pF cm-2

0.00 0.18 5.29 416.9 098 53.45 0.032 5.40 154.3 0.94
0.50 0.18 5.31 311.2 098 5490 0.035 5.67 90.05 0.94

1.00 0.18 5.32 299.3 096 56.27 0.040 5.89 89.13 0.95

2.00 0.18 5.32 1721 097 6049 0.044 6.01 86.79 0.97
4.00 0.18 5.33 161.9 097 6735 0.051 6.29 81.07 0.96
8.00 0.19 5.35 157.7 099 7336 0.055 7.34 7245 0.93
12.00 0.19 5.37 147.6 099 86.83 0.059 8.37 69.95 0.95
16.00 0.19 5.38 146.9 098 1052 0.061 9.01 55.87 0.94

20.00 0.19 5.38 143.8 099 106.2 0.061 9.06 4521 0.98
30.00 0.22 6.37 139.8 099 2483 0.145 249 41.14 0.97

45.00 0.39 6.40 135.5 098 2587 0.147 251 30.30 0.97
70.00 0.58 6.45 132.8 099 3075 0.151 30.6 17.15 0.97
100.00 0.59 6.53 116.3 099 4051 0.154 36.8 14.23 0.98

Table 2. Impedance parameters of AZ31E alloy in RS at 37 °C.
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before immersion

Fig. 8. SEM images of (a) Ti-6Al-4V alloy and (b) AZ31E in air after polishing (blank) and in
RS at 37 oC after 100 h of immersion.

4.1.3 AZ31E and AZ91E alloy in Hank’s Solution (HS)

Electrochemical impedance (EIS) is a technique with small perturbative signal and the
surface damage of the sample is very little. In these experiments, the immersion of the two
magnesium alloys was carried out continuously in Hank's solution which is used to
simulate the biochemical reaction of the magnesium alloys in human physiological
conditions. The specimens were suspended in Hank's solution up to 100 hour. The EIS scans
as Bode plots at different immersion times are given in Fig. 9 (a,b) & 10 (a,b) for AZ31and
AZ91 respectively. It can be seen that these diagrams for both alloys show resistive regions
at high and low frequencies and capacitive contribution at intermediate frequencies. It is of
interest to observe that an increase in time of immersion, from 0 to 10 h (Fig. 9a) for AZ31E
and (Fig. 10a, b) for AZ91E, continuously increases the |Z| and 0 values. That is, as shown
in (Fig. 9), Omax increases with time from 26° at 0 h to 65° at 10 h of immersion for AZ31E
alloy. However, at higher immersion time from 20 to 100 h (Fig. 9b) for AZ31E, the
impedance value increases and Omax value gradually decreases but not sharply (from ~ 65° to
58¢) with a concomitant shift to lower frequencies. For AZ91E alloy (Fig. 10), Omax increases
with time from 22¢ at 0 h to 28 at 100 h of immersion that is nearly constant. However, at
any immersion time the values of |Z| or Omax is always higher for AZ31E alloy as compared
to AZ91E alloy, suggesting that AZ31E alloy is much more passive than AZ91E alloy in the
test solution. Also |Z| values increase with increasing immersion time for both tested alloys
as shown in Fig. 9 and 10. This trend is due to a decrease in the surface film capacitance
which is directly proportional to the decrease in the adsorbed amount of aggressive anions

as CI" [Heakal et al., 2009].

The Bode format of Fig. 9&10 confirms the presence of two time constants as there are two
maximum phase lags appears at medium frequencies (MF), and low frequencies (LF). On
the other hand, for the impedance diagrams with two time constants the appropriate
equivalent model, shown in Fig. 2b, is the most appropriate one. Analysis of the
experimental spectra was made by best fitting to the corresponding equivalent circuit using
Thales software provided with the workstation where the dispersion formula suitable to
each model was used [Fekry & El-Sherief, 2009].
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Fig. 9. a,b. Bode plots of AZ31E alloy as a function of immersion time in Hank’s solution at
37 °C.
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Fig. 10. a,b. Bode plots of AZ91E alloy as a function of immersion time in Hank’s solution at
37 °C.

For this model the electrode impedance is represented by the following transfer function
[Ameer et al., 2009]:
1+ RCi(jo)* 1+ R,Cy(jw)™

Z(w)= R €
The above formula takes into account the deviation from the ideal RC behavior and
considers, for a more realistic approach that each oxide layer as non-homogeneous. Thereby,
the impedance associated with the capacitance of each layer is described by a constant phase
element (CPE).

In all cases, good conformity between theoretical and experimental was obtained for the
whole frequency range with an average error of 3%. The experimental values are correlated
to the theoretical impedance parameters of the equivalent model, the data were presented in
Tables 3&4 for AZ31E and AZ91E alloys, respectively. As given in Tables 3&4, R; is nearly
the same for both alloys. It was also seen that R;, R, values increases and C;, C; values
decreases for both tested alloys with immersion time, that is film healing and thickening
becomes effective by increasing time of immersion in Hank's solution leading to a quasi-
steady state thickness at longer times. This is caused by the formation of adherent corrosion
products on the sample surface including, magnesium hydroxide, as well as phosphates and
carbonates [Wang et al., 2008]. They are precipitated from the solution during the corrosion
of magnesium alloys due to saturation and localized alkalization [Gu et al., 2009]. Metal ions
released from corrodible alloys to the surrounding tissues may cause biological responses in
short term or prolonged periods. The toxicity of a metallic material is governed not only by
its composition and toxicity of the component elements but also by its corrosion and wear



Electrochemical Corrosion Behavior of Magnesium Alloys in Biological Solutions 81

resistance [Gu et al., 2009]. In a saline environment, magnesium-based alloys would be
degraded to magnesium chloride, oxide, sulphate or phosphate [Fekry & El-Sherief, 2009]
and the same occur in Hank's solution. Also, magnesium carbonate precipitated on the
surface of magnesium alloy improved the corrosion resistance of magnesium alloy in the
case of atmospheric corrosion. For chloride ions, in poorly buffered chloride solutions, they
reveal low corrosion rates due to the formation of a partially protective Mg(OH), layer.
Also, phosphates formed on the oxide surface inhibit dissolution of the oxide film with
increasing immersion time [Narayanan & Seshadri, 2007]. For the values of the empirical
exponent (a) given in Tables 3 & 4, it is seen that it is higher for AZ31E (~ 0.88 - 0.93) than
that of AZ91E (~ 0.71 - 0.79) alloy. It is near to the ideal value (a = 1) for AZ31E alloy. Also,
as given in Tables 3 & 4, Ry or R; values at any given time is higher for AZ31E alloy than
that for AZ91E alloy. This confirms that AZ31E is more resistant than AZ91E alloy in Hank’s
solution. Generally, Hank's solution improves slightly the corrosion resistance of AZ91E and
AZ31E alloys with time.

Time RS / R1 / C1 / Rz / Cz /
hour Q cm? Q cm? pF cm-2 « Q cm? pF cm2 *°
0.00 221 2.10 90.3 0.88 17.9 247 0.88
0.25 2.20 2.14 87.5 0.89 225 23.5 0.89
0.50 1.97 2.32 81.3 0.89 25.2 222 0.88
1.00 2.10 2.38 78.5 0.87 40.3 21.8 0.90
4.00 215 9.66 714 0.87 105.4 19.2 0.90
10.00 2.65 37.77 67.1 091 482.3 18.7 0.89
20.00 2.85 65.18 65.8 0.89 584.9 17.8 0.92
40.00 242 82.11 63.9 0.91 667.9 17.1 0.92
70.00 2.61 126.23 61.7 091 867.7 16.7 0.92
100.00 3.00 197.35 59.0 0.90 985.0 16.4 0.93
Table 3. Impedance Parameters of AZ31E alloy in Hank’s solution at 37°C.
Time Rs/ Ri/ C/ Ro/ G/
hour Q cm? Q cm? pF cm-2 a1 Q cm? pF cm-2 @
0.00 2.60 1.04 150.8 0.75 8.5 50.3 0.71
0.25 2.03 1.16 143.1 0.78 8.7 47.8 0.74
0.50 191 1.25 135.6 0.76 8.8 43.2 0.75
1.00 1.82 1.47 122.0 0.78 11.0 35.5 0.72
4.00 1.27 1.64 117.1 0.75 11.8 321 0.72
10.00 2.65 1.79 111.0 0.77 13.8 29.9 0.75
20.00 2.67 1.99 105.5 0.76 15.7 27.5 0.75
40.00 2.71 213 101.3 0.77 18.2 251 0.74
70.00 2.69 218 97.1 0.76 32.6 214 0.72
100.00 2.03 2.55 85.7 0.79 43.1 21.0 0.74

Table 4. Impedance Parameters of AZ91E alloy in Hank’s solution at 37°C.

It should be noted that the alloying elements Al and Zn tend to have a stabilizing effect on
the protective film formed on Mg alloy. Indeed, without these alloying elements, pure
magnesium experiences a much faster biodegradation under similar testing conditions
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[Song & Song, 2007]. The previous electrochemical results show that the corrosion resistance
of AZ31 is much higher than that of AZ91 alloy. The results may be caused by the different
distribution of alloying elements in microscopic scale and the microstructure of alloys,
which are the fundamental reasons for the metal corrosion morphology and corrosion
resistance.

In the literature [Ballerini et al., 2005], it was found that the heterogeneous microstructure of
AZ91 stimulates a localized corrosion morphology that is dictated by the distribution of
microgalvanic coupling with the MgiyAly; intermetallic particles in the matrix. The content
of Al in the second-phase particles [Azza et al., 2010] might be the f phase (Mgi7 Aly»), the
electrode potential of the f§ phase is higher than the matrix; therefore, it will form microcells
with the adjacent matrix and accelerate the corrosion process. Because the Al content in
AZ91 is higher than that of AZ31, the content of § phase of AZ91 will be higher than that of
AZ31 and the number of corrosion microcells of AZ91 is also larger than that of AZ31, as a
result, the corrosion resistance of AZ91 is lower than that of AZ31.

The corrosion behavior of the Mg alloys is determined by the important aspects include
composition, porosity, grain size, and amount and distribution of p phase. Fig. 11 represents
the surface morphologies of AZ91 and AZ31 magnesium alloys, the microstructure of AZ31
magnesium alloy shows a nearly continuous network of grain boundary phase (Mgi7Al).
However, AZ91 contains a few amounts of f-phase. The phase was more stable in NaCl and
was more inert to corrosion. The phase corrodes due to the tendency for the corrosion rate
of the 3-phase to be accelerated by microgalvanic coupling between the a-phase and the 3-
phase. The phase mainly served as a galvanic cathode and accelerated the corrosion process
of the matrix if the volume fraction of PB-phase was small; however, for a high volume
fraction, the phase might act as an anodic barrier to inhibit the overall corrosion of the alloy.
Song et al [Song & Atrens, 1999, 2003 & 2007] showed that the B phase plays a dual role, it
can act either as a barrier or as a galvanic anode depending on its content, size and
distribution. When the mass fraction of (Mg 17 Al 12) f phase is high, the grain size of
magnesium alloy is small, and the f§ phase distributes continuously on the matrix a phase, so
it may play the role of a barrier layer to deter corrosion as shown in the Figure for AZ31. On
the contrary, if the grain size is larger and the distance between f phases is enlarged,
galvanic corrosion may occur and cause the decline of the corrosion resistance (for AZ91).

AFS]

Fig. 11. Surface morphologies of AZ91 and AZ31 magnesium alloys.

Glucosamine is an amino-monosaccharide produced in the body. Glucosamine sulphate acts
mainly as a substrate for biosynthesis of mucopolysaccharides and biopolymers of joints
and bones and, thus, contributes to restoration of damaged cartilage. About 90% of
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glucosamine administered orally as a glucosamine salt gets absorbed from the small
intestine and from there it is transported to the liver. Healthy men have serum glucosamine
concentration of 0.04 mmol/L when they are not consuming supplemental glucosamine
[Ghoneim et al., 2010]. Ingestion of recommended oral doses of glucosamine in humans
achieves serum levels of approximately 0.06 mmol/L [Anderson et al., 2005], its oral
administration at very large doses (5000-15,000 mg/kg body weight) is well tolerated
without documented toxicity. It is not presently known how much of an ingested dose is
taken up in the joints in humans. Most relevant clinical trials have used glucosamine
sulphate in 1500mg, once a day for 12 weeks [Giordano et al., 2009], this is a prescription
drug in most European and non-European countries.

Thus, it is intended in this part to study the effect of adding glucosamine sulphate to Hank's
solution on the electrochemical behavior of the biodegrable AZ31 alloy, which is much
better than AZ91 alloy against corrosion. Fig. 12 Shows EIS results probed after 4h
immersion in Hank's solution in presence of various concentrations of glucosamine sulphate
in the range from 0.01 to 10 mM, and presented as Bode and Nyquist plots, the spectra are
dominated by the capacitance of the HF time constant. The general features of the plots are
not substantially different from those obtained in absence of glucosamine. This suggests that
the presence of glucosamine in the solution do not alter the reaction responsible for
corrosion. The Nyquist format in Fig. 12 confirms the presence of two well defined
depressed semicircles at high and medium frequency regions. In all solutions the
impedance, |Z| value decrease with increasing added glucosamine concentration, however
the 10 mM shows a critical concentration which has higher resistance compared to that of
1.0 and 0.1 mM glucosamine solution. However, 0.01 mM Glucosamine concentration is
much better than 10 mM concentration.
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Fig. 12. Bode and Nyquist plots of AZ31E alloy as a function of concentration for
Glucosamine in Hank’s solution at 37 °C.



84 Magnesium Alloys - Corrosion and Surface Treatments

The total resistance (Rr) and the relative thickness (1/Cr) for AZ31 alloy in Hank's
solution in presence of 10 and 0.01 mM glucosamine solutions as a function of the
immersion time are presented in Fig. 13. The impedance data were simulated to the
equivalent circuit represented in Fig. 2b. Both values increase with immersion time. Also,
the total resistance Rt and the relative thickness 1/Cr of the film formed on the alloy
show always higher values compared to the values in absence of glucosamine as
illustrated in Fig. 13.

This was confirmed by Scanning electron microscope (SEM) images shown in Fig. 14a-c.
Fig. 14c shows a smoother film adsorbed on the alloy surface for 0.01 mM than that formed
on 10 mM concentration Fig. 14b. Also the two are much better than the blank shown in
Fig. 14a.
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Fig. 13. The total resistance (Rt) and relative thickness (1/Cr) for AZ31E alloy with and
without Glucoseamine as a function of immersion time in Hank’s solution at 37 oC.
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(b) after 100 h immersion in 10 mM Glucosamine containing Hank’s solution

(c) after 100 h immersion in 0.01 mM Glucosamine containing Hank’s solution

Fig. 14. SEM micrographs for AZ31E alloy after 100 h of immersion in Hank’s solution (a)
without Glucosamine (b) with 10 mM Glucosamine and (c) with 0.01 mM Glucosamine.
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4.2 Potentiodynamic measurements
Anodic dissolution and passivation behavior of AZ91 and AZ31 alloys were studied in

Hank's solution using potentiodynamic polarization measurements (Fig. 14) at a scan rate of
1.0 m V s-.. Prior to the potential scan the electrode was left under open circuit conditions in
the respective solution for 100 h until a steady free corrosion potential value was recorded.
Basically, the two alloys exhibit the same curve shape, no active-passive transition peak can
discerned in the anodic trace, but a passivation plateau extending to a large domain of
potential is observed. The corrosion potential (Ecorr) and corrosion current density (icorr) Were
calculated from the intersection of the anodic and cathodic Tafel lines extrapolation. The
values of icorr were 0.01 and 0.58 mA cm2for AZ31 and AZ91 respectively. It can be acquired
from these experiments that the corrosion resistance of AZ31 alloy is much higher than
AZ91. This means that AZ31 has a superior anticorrosion performance in Hank's solution.
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Fig. 15. Potentiodynamic polarization curves for AZ91E and AZ31E alloys in Hank's
solution, at 37°C .

Figure 16 shows the anodic and cathodic scans of AZ31 alloy immersed for 100 h in Hank's
solution in absence and in presence of various concentrations of glucosamine sulphate in the
range from 0.01 to 10 mM. The polarization curves reveal clearly that the solution
concentration affects both the cathodic and anodic overpotentials, where there is a
remarkable shift in the position of the Tafel plots mainly towards more positive values with
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decreasing glucosamine concentration. However, 10 mM glucosamine is considered as a
critical concentration. The calculated values of icorr were 0.005, 0.003, 0.001 mA /cm? for 0.1
mM, 10 mM, 0.0lmM glucosamine solution, respectively. These results indicate that
addition of glucosamine had a pronounced inhibition effect on the corrosion current, it acts
by merely blocking the reaction sites of the metal surface without changing the anodic and
cathodic reaction mechanisms. This inhibition is attributed to strong adsorption of
molecular species through the active centers as NHz* and OH- or oxygen heteroatom [Fekry
& Mohamed, 2010]. It has been observed that adsorption mainly depends on the presence of
m-electrons in C=C, electron pairs on heteroatoms as oxygen or nitrogen, which induce
greater adsorption of glucosamine onto the surface of the alloy.
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Fig. 16. Potentiodynamic polarization curves for AZ31E alloy as a function of concentration
of glucosamine in Hank's Solution at 37°C .

Generally, the polarization results are in agreement with those obtained from EIS, and
suggest that the quality of the spontaneously formed film, as a protective layer against
corrosion, improves greatly at lower glucosamine concentration. Finally, for magnesium
alloys to be used as biodegradable implant materials, their degradation rates should not
exceed the rate of healing of the affected tissue, and also the degradation products should not
be more than the body's acceptable absorption level. The present study has shown that the
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biodegradation rate of alloy AZ31 in Hank's solution can be significantly reduced by adding
glucosamine sulphate to the solution on the basis of the observed corrosion retardation.

5. Conclusions

This work reviews the biological performance of magnesium based alloys (biodegradable
materials for temporary implant) as AZ91D alloy in simulated body fluid (SBF), AZ31E
alloy in Ringer’s and AZ31E, AZ91E in Hank’s solution at 37 °C that have been used as
orthopedic biomaterials. Their corrosion behavior was studied by the analysis of corrosion
resistance variation with immersion time, using electrochemical impedance spectroscopy
(EIS) tests and corrosion current density using potentiodynamic polarization technique. The
results were confirmed by scanning electron micrographs.
The aim is to explore possible routes to improve limiting factors such as the corrosion
resistance and improve integration of the implant with tissue, and ultimately highlights the
need for further research. It is aimed to find the best magnesium alloy with low cost and low
corrosion rate as implant in human body. Furthermore, the feasibility to slow down the
biodegradation (i.e. corrosion) of magnesium alloys to solve the rapidly corroding
magnesium implant problems was demonstrated by studying the effect of adding
glucosamine sulphate to Hank's solution on the corrosion behavior of AZ31 alloy.

It was observed that:

1. The corrosion resistance for AZ91D in Simulated body fluid increase with increasing
time of immersion until 35 h. It was found to be better than the blank (AZ91D alloy
before immersion). It was found that film healing and thickening (increasing Rr value)
becomes effective by increasing time of immersion in SBF solution leading to a quasi-
steady state thickness at longer times. Generally, SBF improves slightly the corrosion
resistance of AZ91D alloy with time.

2. Corrosion resistance found to increase for AZ31E in Ringer’s solution with increasing
immersion time till 100 h. This is caused by the formation of adherent corrosion
products on the sample surface as Mg(OH), which is precipitated from the solution
during the corrosion of magnesium alloys due to saturation and localized alkalization.
This is confirmed by measuring the pH of Ringer’s solution after completing the
experiment, which becomes 11.0. Also, Ca could improve both the corrosion resistance
in NaCl solution and the mechanical properties of magnesium alloy, it is a major
component in human bone and can accelerate the bone growth. The growth of the
polarization resistance with the immersion time is consistent with the continual
decrease of the bio-corrosion rate.

3. The corrosion resistance of AZ91E and AZ3IE alloys increase with immersion time in
Hank’s solution for 100 h. However, the corrosion resistance of AZ31E alloy is much
better than AZ91E alloy at all times of immersion.

4. All results are confirmed by scanning electron micrographs and potentiodynamic
polarization tests. Thus, AZ31E was found to be the best alloy.

5. By addition of Glucosamine as inhibitor for corrosion of AZ31E in Hank’s solution, it
was evaluated that total resistance Rt or relative thickness 1/Cr of the film formed are
higher compared to the values in absence of glucosamine. However, the best corrosion
inhibition is observed by addition of 0.01 mM Glucosamine and this was confirmed by
SEM images.
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6. Thus, AZ31E alloy can be used as temporary implant in human body. It is low in its cost
and will dissolve after a time that is the bone become healed. It doesn’t need to do
another surgery to remove it from human body; it is non-toxic to human body. Thus,
Mg alloy can gradually be dissolved and adsorbed after implanting.

7. The previous electrochemical results show that the corrosion resistance of AZ31 is much
higher than that of AZ91 alloy. The results may be caused by the different distribution
of alloying elements in microscopic scale and the microstructure of alloys, which are the
fundamental reasons for the metal corrosion morphology and corrosion resistance.
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1. Introduction

Magnesium alloys as degradable implant materials in orthopaedic research received a lot of
interest in recent years (Witte et al., 2007a; Xu et al., 2008; Zhang et al., 2010). The application
of resorbable implant material avoids an implant removal surgery and therewith helps to
diminish the costs and the burden for the patient. In comparison to other degradable
implant materials like polymers, magnesium alloys excel in higher tensile and compressive
strength and the young’s modulus is near to cortical bone (Hofmann, 1995; Staiger et al.,
2006; Kaese, 2002). Another advantage that leads to the choice of magnesium alloys as
implant material is the fact, that magnesium is a natural component of the body and
furthermore has many important functions within the body (Hartwig, 2001). Magnesium is
tested as non-allergenic (Witte et al., 2007a) and due to several studies it is assumed, that it
stimulates new bone formation in vitro and in vivo (Revell et al., 2004; Zreitqat et al., 2002;
Witte et al., 2007Db).

For the application as orthopedic implant material in weight bearing bones, only
magnesium alloys with a slow corrosion rate are useful. A high corrosion rate results in gas
formation, a too fast loss of mechanical stability and a considerably higher bone remodelling
activity (Thomann et al., 2009; Krause et al., 2010). Beside to different coating facilities (Witte
et al., 2009; Zhang et al., 2010) and surface treatments (von der Hoh et al., 2006; Hénzi et al.,
2008), in particular the alloying of aluminium, lithium, rare earth metals or calcium decrease
the corrosion rate in vitro and in vivo (Kaese, 2002; Staiger, 2006; Hénzi et al., 2008; Krause
et al., 2010; Thomann et al., 2009). However, in vivo and in vitro corrosion rates can be quite
different (Witte et al., 2006; Zhang et al., 2010), which makes it more difficult to develop and
adapt magnesium alloys for biomedical use.

In order to investigate if the chosen magnesium-alloys are suitable for the use in orthopedic
applications, in vivo-studies in rabbit tibiae were conducted. Therefor the selected and in
vitro examined magnesium alloys LAE442, WE43, MgCa0.8, AX30, ZEK100 were implanted
into the rabbit tibia and examined with regard to the mechanical stability, the in vivo
corrosion rate and the biocompatibility.

For the in vivo investigation of the implant materials, the rabbit was used as established
animal model for orthopaedic applications (Pearce, 2007). All animal experiments were
conducted under an ethic committee approved protocol in accordance with German federal
welfare legislation. Five rabbits were used for each group. Extruded pins with 2.5 mm in
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diameter and 25 mm length were implanted into both tibiae (Fig.1a). Four tibiae remained
without implant and served as control.

The used alloys contained adjacent to magnesium the elements lithium, aluminium and a
rare earth composition metal (LAE442), yttrium and a rare earth composition metal (WE43),
calcium (MgCa0.8), aluminium and calcium (AX30) or zinc, a rare earth composition metal
and zirconium (ZEK100). The numbers describe the percentage of the alloying elements
adjacent to magnesium, in accordance with the ASTM-standard. At the time of surgery, all
rabbits were older than six months and hence adult. In general anaesthesia, a hole was
drilled into the tibial plateau and the implant was inserted. The detailed operation
procedure is described elsewhere (Thomann et al., 2009). Radiographs of two planes were
taken immediately after surgery (Fig. 1b).

Fig. 1. Implant material and implant location: extruded magnesium pin (a) and
radiographical picture of the implant location in the rabbit tibia (b)

Postoperative observation periods with daily clinical and weekly radiographical
examinations of three, six and in some material groups (LAE442 and MgCa0.8) twelve
months were studied. During the observation period, intravital fluorescent labelling was
performed (Tab. 1) and evaluated in the LAE442 group, as rare-earth containing alloy, and
in the MgCa0.8 group, as calcium containing alloy, as well as in the controls. The
fluorochromes calcein green (Calcein, Fa. Sigma Aldrich, Germany), calcein blue
(Methylumbiliferone, Fa. Sigma Aldrich, Germany), tetracycline (Ursocyclin, Serumwerk
Bernburg, Germany) and Xylenolorange (Fa. Sigma Aldrich, Germany) were used (Rahn et
al., 1980).

l;l;lrl;:)il flrs:;;;lsr;mg fluorochrome secor;gas;:; nng fluorochrome
1 3 and 5 calcein green 30 and 33 xylenolorange
2 30 and 33 xylenolorange 60 and 63 calceinblue
3 60 and 63 calceinblue 90 and 93 tetracycline
4 90 and 93 tetracycline 120 and 123 calceinblue
5 120 and 123 calceinblue 150 and 153 xylenolorange
6 150 and 153 xylenolorange 180 and 183 calceingreen

Table 1. Time points and fluorochromes of intravital fluorescent labelling for the
measurement of the bone remodelling and the calculation of the MAR.

At the end of the observation period, the rabbits were euthanized and the tibiae removed. In
the left tibiae, the implants were taken out for measurement of weight reduction, scanning
electron microscopy (SEM) and evaluation of the mechanical stability with three point
bending test. To determine the decrease of weight, the adhering organic material was
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removed into a dipping bath of 40% hydrofluoric acid for five minutes, cleaned in distilled
water and ethyl alcohol for 10 sec and air dried. SEM allowed an examination of the surface
of the implant and was done at a LEO1455VP (Fa. Zeiss, Germany) with a Rutherford Back-
Scattered Detector and a 30-fold magnification. Three point bending was performed using a
10-kN load cell to measure the maximal applied force (Krause et al., 2010). Additionally to
all explanted pins, three pins of each alloy were tested in their initial state. The right tibiae
were left as the bone-implant-compound for p-computed tomographical and histological
examinations. Four tibiae without implant material served as control for the p-computed
tomographical and the histological analysis.

In p-computed tomography, samples were analysed with a slice sickness of 36um and a
scanning time of 1s. An evaluation of endosteal and periosteal bone remodeling as well as
bone adhesion on the implant material was done with a semi quantitative scoring system
(Krause et al., 2010; Thomann et al., 2009) (Fig. 2).

| R -

Fig. 2. Evaluation of the implant degradation and the bone morphology with p-computed
tomography (schematic picture): nine cross sectional slices of each tibia were evaluated

For histological analysis, the samples were dehydrated and embedded in
Glycolmethacrylat (Technovit 7200, Kulzer, Germany). Histological slices were prepared
according to the cutting and grinding technique (Donath & Breuner, 1982). With this
technique, there was no need to decalcify the bone material, which could lead to a loss of
the degradable magnesium alloy and fluorochromes prior to evaluation. Measurement of
the bone remodelling and calculation of the MAR (MgCa0.8 and LAE442) was done.
Therefore the distance between the different flurochrome labels, which where
administered at different time points, were measured at twelve defined points within each
section (Fig. 3). A calculation of the mineral apposition rate (MAR) was possible with the
following equation (Parfitt et al., 1987):

MAR (um/d) = distance fluorescent bands (um)/time period between labelling (d) (1)

Evaluation of the bone structure, the bone remodelling and the bone implant interface was
done with toluidine blue as standard staining method for bone material. Bone morphology
and cells were assessed with a semi quantitative scoring system (Tab. 2).

Additional to the standard staining method, TRAP-staining was used for osteoclast
detection (Schéfer et al., unpublished data). As calcium-containing alloy, MgCa0.8 was
examined, as examples for rare earth containing alloys, WE43 and LAE442 were stained and
evaluated. For statistical analysis ANOVA and t-test were performed.
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Parameter Score | Interpretation
overall impression of bone 0 smooth
structure (BS) 1 irregular

bone cavities (BC) < 3 osteonlike cavities
4 to 6 osteonlike cavities or <10 smaller

7 to 10 osteonlike cavities or 11 to 20 smaller

(ST S I )

>11 osteonlike cavities or 21 smaller or >3
doubleosteonlike cavities
no

periosteal remodelling (pR)
> 1, periosteal bone, 1 osteon thick
> /4 periosteal, 2 osteon thick

> Y4 periosteal bone, 3 osteon thick

endosteal remodelling (eR) no
> 14 endosteal bone, 1 osteon thick
> 14 endosteal bone, 2 osteon thick

> Y, endosteal bone, 3 osteon thick

periosteal apposition no
(pA) yes
periimplant bone formation no
(PIF) yes
periimplant fibrosis no

< 25% implantsurface
26-50% implantsurface

> 51% implantsurface

lymphoplasmacellular
reaction (Lym)

< 30 cells per section
30-50 cells per section
51-100 per section

> 100 cells per section

Macrophages (Mph) < 3 cells per section
3- 20 cells per section

> 20 cells per section

giant cells (GC) no
1-5 cells per section

> 10 cells per section

no
yes

Table 2. Scoring system for the evaluation of histological sections, staining toluidine blue

gas bubbles
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1000 pm

(b)

Fig. 3. Evaluation of the fluorescent labelling with measurement of the distances between
the different flourochrome bands (observation time three months); 12 measurement lines
per section (a) and measurement of the distance between fluorescent bands (b).

2. Results

Clinically, all tested materials were tolerated well and gas formation could not be detected.
For all implants weight loss, according with the degree of degradation (Xu et al., 2008) and a
decrease of mechanical stability could be found during in vivo observation periods of three,
six (all implant groups) and twelve months (LAE442 and MgCa0.8). MgCa0.8 and WE43
showed highest weight losses with a mean value (MV) of 61.4% (MgCa0.8) and 66.4%
(WE43) of their initial weights after six months in comparison to LAE442 (MV 75.3%),
ZEK100 (MV 76.1) and AX30 (79.8) which showed less weight reduction (Fig. 4a). After 12
months MgCa0.8 was highly degraded and the residual implant material showed only
33.0% of the initial weight. LAE442 corroded slower, ending up with a weight of 52.9%.

In the three point bending tests, the maximal applied force (Fmax [N]), which indicates the
residual implant strength, decreased faster in the calcium containing than in the rare-earth
containing alloys. After six months, the maximal force of MgCa0.8 was measured with
29.6% of the initial value (178.7+84.6 N) and AX30 showed similar results with 29.7% of the

Weight loss of implant materials Three point bending test
0,24 300
021 | '\1\ 250 \
D 0,18 1 [ | —— LAE442 Z 200 ——LAE442
£ = WE43 c \L\ -B-WE43
.‘tz; 0,15 = MgCa0.8 % 150 MgCa0.8
T 010 AX30 E oo \K AX30
30 ~ %= ZEX100 w —¥-ZEX100
0,09 50 4
0,06 T T T 0 : :
0 3 6 12 0 3 6 12
time in months time in months
(@) (b)

Fig. 4. Weight loss (a) and mechanical stability (b) of the different implant materials after
three and six (all materials) and twelve months (LAE442 and MgCa0.8).
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initial value (177.4+16.4 N). The rare earth containing alloys retained 41.3% (ZEK100, initial
value 240.8+2.4 N), 51.3% (WE43, initial value 238.1+21.68N), and 52.7% (LAE442, initial
value 255.7+5.7 N) of their initial strength.

LAE442 decreased to a level of 28.7% even after an observation period of 12 months. It could
be shown, that weight reduction as sign of degradation and loss of mechanical stability in
vivo do not necessarily correspond in the examined degradable magnesium alloys. The
corrosion morphology of the different alloys appeared quite different. After three months all
implant materials preserved their cylindrical shape with corrosion layers of different extend
on the implant surface. After six months implantation time the corrosion process at the
implant surfaces proceeded. With the exception of ZEK100, all implant materials still
showed their cylindrical shape. ZEK100 showed cleft surfaces and losses of implant material
in greater extend than in the other groups. The surfaces of MgCa0.8 (Fig 5a), AX30 and
ZEK100 were characterized by pitting corrosion. WE43 showed soil-like ablations on the
surface (Fig 5b) and LAE442 homogeneous fissured corrosion (Fig. 5c). After an
implantation period of twelve months (LAE442 and MgCa0.8), MgCa0.8 was highly
degraded. Only one implanted pin could be removed completely. It showed deep pits of
corrosion. The other implants could be taken out in sections. In contrast, in the LAE442
group, all implants remained cylindrical to a large extend after an implantation period of six
and even after an implantation period of twelve months. Uniform fissure corrosion could be
observed.

Bone reactions as sign of biocompatibility were less in the groups with the slower and more
uniform degrading implant materials, particularly in the LAE442 group (Fig. 6).

In p-computed tomography, WE43 showed inhomogeneous implant degradation and a
gradual loss of the bone structure. Trabecular new bone formation could be found in the
majority of p-computed tomography slices of the bones around the implant. In the MgCa0.8
groups, after six months, bone adhesion at the implant material could be detected only
sporadically. After twelve months 55% of the evaluated slices showed bone-implant contact
of different degree. Some slices showed trabecular bone formation other partly or full ring
bone contact around the implant material.

In the LAE442 group after six months 35% of the evaluated slices showed trabecular bone-
implant contact, after twelve months 89% of the evaluated slices showed endosteal new
bone formation and 53% trabecular bone-implant contact.

Fig. 5. Comparison of the surface morphology of the magnesium alloys MgCa0.8 (a), WE43
(b) and LAE442 (c) after 6 months postoperative observation period (REM, magnification
30x).
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(b)

Fig. 6. p-computed tomographical picture of the fast degrading alloys AX30 (a), 6 months
postoperatively and MgCa0,8 (b), 12 months postoperatively with bone reactions and a slow
degrading alloy LAE442 (c), 12 months postoperatively with endosteal new bone formation
and trabecular bone-implant contact, loss of implant density as sign for implant corrosion
(d), white bar =1 cm

In the histological examination polychrome sequence labelling was evaluated. In
comparison to the control tibiae, the examined groups with magnesium implants showed an
increased bone remodeling with a higher MAR. Especially in the first month the MAR was
with 4.29um/d in the MgCa0.8 group and with 3.36 pm/d in the LAE442 group higher than
in the control group without implant material (MAR 0.87 um/d). During the observation
period, a decrease of MAR in the magnesium groups could be observed (Fig. 7).

Mineral Apposition Rate (MAR) in bone after implantation of
different magnesium alloys in comparisson to a control group

4,5
—e—MgCa 0,8

4 ‘\\
3,5
3 ™~
—a—LAE

2,5

| e N

2 Control
1,5 T~

MAR in pm/d

0,5 ~e—

time periods

Fig. 7. MAR in the bone during the observation period of 6 months after the implantation of
different magnesium alloys in comparison to control tibiae without implants.

Additionally to fluorescent labelling, the conventional histological toluidine blue staining
was evaluated (Fig. 8 a-c) and after six months an irregular bone structure (Score value 1)
could be observed in all examined material groups which, in the two longer observed
groups, decreased with the increasing observation time. In the LAE442 group, the score
value was reduced from 0.80 after six months to 0.00 after twelve months and in the
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MgCa0.8 group in the same period from a score value of 1.00 to 0.47 (SD 0.52). Different
degrees of periosteal and endosteal remodelling were detected in all examined material
groups (Tab. 3). Fibrous tissue covered less than 25% of the implant surface in all examined
groups. For macrophages a score value of 1 could be observed after six months in all
material groups as well as giant cells. In the MgCa0.8 group the macrophages and giant cells
decreased by trend to a score of 0.8 (SD 0.41) and 0.87 (SD 0.64) after twelve months, in the
LAE442 group a slight increase was found for macrophages (MV 1.17, SD 0.39) and giant
cells (MV 1.08, SD 0.51). Histologically visible gas bubbles were found in all material groups
after all observation periods (Tab. 3).

Fig. 8. WE 6 months (a) with an irregular bone structure with remaining implant material in
the bone cavity; MgCa0.8 12 months (b, c), trabecular bone structures at the implant surface

(b) and macrophages (red arrows) in the bone cavity (c), staining toluidine blue (a-c); TRAP-
staining for osteoclast detection (osteoclasts = red areas)

TRAP-staining was used additionally in the MgCa0.8, the WE43 and the LAE442 groups
after three and six, and in the MgCa0.8 and in the LAE442 groups after twelve months to
evaluate quantitative data measurement for bone remodeling activity (Fig. 9)

In the calcium-containing alloy MgCa0.8 more osteoclasts could be found in all time groups,
but the differences between the time and material groups after three and six months were
not significant. After twelve months implantation duration the total and cortical osteoclast
number was significant lower (p<0.001) in the LAE442 group than in the MgCa0.8 group.
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BS BC pR eR pA PIF Fibrosis Lym Mph GC bubbles
WE43 MV 1,00 29 1,50 3,00 0,00 0,60 0,70 000 1,00 1,00 1,00
6months  SD 0,00 0,32 1,35 0,00 0,00 052 0,82 000 000 000 0,00
MgCa0.8 MV 1,00 2,30 2,40 2,80 0,00 0,80 09 0,00 1,00 1,00 1,00
6months SD 0,00 082 0,70 042 000 042 0,99 0,00 000 000 0,00
LAE442 MV 0,80 2,10 1,00 2,30 0,10 1,00 020 020 1,00 1,00 1,00
6months SD 042 074 1,15 082 032 0,00 042 042 000 000 0,00
MgCa0.8 MV 047 0,73 1,93 1,13 0,00 0,60 000 0,00 080 087 1,00
12months SD 0,52 1,03 1,10 0,35 0,00 051 0,00 000 041 064 0,00
LAE442 MV 0,00 0,00 1,83 0,50 0,00 0,17 0,25 008 1,17 1,08 1,00
12months SD 0,00 0,00 0,72 0,90 000 039 045 029 039 051 0,00

Table 3. Score values of histological sections in the different material groups after 6 and 12
months implantation time, staining toluidine blue, Abbreviations are described in table 2

Osteoclasts in different material groups

@ total osteoclasts

W endosteal osteoclasts

0O cortical osteoclasts

number of osteoclasts

Fig. 9. Osteoclasts in different material groups after 3, 6 and in MgCa0.8 and LAE442 12
months of implantation duration.

3. Discussion

The purpose of all described studies was to investigate the applicability of different
magnesium alloys as biodegradable materials in osteosynthesis. Beside an adequate primary
mechanical stability and the ability to degrade without side effects, a good biocompatibility
is required.

Magnesium itself is described as relatively safe and assessed as non-toxic (Staiger et al.,
2006). It is an essential element for the human body and fulfils many functions in the
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organism. More than 300 enzymatic reactions are triggered with magnesium as part of
enzymes or coenzymes and it is essential for the neuromuscular transmittance of stimuli
(Topf & Murray, 2003). About 50% of the human body-magnesium is stored in the bone.
Other reservoirs for magnesium are the muscle and inner organs, especially the liver. Only
about 1%is in the blood plasma. The body-magnesium is regulated by renal excretion.

Since pure magnesium corrodes much too fast in vitro (Pardo et al.,, 2008) and in vivo
(Huang et al., 2007) alloying of elements is necessary to slow down the degradation process.
A lot of studies describe in vitro corrosion properties and characteristics of magnesium
alloys in synthetic medium as NaCl, Hank’s solution or SBF (Miiller et al., 2007; Pardo et al.,
2008; Xu et al., 2008; Hanzi et al.,, 2009; Gu & Zheng, 2010) and biocompatibility in cell
culture (Xu et al., 2009). Unfortunately, until now, there is no in vitro method, which can
predict the in vivo corrosion characteristics and in vitro and in vivo results can differ
gravely (Witte et al., 2006; Gu & Zheng, 2010; Zhang et al. 2010). Therefor in vivo studies are
essential to investigate in vivo corrosion and biocompatibility. Only few different
magnesium alloys have been examined in vivo yet (Tab. 4). In our studies additionally to
earlier described magnesium alloys WE43, LAE442 and MgCa0.8, the magnesium alloys
ZEK100 and AX30 were investigated, which consisted of different alloying elements to
optimize the characteristics of magnesium itself. Aluminium, as alloying element in AX30
and LAE442 is known to diminish the corrosion rate by stabilizing hydroxides in chloride
environment. It is reported, that the corrosion rate decreases rapidly with increasing
aluminium up to 4%, further additions up to 9% give only a modest further improvement
(Song & Atrens, 1999). AZ31 and AZ91 are other aluminium containing alloys which are
often used materials in in vitro (Miiller et al., 2007; Witte et al., 2006) and in vivo studies
(Witte et al., 2005; Huang et al., 2005), but the in vivo corrosion process is too fast, with a
clinically observable gas production (Witte et al., 2005; Witte et al.,, 2007b) and the
mechanical stability is not satisfactory for the use as weight bearing material (Gu et al.,
2010). Although Witte et al. did not find any negative influence of corroding material on the
surrounding bone (Witte et al., 2007b), toxic effects of high amounts of corroding aluminium
especially in osteosynthesis systems, like intramedullary nailing or plates and screws, with
high amounts of metallic material, can not be excluded (Yuen et al., 2010).

Lithium, as alloying element in LAE442, is known to alkalize the corrosion layer and
therefore stabilize it (Wang, 1997). This element is used therapeutically in manic-depressive
psychosis with a daily clinical uptake of lithium-carbonate up to 1300 mg (Grandjean &
Aubry, 2009a). In these therapeutic cases, negative effects like gastrointestinal pain or
discomfort, renal involvement with reduced urinary concentration capacity, expressed as
polyuria, as well as negative effects on memory, vigilance and reaction time are observed
(Grandjean & Aubry, 2009b). Another study with rats could even find a potential of lithium
to reduce aluminium-induced cytotoxic effects in the brain (Bhalla et al., 2010). The
dissolving elements from LAE442 can reach only a fraction of therapeutically used dosages.
Witte et al. (2009) calculated a corrosion rate of 0.58 mm/y in the first two postoperative
weeks, which decreased during longer observation periods. Therefor a general toxic effect of
lithium is very unlikely. Whether marginal lithium concentrations can have direct effects on
the surrounding bone is not described yet.

Calcium, as alloying element in MgCa0.8 and AX30, increases the corrosion resistance
already in low concentrations (Li et al., 2008). It is an essential element in the human body
and naturally belongs to the bone (Kannan & Ramann, 2008).
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Zinc, as alloying element in ZEK100, can increase the tolerance limits in the magnesium
alloys and reduce the effect of impurities on corrosion processes once the tolerance limit has
been exceeded. Zinc overdoses can reduce the erythrocyte superoxide dismutase level, but
the tolerable exposure level is with 0.83 mg kg bw day! (Yuen & Ip, 2010) and with 1 wt%
in the ZEK100 alloy unlikely to reach.

Zirconium in magnesium alloys is used to form complexes with zinc and certain elements
which are impurities (Avedesian & Baker, 1999) to improve the corrosion resistance. The
daily human uptake has been known to be as high as 125 mg, toxic effects induced by very
high concentrations are non-specific in nature (Ghosh et al., 1992). Negative effects on the
circumjacent bone are not described (Lit). In magnesium alloys, an exposure limit for
zirconium is not known yet (Yuen & Ip, 2010).

Rare Earth metals as alloying elements in LAE442, WE43 and ZEK100 reduce the corrosion
resistance by forming solid solutions or intermetallic compounds, a rare earth enrichment in
the oxide film and possibly a formation of an additional magnesium hydride layer. Therefor
they have beneficial effects on the castability, improve the tensile and creep properties as
well as the corrosion resistance (Nakatsugawa et al., 1998). In the human body, chelated rare
earths are rapidly excreted via urine, while unchelated ionic rare earths easily form colloid
in blood and the colloid material is taken up by phagocytic cells of the liver and spleen. An
other target organ of the rare earths is the bone, but is it not clear, what cells of the bone take
up the most rare earths. The clearance of the bone is known to be very slow, but the general
potential toxicity is described to be low (Hirano & Suzuki, 1996).

Beneath to different alloying elements, the surface treatment can have an effect on in vivo
corrosion properties as well. Von der Hoh et al. (Von der Hoh et al., 2006) showed, that
MgCa0.8 alloys with sand-blasted surface machining treatment had a higher corrosion rate
in vivo than implants with a smooth surface. Witte el al. used a fluoride coating to reduce
the in vivo corrosion rate of LAE442 (Witte et al., 2009). These results are in contrast to the
results of Thomann et al., who could not find a reduction of the corrosion rate in MgCa0.8-
implants with fluoride coating although the fluoride layer could be detected at the end of
the implantation period of six months (Thomann et al., 2010).

Based on slow degradation rates of the used alloys, toxic effects were not expected in the
present studies. All implant materials used showed no clinically and radiographically
observable gas generation. Even the degradation celerity in the faster degrading alloys was
apparently slow enough for the body to remove the emerging gas during the corrosion
process. After six months implantation duration the cylinders of all groups still existed, even
all implant materials showed obvious signs of corrosion, which were different between the
alloys. MgCa0.8 and WE43 degraded to a greater extend than the other materials Ax30,
ZEK100 and LAE442. Especially LAE442 showed a very uniform and slow degradation
process even after an observation period of 12 months. This slow degradation process of
LAE442 was confirmed in other studies (Witte et al., 2009). The reactions of the bone could
be used to evaluate the biocompatibility (Sumner-Smith & Fackelmann, 2002). After
observation periods of six and twelve months, the majority of the p-computed tomography
slices of all alloys showed new endosteally based bone formation which increased in the two
groups with longer observation periods (MgCa0.8 and LAE442). After 12 months the bone-
implant contact with mostly trabecular bone formation was clearly stronger in the MgCa 0.8
group, although the degradation had progressed further. On the one hand a possible
explanation for this divergence could be the 9% higher magnesium amount of the MgCa0.8
implants. On the other hand the calcium content could enhance the formation of precipitates
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of calcium and phosphorous in the implant periphery which is discussed as a possible
mineralization source (Lu & Leng, 2005).
With the intravital fluorescence labelling, increased bone remodelling activity of the
magnesium alloys MgCa0.8 and LAE442 during an observation period of six months in
comparison to the control group could be observed, which confirmed the observations in

in-vivo studies of magnesium alloys for orthopedic research

animal implant gas
Mg-alloy coating model location observation time formation  author year
LAE442
LAE442 no rabbit tibia 3 and 6 months no Krause et al. 2010
LAE442 no rabbit tibia 9 and 12 months no Thomann et al. 2010
LAE442 no/ fluoride rabbit femora 2,4,6 and 12 weeks no Witte et al. 2010
LAE442 no guinea pig femora 18 weeks yes Witte et al. 2005
MgCa
MgCa0.8 no rabbit tibia 3 and 6 months no Krause et al. 2010
MgCa0.8 no rabbit tibia 9 and 12 months no Thomann et al. 20104
MgCa0.8 fluoride rabbit tibia 3 and 6 months no Thomann et al. 2010b
MgCa0.2-20  no rabbit femora some Von der Hoh et al. 2008
MgCal.0 no rabbit femora 1,2 and 3 months yes Lietal 2008
AZ
AZ91/AZ31 no guinea pig femora 18 weeks yes Witte et al. 2005
AZ91 no rabbit femora 3 and 6 months yes Witte et al. 2007a/b|

Huang et al. / Ren

AZ31 no rabbit femora 1 and 9 weeks etal. 2007
WE
WE43 no rabbit tibia no Krause et al. 2010
WE43 no guinea pig  femora 18 weeks Witte et al. 2005
MgZnMn
MgZnlMnl.2 no rat femora 9 and 18 weeks Xu et al. 2007
MgMn1Zn08 no rat femora 6,10 and 26 weeks Zhang et al. 2008
MgMn1.2Zn1.0 no/ Ca-P rabbit femora 1,2,3 and 4 weeks Xuetal. 2009
MgZn
MgZn6 no rabbit femora 6 and 18 weeks yes Zhang et al. 2008
MgZnCa
MgZn20/23/29 abdominal
/35Cab no pig cavity/-wall 27 and 91 days some Zberg et al. 2009
ZEK
ZEK100 no rabbit tibia 3 and six months no present results
AX
AX30 no rabbit tibia 3 and six months no present results

Table 4. In vivo-studies of different magnesium alloys in different animal models and with
different time periods



Magnesium Alloys as Promising Degradable Implant Materials in Orthopaedic Research 105

the p-computed tomography. In both examined groups, the mineral apposition rate as sign
for bone remodelling activity (Parfitt et al., 1987) was highest in the first time period
(between the third and the 33th postoperative day), and even higher in the MgCa0.8 group
in comparison to the LAE442-group, which was seen in the p-computed tomography as
well. A decreased MAR around magnesium scaffolds was also found in other studies (Witte
et al, 2007b). In both groups of our studies the MAR showed a decrease during
postoperative time and from three to six months only marginal differences in comparison to
the control, although the MAR in the MgCa0.8 group remained little higher than in the
control group and the LAE442 group. The number of osteoclasts, as a sign for bone
remodelling activity, which was counted in the TRAP-stained sections, confirmed these
results but showed increased bone remodelling activity in the group with MgCa0.8 alloys
even after twelve months implantation duration. The number of osteoclasts in the LAE442
group decreased over time albeit no significances could be found. The increased bone
remodelling could be indicative of magnesium alloy induced osteoinductive properties
These osteoinductive properties are supposed by other authors as well (Li et al., 2008; Xu et
al., 2007; Witte et al., 2007b). As possible reason for the observed osteoinductive effects, Xu
et al. summarized the degradation process of magnesium alloy implants as following: just
after implantation, the surface of magnesium implants will react in the body fluids and the
magnesium alloy will start to dissolve. With the increasing concentration of magnesium
ions, a magnesium-containing calcium phosphate will precipitate from the body fluid on the
surface of the magnesium implant, per following reaction:

Mg2* + Ca 2+ + HPO; — Mg,Ca,(POy), ©)

The high Ca2+ and Mg?* contents in this degradation layer in turn accelerate the deposition
of biological calcium phosphate on the surface and thereby induce the formation of new
bone (Xu et al., 2007). A further explanation for the enhanced bone remodeling activity is the
regenerating effect of magnesium ions on alkaline phosphatase activity (Bonucci et al.,
1992), which is directly related to the mineralization of the osteoid matrix (Roach, 1999). A
higher bone volume per tissue volume around degrading magnesium implants and a more
mature bone structure in comparison to a control group was described in other studies as
well (Witte et al., 2007b; Xu et al., 2009).

Besides the biocompatibility, the tensile strength is regarded to be the critical mechanical
characteristic of an implant that is supposed to be used as implant material in weight
bearing bones and to stabilize bone fragments (McKibbin, 1978), while its ductility is of less
importance (Hort et al.,, 2009, Krause et al. 2010). As it is known and even found in the
described studies, magnesium alloys have a tendency for pitting corrosion (Song et al.,
2005). These pits reduce the mechanical stability of the implant because they locally decrease
the cross sectional diameter. As the calcium containing alloys have lower mechanical
stabilities as shown in the described studies, for the use as implant material in weight
bearing bones, the rare earth containing alloys should be preferred for these indications. All
rare earth containing alloys had similar initial tensile strengths, LAE442 with 255.67 N even
the highest. After 6 months, ZEK showed 41%, LAE442 and WE43 still more than 50% of
their initial tensile strength. Therefor the mechanical characteristics appear suitable for the
application as materials for biodegradable implants in weight bearing bones. After six
months, LAE442 therefor showed a very good biocompatibility even during observation
periods of 12 months, with a smooth overall impression of the bone structure, which was
seen in no other material group.
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It can be concluded, that magnesium alloys are very promising implant materials for
orthopaedic research. Especially the rare-earth containing alloys have favourable
mechanical characteristics and in particular LAE442 shows a very slow a homogeneous in
vivo degradation with favourable biocompatibility even after observation periods of 12
months.
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1. Introduction

The development of biodegradable implants has grown into one of the important areas in
medical science (Mani et al., 2007), since they can be gradually dissolved, absorbed,
consumed or excreted in human body environment, and then disappear spontaneously after
the bone tissues heal. The biodegradable materials available in the current market are
mainly made of polymeric or ceramic materials, while these implants have an unsatisfactory
mechanical strength when used for load-bearing parts (Staiger et al., 2006). Compared with
the currently approved biomaterials, Mg alloys have a lot of advantages (Song et al., 2007;
Witte et al., 2007; Witte et al., 2005; Song et al., 2007). First, with high strength/weight ratio,
Mg alloy exhibits an appropriate mechanical integrity and is more suitable for load-bearing
implantation. Its fracture toughness is higher than ceramic biomaterials (e.g. HA), and the
elastic modulus and compressive yield strength of magnesium are closer to those of natural
bone than other metallic implants (Table 1.1). Thus it will help to reduce or avoid “stress
shielding effects” that can lead to reducing stimulation of new bone growth and remodeling.
Moreover, magnesium has little toxicity to human body. Magnesium is essential to human
metabolism and is naturally found in bone tissue. It is the fourth most abundant cation in
the human body, with an estimated 1 mol of magnesium stored in the body of a normal 70
kg adult. Approximately, half of the total physiological Mg is stored in bone tissue. Thirdly,

. Densi Compressive yield strength | Fracture toughness
Material © /cm?; E (Gpa) P (M}};a) & (MPa.ml%2)
Natural bone 1.8-2.1 3-20 130-180 3-6
Mg 1.74-2.0 41-45 65-100 15-40
Ti alloy 4.4-45 110-117 758-1117 55-115
Co-Cr alloy 8.3-9.2 230 450-1000 /
Stainless steel 7.9-8.1 189-205 170-310 50-200
Synthetic HA 3.1 73-117 600 0.7
PLA 1.25-1.29 | 2.2-3.3 / /

Table 1.1. Properties of various implant materials (Staiger et al., 2006; Gupta et al., 2007).
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magnesium is biodegradable in human body. Because it has very low standard electrode
potential (-2.37 V), magnesium can be gradually dissolved and adsorbed after implanting in
human body. The produced Mg2* ions are absorbed by surrounding tissues or excreted out
by human body fluids. Compared with the permanent implants, the second surgery for the
removal of implant might be avoided, which decreases costs of the health care system and
further morbidity to the patients. Lastly, magnesium is naturally abundant in the earth’s
crust and sea water, and its price is low, approximately equal to one third of titanium. In
this chapter, the corrosion resistance and biocompatibility of Mg based implants produced
by several approaches will be investigated in vitro and in vivo.

2. Materials and experiments

2.1 Alloy development

To develop a new alloy, we took the toxicity and strengthening effect of alloy elements into
consideration comprehensively. The effect of alloying elements on Mg alloys and their
toxicological characteristics have been summarized (F.Witter 2008). For new Mg-Zn-Ca
alloys, the content of zinc hould be moderate (G.Song, 2007). High content of zinc would
deteriorate the corrosion resistance of alloys, and low content would not improve the
mechanical properties (Li et al., 2008; GU et al., 2009). The Mg-Zn-Y-Nd alloys were
developed basing on the following considerations. When the atomic Zn/Y~ 6:1 in Mg-Zn-Y
alloys with low Zn content under certain solidification rate, I-phase (icosahedral
quasicrystal phase MgzZneoY10) would appear which possesses many interesting properties,
such as high corrosion resistance, high hardness and low interface energy; Nd was chosen to
improve the plasticity. Mg-Zn-Y-Nd alloy was prepared by melting high purity Mg, high
purity Zn, Mg-Y and Mg-Nd master alloys in an electronic resistance furnace and casting
into a mild steel crucible at approximately 740°C under CO,/SFs atmosphere. For Mg-Zn-Ca
alloy casting, pure magnesium was melt at approximately 730°C, and pure zinc and other
alloy elements were added subsequently. To add silicon, the temperature should be raised.
Ca was added after other alloys were completely melted and the temperature was decreased
slightly to avoid the burning loss of it. Then, the liquid was stirred and stewed. At the
temperature of 680°C, the molten metal was poured into a steel model.

2.2 Alloy processing technique

(1)The Mg-Zn-Y-Nd alloys were extruded at 340°C, with the extrusion ratio of 17.4 and
extruded diameter of 12 mm. (2) The sub-rapidly solidified bars were prepared by copper
mould splat cooling method at 700°C under Ar atmosphere. The cooling rate of prepared
®2mm bars was about 200K/s, which was within the cooling rate range of sub-rapid
solidification.

2.3 Surface modification

Before electrochemical deposition, the samples were polished by silicon carbide papers of
100~1000 grits, then cleaned ultrasonically in acetone for 10min to remove residual grease.
The clean substrates were activated with 40% HF for 10 min; then the treated specimens
were dried for deposition. (1) Constant current electrochemical deposition (CED). An
electrochemical workstation (RST5200) was used to deposit HA coating. Deposition was
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carried out at an optimized current density of 0.4 mA/cm?2 at 85 oC for 60 min. The
electrolyte was a solution with 0.042 mol/1 Ca(NOs3),, 0.025 mol/1 NH4H>PO4 and 0.1 mol/1
NaNO:;. During the electrochemical deposition, a graphite plate was used as an anode, while
the Mg alloy specimen was cathode. After coated, alloys were removed from the electrolyte
and rinsed in distilled water. Additionally, alkali-heat treatment was conducted by
immersion as-deposited samples in 0.25 mol/l NaOH solution at 80 °C for 4h.(2)Pulsed
electrochemical deposition (PED). The pulse reverse current (PRC) parameters were used
(H.X.Wanget.al 2010). Note that the positive pulse was wider than negative one in order to
develop a Ca-P coating of certain thickness. The deposition process lasted for 30 min at
about 85 °C, after which the sample was removed from the electrolyte, rinsed with distilled
water and dried for about 4 h in air.(3)Micro-arc oxidation (MAO)/ electrochemical
deposition (ED). The MAO process was conducted with a 10-kW power supply. The Mg-
Zn-Ca alloy samples were used as the anode, while the stainless steel plate as the cathode.
The electrolyte for the MAO was prepared as a solution of sodium phosphate and sodium
hydroxide with concentrations of 0.5mol/1 and 0.05mol/l, respectively. Samples were
treated in the electrolyte with the cell potential increased step by step till 225V for 30 min.
During the experiment process, the electrolyte was stirred at 40°C. The Mg-Zn-Ca alloy
samples treated by MAO were used as the cathode. The deposition process was the same as
described in CED section (2.3.1). (4) Liquid phase deposition (LPD). TiO layer was
prepared by hydrolysis of modified ammonium hexafluorotitanate [NH4].TiFs with
concentration of 0.2mol/1. After pre-treatment, the AZ31 samples were immersed into the
mother solution and suspended therein vertically for 20h. After deposition, the annealing
process was carried out in the vacuum furnace (2x10-4Pa). The annealing temperature was
from 250 ~ 380°C and the annealing time was 1~3h. (5) Magnatic sputting. A direct current
magnetic sputtering machine was used to deposit Ti-O film. The base pressure in the
chamber was 5%x10-°Pa, and the working pressure was 0.5Pa. The target was titanium
dioxide (99.999%) with a dimension of 150mmx>40mmx5mm. The working gas was argon
(99.999%) with a constant flow of 40sccm. The working voltage was about 390V, and current
was 0.45A. The deposition rate was about 2nm/min. The HA coating was deposited under a
constant current model as described in section CED(2.3.1).

2.4 In vitro performance

(1) Potentiodynamic polarization. A three-electrode cell was used for electrochemical
measurements. The counter electrode was made of platinum and the reference electrode was
saturated calomel electrode (SCE). The scanning rate was 5mV/s. The test solution was
simulated body fluid (SBF), and the temperature was 37°C. The potentiodynamic
polarization was also measured in a dynamic SBF (flow 2ml/100mlmin?)(J.wang, et.al.
2010). (2) Electrochemical impedance spectroscopy. The electrochemical impedance
spectroscopy (EIS) test and the polarization curve experiment were both conducted with an
electrochemical workstation (RST5000). The signal amplitude of EIS test was 10mV and the
frequency ranged from 100 kHz to 0.001Hz.The sweep rate of the polarization curve
measurement was 0.5mV/s. (3) Slow strain rate tensile (SSRT) testing. The mechanical
properties of the alloys were studied using slow strain rate tensile (SSRT) testing in SBF at
36.5+0.5 oC. Cylindrical tensile specimens with gauge dimensions of 10x@4mm were used
in SSRT test. These samples were pulled at a strain rate of 2.16x10-5mm/s until fracture.(4)
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Immersion test. The immersion test was carried out in SBF. The pH of SBF was adjusted
with HCl and (CH>,OH)3CNH>, and the temperature was kept at 37°C using water bath. The
immersion solution was refreshed every 24h. The sample weight was measured before and
after the immersion test. The corrosion rate was calculated by following equation (2.1),
Where, Wo: original weight; W1: weight after immersion; S: original surface area exposed to
the test solution; t: immersion time. (5)Hydrogen evolution test. The hydrogen evolution
test was carried out in SBF at a temperature of (36.5+£0.5) °C. The volume of evolved
hydrogen was measured everyday. The pH value of the solution was also recorded during
the hydrogen evolution tests.

CR=(W,-W1)/(St) 2.1)

2.5 Materials characterization

The microstructures of the alloys were observed by optical microscopy (OM). The crystal
structure of coated/uncoated alloy was investigated by X-ray diffraction (XRD) instrument
(Philips PW-1700X; Bruker D8 Advance) with Cu Ka (A=0.15406nm). The surface and cross-
section morphology were observed with scanning electron microscopy (FE-SEM JEOL-
6700F; SEM Philips Quanta-200). Energy dispersive spectroscopy (EDS) was employed to
determine the elements composition of the layers. Transmission electron microscope(TEM,
Fischione model 1010)was used to characterize samples in detail.

2.6 Mechanical properties measurement

The hardness of the alloys was measured on microhardness instrument (HX-100M). The
tension and compression strength were measured on a universe material testing machine
(Instron). According to ASTM F 1044-05, the shear strength of the coating and substrate was
evaluated with a universal tensile machine (Hitachi AG-IS 10KN) according to (Wei & Ruys,
1999). The adhesion strength data were reported as the average values of three samples.

2.7 In vivo experiment

All animal experiments were conducted according to the ISO 10993-2:1992 animal welfare
requirements. The rod samples were implanted into the left femoral shaft of rabbits.
Intravital ~staining was performed monthly using subcutaneous injections of
acheomycin(0.3mg/kg) to observe the newly formed bone. (1)Ion concentration tests. Blood
and urine samples were taken from the rabbits at 8, 12 and 18 weeks after surgery. The ion
concentrations of Mg2?* in the blood and urine were examined. (2) Radiographic and
pathological evaluation. Radiographs were used to observe the change around the
implants. Heart, kidney, spleen and liver tissues from the rabbits were inspected to verify
whether degradation of the magnesium alloy harmed these visceral organs. Bone samples
including implants after 8 and 12 weeks implantation were taken out to observe os
integration and assess the bioactivity of samples. The micro-computed tomographic were
used to evaluate the residual volume of the implants. The volume of implants was measured
at 8, 12 and 18 weeks post-implantation. (3) In vivo mechanical integrity. The rod samples
were taken out of the bone at 8 12 and 18 weeks for mechanical measurement. The
compression tests were carried out with INSTRON universal tensile testing machine to
observe the influence of weight loss on mechanical integrity.
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3. Novel Mg alloys development for implants

3.1 Mg-Zn-Ca alloy

The content of zinc in Mg-Zn alloy was fixed in 2 wt. %. Calcium was added to improve the
mechanical properties. The microstructure of the as-cast alloy was shown in Fig.3.1 (a).
Second phase (Ca;MgsZns) distributed incontinuously. But when the calcium content
reached to 0.46%, the second phases distributed along grain boundaries continuously. With
the increase of calcium content, the amount of second phase increased, while the grain size
of matrix decreased. The formation of Ca;MgsZns restricted the grain growth, which was
beneficial to the improvement of mechanical properties. It was reported that the addition of
calcium in Mg-Zn alloys should be controlled within 0.3%. Above the leve, the formation of
second phases might generate embrittlement. Moreover, in Fig.3.1, the second phases
distributing in the alloy uniformly will contribute to the grain refinement of matrix. So the
content of calcium must be moderate. As shown in Tab.3.1, there was a slight improvement
in yield strength among the alloys with different calcium content. The yield strength was
about 83MPa, while the tensile strength varied between140~170MPa. However, there was a
significant difference in elongation among the alloys. The alloy with 0.22 wt% Ca exhibited
the highest elongation and best tensile strength. When the content of calcium was below
0.22%, the amount of second phase increased with the increase of calcium, which
contributed to the higher tensile strength and elongation for their pinning effect. But when
calcium was above 0.22%, the increase in calcium content resulted in the decreased
elongation, which may be because excessive brittle intermetallic phase deteriorated the
mechanical properties. Fig.3.2 showed the bending and compression strength of the alloys
with different calcium content, respectively. The bending and compression strength of the
alloys were optimized when the calcium content reached to 0.22%. The increasing of calcium
content above 0.22% reduced the bending strength, but didn't deteriorate the compression
strength.

Fig. 3.1 SEM images of as-cast alloys with different Ca contents: (a) 0.024%Ca; (b) 0.22%Ca;
(c) 0.29%Ca; (d) 0.46%Ca.

The polarization curves in SBF (Kokubo. 2006) (Fig.3.3) showed that the alloy with 0.22%Ca
held the highest corrosion potential of about -1.7V; while the alloy with 0.46%Ca possessed
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the lowest potential of about -1.8V. The change in calcium content in alloys didn't give a
significant effect on the corrosion resistance. In Tab.3.2 the corrosion current of each alloy
was summarized. The corrosion rate in human body could be evaluated according to the
mass loss in SBF approximately. In Fig.3.4, among the alloys, the alloy with 0.22%Ca
possessed the lowest degradation rate. At the beginning of the tests, the weight of the
samples increased for the sake of absorption of water and deposits from solution. The
corrosion behaviors of the alloys were also assessed by the pH evolution tests. The sample
with 0.22%Ca held the lowest increase rate.

Alloy Yield strength /MPa Tensile strength /MPa Elongation /%
0.024% Ca 80 141 8
0.220 %Ca 84 172 11
0.290% Ca 83 156 7
0.460 %Ca 85 154 5
Table 3.1. The tensile test of as-cast alloys
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Fig. 3.2. Bending and compression strength of the as-cast alloys with different calcium
contents
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Fig. 3.3. The polarization curves of different alloys in SBF at 37°C
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With the increase of calcium, the amount of CaxMgsZn; increased. In SBF, primary cell units
formed between CapMgeZn;3 as cathodes and a-Mg as anodes. The cell unites helped the
generation of Mg(OH), on a-Mg and the corrosion product could protect matrix from
further corrosion. But the increasing amount of Ca»MgeZns deteriorated the a-Mg corrosion
resistance because the increasing interface between CaxMgsZn; and a-Mg prevented the

formation of Mg(OH)a.
Alloy | Corrosion potential (Ecorr, V) | corrosion current (Icorr, A/cm?)
0.024Ca -1.77 5.6x104
0.220Ca -1.71 1.3x104
0.290Ca -1.76 5.1x104
0.460Ca -1.82 4x10+4

Table 3.2. The corrosion potential and current of the alloys
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Fig. 3.4. The pH evolution (left) and mass loss (right) of alloys in the corrosion test

3.2 Mg-Zn-Y-Nd for stent implant
3.2.1 As-cast Mg-Zn-Y-Nd with varied Zn and Y contents and fixed Zn/Y ratio

(b) 2#: Zn/Y=2/0.46 ; (c) 3#: Zn/Y=3/0.69.
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Fig. 3.6 XRD patterns of as-cast alloys (a) 1#alloy (b) 2#alloy (c) 3#alloy

In Mg-Zn-Y-Nd alloy, the Nd content was fixed at 0.5wt.% And the Zn/Y weight ration was
6:1. In Fig.3.5, the content of Zn/Y had evident effects on the microstructure of alloys. In
Fig.3.5 (b), 2# alloy was with the smallest dendrite size and the lowest second phase volume
percentage among the three alloys. The distribution of the second phase changed from
continuous in Fig.3.5 (a) into diffusive in Fig.3.5 (b) and semi-continuous in Fig.3.5(c). With
the combination of Zn, Y, Nd addition into Mg, these elements interacted with each other,
resulting in the decreased solid solubility in a-Mg. Meanwhile, the metal molds used here
had high cooling rate. The factors mentioned together resulted in gross dendritic crystals.
Fig. 3.6 showed the XRD spectra of 1#~3#alloys. With the increasing content of Zn and Y,
the phase compositions were a-Mg, Mg,Zn;, NdsZniy; a-Mg, NdsZnyi; a-Mg, MgZnyg,
MgsY>7Zn3, NdsZnii, respectively. This result together with microstructures (Fig.3.5),
indicated that when Y content was low in a-Mg, no phase containing Y was discovered due
to its solid solubility up to 12.4%; as Zn content increased, the amount of Mg>Zni; and
NdsZn1; phases in 3# alloy increased apparently. Due to the simultaneous increase of Zn
and Y content, Mg3Y>Zn3 phase appeared in 3# alloy.

Corrosion polarization curves and immersion experiments were conducted in SBF (Kokubo
et al, 2006).From Fig.3.7, it can be seen that with the addition of 2wt% Zn, the corrosion
potential was improved to a certain extent. The Ecorr of 2# alloy was higher than that of 1#
and 3#; meanwhile, I.or of 2# was lower than that of 1# and 3#, indicating 2# alloy
possessed the best corrosion resistance. The electrochemical parameters were summarized
from the polarization curves of as-cast alloys and shown in Table 3.3

AHOYS Ecorrl (V) EcorrZ(V) Icm’r(A-Cm_z)

1# -1.81 -1.80 4.36x104
2# -1.80 -1.76 5.30%x10-
3# -1.82 -1.79 3.13x10+4

Table 3.3. Electrochemical parameters summarized from polarization curves of as-cast alloys.
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Fig. 3.7. Corrosion polarization curves of (a) 1# alloy (b) 2# alloy (c) 3# alloy

Fig. 3.8. SEM morphology of (a) 1# alloy (b) 2# alloy (c) 3# alloy after immersion for 12 h.

Moreover, Fig.3.8 revealed that after immersion in SBF for 12h, deposits containing O, C, P,
Ca and Na etc formed on the surface. Among these three alloys, 2# alloy, with thin and
homogenous film of corrosion products and second phases, indicated the best corrosion
resistance, which was consistent with corrosion polarization results. 2#alloy possessed the
favorable microstructure and corrosion resistance and would be optimized further
concerning Nd content in the section 3.2.2.

3.2.2 As-cast Mg-Zn-Y-Nd alloys with varied Nd content

In Fig.3.9, with the increasing content of Nd, the amount of the second phases increased,
and the distribution of the second phase changed from continuous in Fig.3.9a into diffusive
in Fig.3.9b and semi-continuous distribution in Fig.3.9c. Meanwhile, with Nd addition, the
interdendritic distance was reduced. This might be mainly because the added Nd
accumulated in the front of solid-liquid interface, and increased the constitutional under-
cooling in the diffusion layer, leading to decreased grain size. In Fig.3.10, with the increase
of Nd content, the phase compositions were a-Mg, Y>Zns—a-Mg, NdzZn;1—a-Mg, Mgy Nds
and NdZn. The electronegativity difference between Zn and Y(0.43) is much higher than
that between Mg and Y (0.09), and electronegativity difference between Zn and Nd is the
highest (0.51). So Zn and Nd have the priority to form NdsZni; phase.
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Fig. 3.10. XRD patterns of (a) 4#0.0Nd (b) 5#0.5Nd (c) 6#1.0Nd.

3.2.3 Extruded Mg-Zn-Y-Nd alloys with varied Nd contents

Extrusion can effectively improve the mechanical properties of Mg alloys through
optimizing microstructure, such as refining grains, eliminating casting defects,
homogenizing both a-Mg and second phases. The alloys prepared in section 3.2.2 were
extruded at 340°C with extrusion ratio of 17.4. We re-marked the extruded ones as 7#, 8#
and 9#, respectively. After extrusion, the microstructures were shown in Fig.3.11. Clearly,
inhomogeneous grains could be found in Fig.3.11 (a) when no Nd was added in the Mg-Zn-
Y alloys. With the addition of Nd(0.5% and 1.0%), a narrow grain size distribution and
equiaxed grains could be observed from Fig.3.11 (b) and (c) evidently. Second phases with
billet-shape morphology on grain boundaries (Fig.3.11b) changed gradually to line-shape
(Fig.7c) and the amount of granules in matrix increased. All the alloys had equiaxed grains

Fig. 3.11. Microstructures of the extruded alloys (a) 7#0.0Nd (b) 8#0.5Nd (c) 9#1.0Nd.
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with an average size of 3 ~ 4um, among which the optimized structure appeared in 8#
alloys. In terms of the microstructure, a modest mount of Nd was preferred. As shown in
Fig.3.12 (a) and (b), the addition of Nd led to the increase in amount of second phases.
Phases like Mg»Y, Mgy Nds, and NdZn, were detected when the content of Nd reached
1.0w% in Fig.3.12 (b). EDS analysis confirmed the existence of Nd-riched phase in grain
boundaries (Fig.3.12 c~f). Nd, Zn and Y formed new second phases and the amount of these
phases rose with the increase of Nd addition.
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Fig. 3.13. Corrosion polarization curves of the alloys with different Nd content

Alloys Ecorr/V Ieorr/ A.cm2
7# -1.792 6.361x104
8# -1.735 5.275x10+4
o# -1.673 9.56x10-5

Table 3.4. Electrochemical parameters summarized from Fig. 3.13
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With the increase of Nd, corrosion potential shifted positively as showed in Fig.3.13.
Electrochemical parameters summarized from Fig.3.13 were listed in Tab.3.4. These results
proved that with the increasing amount of Nd addition, corrosion potential was improved
and corrosion current density was decreased, demonstrating Nd’s effective enhancement in
corrosion resistance of extruded Mg-Zn-Y-Nd alloys.

Furthermore, possible reasons for the improvements in anticorrosion properties of alloys by
Nd addition were listed below. (1) The addition of Nd could raise the electrode potential of
matrix so as to improve corrosion resistance, which was exhibited from the variation of the
slope of anodic polarization curves. (2) The second phases, with favorable passivity,
morphology and distribution, formed after the addition of Nd and protected matrix in
which they could block corrosion process. (3) The homogenization of the extruded
microstructure, especially the grain size, as a consequence of addition of Nd, together with
the small granule phase might effectively enhance the corrosion resistance. (4) Nd, as a kind
of rare earth element, can purify melt and eliminate as-cast defects and impurities. (5) Nd
mightimprove the compactness of oxidation film to prevent further corrosion.

Alloys 7# 8# o#
Micro-hardness (HV) 60.00 | 62.00 | 64.00
Tensile strength (MPa ) 270.56 | 268.96 | 281.47
Elongation (% ) 20.00 | 24.00 | 16.00

Table 3.5. Strength and elongation of extruded alloys with different Nd content

i

Fig. 3.14. Fracture morphology of the alloys (a) 7#alloy, (b) 8#alloy, (c) 9# alloy.

The effects of Nd addition on the final mechanical properties of extruded Mg alloys were
investigated and summarized in Table 3.5. The micro-hardness increased slightly with the
addition of Nd, which could be ascribed to dispersion strengthening caused by second
phases and solid solution strengthening of Nd. Addition of 0.5wt% Nd improved the
ductility (20% to 24%), with a slight decrease in tensile strength (270.56MPa to 268.96MPa).
When the content of Nd was up to 1.0%, strength increased from 268.96MPa to 281.47MPa at
the expense of decrease of ductility, which remarkably reduced from 24% to 16%.
Mechanical properties of alloys are mainly determined by their composition and
microstructure; and here, the content of Nd in the extruded alloy decided the microstructure
features, such as the grain size, amount and distribution of second phases. The increasing
addition of Nd had slight influence on grain size and thus the evolution of second phases
played a significant role on properties. A small mount of Nd addition resulted in the
formation of granules in matrix and consequently the elongation of the alloy was improved.
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However, with further addition of Nd, when the second phase transformed to line-shape
and continuous distribution along grain boundaries, tensile strength increased due to
dispersion strengthening of second phase and solution strengthening of Nd; whereas, the
ductility decreased significantly because of the morphology and nature of second phase. In
Tab3.4, 8# alloys showed the best mechanical properties. This phenomenon was also
confirmed by the fracture morphology in Fig.3.14. Compared with 7# and 9# alloys, the
ductile dimples in 8# fracture were more homogenous and deeper. Additionally, many
second phases were found resided in the center of the dimples, especially in 9# alloy. The
mechanical properties of extruded alloy can meet the requirement of vascular stent.

3.2.4 Sub-rapid solidified Mg-Zn-Y-Nd alloy and Mg-Y-Gd-Nd alloy (WE43)

Mg-Zn-Y-Nd and Mg-4Y-1Gd-2Nd (supplied by National Engineering Research Center of
Light Alloys Net Forming, Shanghai Jiao Tong University) alloys were used as mater alloys.
From Fig.3.15, as cast Mg-Y-Gd-Nd alloy was mainly composed of equiaxed grains and
partially divorced interdendritic eutectics (by A), with average grain size about 70pm. In
Fig.3.16a, the main intermetallic compound in as cast Mg-Y-Gd-Nd alloy was MgGds phase.
After sub-rapid solidification at 700°C, Mg,Y and Mgy Nds appeared. However, the
microstructure of the as-cast Mg-Zn-Y-Nd alloy consisted of two kinds of phases: a-Mg and
some small particles (Nd3Zni1), shown in Fig.3.15 (c) and Fig.3.16(c). The corresponding sub-
rapid solidified Mg-Zn-Y-d alloy had new phases: I-phase (MgsYZne) and MguNds,
identified in Fig. 3.16(d). Furthermore, the average grain size of as sub-rapid solidified both
Mg-Y-Gd-Nd and Mg-Zn-Y-Nd alloy was reduced significantly to about 15pm compared
with as cast ones. The increase in cooling rate resulted in solute closure, notable decrease of
grain size, more second phases and uniform distribution of elements.

Fig. 3.15. Optical images of alloys: (a) as cast Mg-Y-Gd-Nd; (b) sub-rapid solidified Mg-Y-
Gd-Nd; (c) as cast Mg-Zn-Y-Nd; (d) sub-rapid solidified Mg-Zn-Y-Nd

A small amount of I-phase (MgsYZns) was detected in XRD pattern (Fig.3.16d). SEM
microstructure in Fig.3.17(a) revealed that its morphology was spherical. MgsZnsY (I-phase)
in Mg-Zn-Y alloys was primarily reported by (Luo et al, 1994). But MgsZnsY (I-phase) in
Mg-Zn-Y-Nd alloys with low Zn and low Y content (Zn/Y atom ratio 6) was firstly
discovered in this study. The average grain size of quasicrystal was about 500 nm. For both
Mg-Y-Gd-Nd and Mg-Zn-Y-Nd alloys, sub-rapid solidification resulted in the formation of
new phases: MgyY and MguNds in Mg-Y-Gd-Nd while I-phase and MguNds in Mg-Zn-Y-
Nd alloy.

The solidification rate should be beyond certain threshold to avoid the transformation of I-
phase to crystallite; meanwhile, I-phase formed by nucleation and growing, which were
controlled by diffusion process. Since the sub-rapid solidification has certain restrictions on
atom diffusion, it is favorable to the formation of I-phase. However, the growing mechanism
of quasicrystal still remains an unsolved and debating problem. Because of the special
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quasicrystal nature, including both crystal and non-crystal character, the alloys with I-phase
will exhibit excellent corrosion-resistance.
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Fig. 3.16. XRD patterns of corresponding alloys shown in Fig.3.15.
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Fig. 3.18. Polarization curves of alloys under different process conditions in dynamic SBF

Alloys State Ecorr/V | Icorr(A/cm?)
As cast -1.95 1.86x10-4
Mg-Y-Gd-Nd
& Sub-rapid solidification -1.83 1.45x104
As cast -1.76 5.3x10-5
Mg-Zn-Y-
g-Zn-Y-Nd Sub-rapid solidification -1.57 2.62x105

Table 3.6. Corrosion potential and corrosion current
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Fig. 3.19. Weight loss (a) and corrosion rate (b) of alloys shown in Fig.3.18

From results of the polarization curves in Fig.3.18 and immersion results in Figs.3.19, the
sub-rapidly solidified Mg-Zn-Y-Nd alloy showed the highest corrosion resistance than
others. The sub-rapid solidification not only refined grains, but also expanded the scope of
the alloying and made the composition and microstructure more uniform. After sub-rapid
solidification, the grain size became more uniform and the stability of grain boundary
increased, which can reduce the amount of local pitting, thus, significantly improve
corrosion resistance. For as cast alloys, the corrosion potential (-1.95 V for Mg-Y-Gd-Nd and
-1.76 V for Mg-Zn-Y-Nd) was lower than that of as sub-rapidly solidified ones (-1.83 V for
Mg-Y-Gd-Nd and -1.57 V for Mg-Zn-Y-Nd)( Table 3.6). Meanwhile, the current density of as
cast or as sub-rapidly solidified Mg-Zn-Y-Nd alloy was much lower than that of Mg-Y-Gd-
Nd alloy, demonstrating the corrosion properties of Mg-Zn-Y-Nd alloys, as sub-rapid
solidification or as cast, were better than that of the Mg-Y-Gd-Nd alloys. The main reasons
were as follows: Firstly, I-phase, which had low interfacial energy making it possess stable
interface, appeared in as sub-rapidly solidified Mg-Zn-Y-Nd alloys; Secondly, I-phase
owned excellent corrosion resistance itself; Thirdly, it has been widely accepted that Zn can
reduce the detrimental effects of Fe, Ni on corrosion resistance and then improve the
anticorrosion properties of Mg alloys (C.J. Boehlert, 2006). In Fig. 3.19, the corrosion rate of
every alloy increased with the time increasing before 72 h, achieving the maximum at 72 h.
After 72 h, the corrosion rate of every alloy declined with the time increasing. In the initial
corrosion stage, the entire surface was exposed to the corrosive medium and the attack of
medium was intensive. With the immersion time increasing, the corrosion products
accumulated on the surface, which deposited and covered part of the surface, blocking the
direct contact between the medium and the surface of samples and exhibiting certain
protective effects. Thus, the corrosion rate of every alloy declined.

In Fig.3.20, for the same alloy, the corrosion potential improved by about 80 mV in dynamic
SBF (D-SBF) compared with that in static SBF. Firstly, in the SBF, the concentration of Cl-
had a great influence on corrosion resistance. The Cl- converts Mg(OH),, which was
protective to alloy surface, into dissoluble MgCl,. Secondly, Cl-, with small radius, could
penetrate the surface film easily. Then Cl- took the place of O> and OH- which were
absorbed onto the surface of alloys to form the soluble complex. The continuously cycling of
dynamic SBF resulted in the stable and lesser Cl- concentration in the sample chamber,
which made the corrosion morphology of alloys more uniform and then the corrosion rate
slower. While in static SBF, as anodic reaction occurred, more and more Mg2* dissolved into
the solution; HCO3;- and HPO,? were consumed, making the concentration of Cl- increase
relatively and then the corrosion potential reduced and corrosion resistance decreased.
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Fig. 3.20. Polarization curves of as sub-rapid solidification alloys: Mg-Y-Gd-Nd alloy in
static (a) and dynamic (c) SBF; Mg-Zn-Y-Nd alloy in static (b) and dynamic (d) SBF.

4. Surface modification of Mg alloy

Although magnesium alloys are usually alloyed with elements, such as aluminum,
manganese and zinc to improve corrosion resistance, further surface treatment is also
required to physically prevent contact with the environment. The coating technologies,
including the electrochemical deposition(ED), micro arc oxidation (MAO), liquid phase
deposition (LPD) were used to achieve the corrosion resistance

4.1 TiO2/AZ31 prepared by LPD

Fig.4.1 showed the XRD patterns of TiO,/AZ31 prepared at different conditions. As
comparison, a standard powder diffraction file (PDF) of anatase TiO» was shown in Fig.
4.1(d).In Fig.4.1, diffraction peaks corresponding to anatase TiO. were observed, and the
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Fig. 4.1. (a) XRD patterns of TiO»/ AZ31 prepared at the annealing temperature of (A)250
°C,(B)300 °C, (C)350 °C and (D)380 °C for 1.5 h. The diffraction peaks of anatase TiO, and
AZ31 were shown by the mark of triangle and circle, respectively. (b) XRD patterns of
TiO,/ AZ31 prepared at the annealing temperature of 250 °C for 1h (A), 2h (B) and 3h(C). (c)
XRD patterns of TiO,/ AZ31 prepared at the annealing temperature of 380 °C for 2h with
heating rate of 5°C/min(a), 15°C/min(b) and 30 °C/min(c).
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spectra agreed with that of PDF file. The peak intensity of anatase TiO increased with the
increase in annealing temperature or time, which proved that crystallinity of anatase can be
improved by the increase in annealing temperature or time. The (101) peak intensity of
anatase was almost independent of heating rate. The crystallinity of anatase was not
influenced by heating rate at the fixed temperature.

From Fig.4.2(a), which showed the image of an as-deposited TiO, layer, the loosely
deposited particles on the substrate can be found. As shown by the XRD results in Fig. 1(a),
after annealing, the crystallization of anatase was improved, which can also be proved by
the morphology evolvement revealed in Fig.2(b) and (c). In Fig. 2(b), pinholes can be found
on the surface of TiO; layer annealed at 250 °C. And they got eliminated by the annealing at
350 °C as shown in Fig.4.2(c). In Fig.4.2(c), the surface of the layer, consisting of fine
particles, was finished, uniform and compact. Fig.4. 2(d) shows the enlarged image of one

100nm

Fig. 4.2. FE-SEM images of surface morphology of TiO; layer. (a) as-deposited TiO; layer;
annealed at 250 °C(b),at 350 °C(c); (d) enlarged image of the particles (c).
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Fig. 4.3. (a) Tafel polarization curves of samples prepared at different annealing temperature
of 380 °C (a), 300 °C (b) and 250 °C (c) for 1.5h. The polarization curve of an as-deposited
specimen was presented as (d). Fig.4.3 (b).Tafel polarization curves of samples prepared at
the annealing time of 3h (a), 2h (b) and 1.5h(c) at the annealing temperature of 250 °C.
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particle on the surface of Fig.4.2(c). The particles on the surface, with the size of several
hundreds nanometers, have the characteristically octahedral shape of anatase TiO,.
According to Wuff. construction and surface energy calculation of anatase (Ulrike Diebold et
al.,2003), the surfaces of the octahedral particle were limited by (101) natural surface (H.
Berger et al.,1993).

EL‘U"V ICOVT RP
Sample |4 A.cm™ Q.cm?

380 oC -1.111 6.19568%10-6 28448.29+451
300 oC -1.448 1.31383x10-5 20876.3+650
250 oC -1.468 1.38381x104 1914.28+116
As-deposited -1.518 2.73441x10+ 1220.33+142

Blank AZ31 -1.524 2.91413x10-4 /
3.0h -1.377 1.83167x10-5 13780.24+742
2.0h —-1.450 2.33769%10-5 11101.36+580
1.5h —1.468 1.38381x10-4 1914.28+116

Table 4.1. Electrochemical parameters obtained from Tafel polarization curves

Fig.4.3 (a) showed the Tafel polarization curves of samples prepared at different annealing
temperatures. The samples were deposited in the same condition for 20 h and then annealed
at the temperature of 250 °C, 300 °C and 380 °C, respectively, for 1.5 h. The polarization
curve of a specimen without annealing was also presented as Fig.4.3(d). It is visible when
the potential reached a certain stage, curve of the as-deposited specimen became zigzag. The
electrochemical parameters were shown in the Table 4.1. With the increase of annealing
temperature from 250 °C to 380 °C, it was shown that the Icorr decreased by several tens of
times of magnitude and the Rp increases by almost the same order of magnitudes. The Ecorr
is shifted positively by 0.357 V. The corrosion protection of the as-deposited specimen was
not improved much compared with that of the bare AZ31 alloy.Fig.4.3 (b) showed the
influence of annealing time on the polarization curves at the annealing temperature of 250
°C, which showed similar tendency with that of annealing temperature. The analyzed
results were listed in the bottom row of Table 4.1. It can be found the corrosion resistance
increased with the prolongation of annealing time. When the annealing time increased from
1.5 h to 3 h, the corrosion potential increased by 0.091 V; Icorr decreased by several times
and Rp increased by almost same times. It also can be found that increase of annealing time
had a mild influence compared with that of annealing temperature. By the TiO; layer and
annealing treatment, the corrosion protection of AZ31 alloy was improved evidently. It can
be found the as-deposited layers were not compact and cannot prevent contact with the
corrosive environment (Fig.4. 2a). In Fig.4. 4, it also can be found that corrosion potential of
as-deposited samples was only —1.518 V, which was just a little above that of bare AZ31
substrate. During the procedure of thermal treatment, improvement of crystallization of
anatase TiO» occurred, accompanied by the elimination of some structure defects in the
layer, e.g. pinholes, pores, and the compactness of TiO; layer was therefore increased. As a
result, the corrosion resistance would be enhanced by annealing treatment. However, the
annealing parameters were limited by the thermal stability of the substrate. Compared with
the influence of deposition condition, namely deposition time and hydrolysis temperature
(JJh.Hu. et al., 2006), the annealing temperature and time played mild roles in corrosion
protection. The possible explanation is that, in the deposition process, the deposition
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condition controlled the deposition rate, particle size and increase of thickness. Usually,
formation of structure defects and increase of thickness, which played decisive roles in the
protection of substrate, correlated with the deposition process.

4.2 HA coating prepared by CED

The XRD patterns of as-deposited and alkali-heat -treated samples were shown in Fig.4.4,
which indicated that the as-deposited coating was the mixture of HA and CaHPO,4.2H;O
(DCPD). However, the mixture transformed into HA single phase completely after post-
treated with NaOH solution. The following reaction showed the transforming process:

10CaHPO; 2H0 — Cayo(POy)s(OH), +4H;PO; +18H,0 (4.1)

The (002) peak is dominant in XRD patterns. According to Scherrer’s formula, the (002) peak
was chosen to calculate the average crystallite size of the HA. The calculated particle size of
the as-deposited HA and DCPD was about 40 nm. And after post-treated with NaOH
solution, the crystallite size of HA was about 35 nm.
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Fig. 4.4. XRD patterns of (a) as deposited coating, (b) post-treated coating on AZ31.

The surface morphologies of the as-deposited and post-treated coatings were shown in
Fig.4.5 (a) and (c), respectively. Both the as-deposited and post-treated coatings exhibited
morphologies like chrysanthemum flowers aggregating on the surface of the substrate. The
as-deposited coating was mainly composed of radial plates-like structure, while nearly
needle-like phase was presented on the post-treated coatings. A small mount of DCPD
contained in the as-deposits was the possible reason for the morphology difference. The EDS
in Fig4.5 (b and d) showed that the coating was consisted of Ca, P, O, Na, Mg and C
elements. The Mg2*and Na* ions might substitute the Ca2?*, which was similar with the
composition of biological apatite from natural bone mineral. It was found that Ca/P atom
ratio was always improved to a certain extent after post-treatment by NaOH, due to
transmission of DCPD to HA. The average Ca/P atom ratios of as-deposited and post-
treated was calculated about 1.40 and 1.50, respectively. Both were Ca-deficient HA (CDHA)
coatings.
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Fig. 4.5. Morphology and EDS of coatings: (a, b) as-deposited; (c, d) post-treated by NaOH.
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TEM was employed to study the microstructure of post-treated coating. Needle-like
particles of 1000 nm in length and 35 nm in diameter (Fig.4.6a) had a slenderness ratio about
28.6. A typical crystallographic structure was shown by HRTEM (Fig.4.6b). The distances
between the lattice lines are 0.690 and 0.472nm, respectively, which was comparable with
the standard (001) and (110) planes distances of 0.688 and 0.472nm of HA. The FFT inset in
Fig.4.6 (a) showed the incident direction of electron beam and growth direction of nano
needle, which agreed with that analyzed from Fig.4.6 (b). The average grain size of HA
crystal face (002) was about 35nm from Fig.4.6 (a), which was similar with the calculated
value by using XRD pattern.

Compared with blank magnesium alloy substrate, the E, increased from -1.6 to -1.42 V
significantly after surface was modified by HA. According to the polarization curves, it was
observed that I, of substrate reduced from 2.51 x 10-5 to 2.51 x 108 A/cm?2. It was clear that
HA coating could improve effectively corrosion resistance of the substrate in SBF. It could
also be seen that the E.,+ hardly had any change after alkali treatment. However, there was
an evident I, change from 3.98 x 108 to 2.51 x 108 A. It could be concluded that the alkali
treatment could help to decrease the degradation rate.
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Fig. 4.8. The specific mass loss of specimens immersed in SBF

Fig. 4.9. SEM images of corresponding specimens in Fig.4.8 immersed for 7 days.

In vitro test was performed by immersion in SBF for 30 days. There was a sharp mass loss of
bare magnesium alloy in the first 2 days (Fig.4.8a), because there was high CI- concentration
in SBF. After 7 days’ immersing, the mass loss rate was not as fast as before, for the possible
reason of the Ca-P-Mg deposits on substrate would inhibit the further corrosion. SEM image
in Fig.4.9 (a) testified the deposition of Ca-P-Mg apatite. There was also corrosion pits
observed on specimen surface of Mg alloy substrate after 7 days” immersing. The deposits
were mainly made up of Ca, P, O, C, Na and Mg elements from the EDS analysis. Fig.4.8 (b)
and (c) were the as-deposited and post-treated coatings, respectively. There was obvious
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specific mass gain on both specimens for initial 10 immersing days. In the initial corrosion
stage, the release of Mg2* would increase its concentration on the interface. The Mg2* rich
interface would help the deposition of Ca-P-Mg apatite. The Ca-P-Mg apatite would
increase the thickness of the coating and protect the substrate from further corroding. There
was much more mass gain on post-treated coating than as-deposited coating. The mass lose
of as-deposited specimens kept stable, while the mass gain of post-treated specimens
increased slightly in the following 20 days. Compared with the as-deposited specimen in
SBF, post-treated coating containing single HA phase was much more stable. The needle-
like morphology would offer a much larger surface to contact with SBF solution and induce
more apatite to deposit. The morphology of as-deposited and post-treated coating immersed
in SBF for 7 days were showed in Fig.8 (b) and (c). There was apatite with Ca/P ~1.60
deposited on post-treated coating. But the deposition of apatite on as-deposited coating was
not evident.

4.3 Pulsed electrochemical deposition

In a traditional cathodic ED process, when a static potential is applied, loose, porous and
low adhesive coatings can be easily developed. The main reasons are: first, a polarization in
concentrations is formed, since the speed of ion diffusion from the main body of the solution
to the surface of the metallic substrate is too low; secondly, H» is produced in the cathode
due to the reduction of H>O. To solve this problem, it is suggested that pulsed power be
used for depositing the adherent coating. Fig.4.10 showed the XRD patterns of HA coated
magnesium and bare substrate. Clearly, peaks of the coating can be ascribed to the
hexagonal HA (PDF No. 09-432). The lattice constants of the as-deposited HA were a = 9.397
A and ¢ = 6.838 A, which did not match stoichiometric HA (a =9.418 A and c = 6.884 A). The
reason for this might be trace doping of Mg?*, Na*. According to Scherrer’s formula, the (0 0
2) peak was chosen to calculate the average grain size of the as-deposited HA (Li et al.,
2008). The crystallite size of HA was about 40 nm.
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Fig. 4.10. XRD patterns of Mg-Zn-Ca alloy (a) without and (b) with the as-deposited coating.

Fig.4.11 presented SEM micrographs of the Ca-P coating. Two different morphologies of the
coating were observed (Fig.4.11a): a tabular region consist of irregular flake-like structure of
approximately 100nm in thickness (Fig.4.11b), and a fluffy region composed of fine floc
structure with less than 100 nm in diameter (Fig.4.11c) which partly covered plate-like
coating. The acicular structure was regarded as the new nuclei of crystal and grew into the
platelet ones gradually, as can be seen from the structures of the coatings deposited at 30



Mg Alloys Development and Surface Modification for Biomedical Application 131

and 60 s (Fig.4.12a, b). Moreover, it can be seen from the images that these flakes develop
almost perpendicularly to the substrate. It may be beneficial to have a flake-like structure for
bone growth, since the inorganic apatite in bone has a plate-shaped morphology 2~3 nm in
thickness and tens of nanometers in length and width. Moreover, it can be seen from
Fig.4.12, that there were no cracks in the deposited coating though the stress introduced by
the thermal cycling. The EDS results of the as-deposited coating showed that the Ca/P
atomic ratio was approximately 1.34 evidently lower than 1.67. The reason might be trace
doping of Mg2?*, Na*. These Mg2* and Na* ions might substitute the Ca2*, which was similar
with the composition of biological apatite from natural bone mineral. The as-deposited
coating was proved to be composed of Ca-def. HA. This just meets the requirements for
biodegradable implants, because many studies have indicated that the dissolution of HA in
the human body after implantation is too slow to achieve optimal results, while Ca-def HA
seems to be more soluble and may induce precipitation of a new bonelike apatite after
implantation (Guan et al., 2008).

The bonding strength between the coating and Mg alloy measured by a shear strength test
was 41.8+2.7 MPa . This value was higher than the measured shear strength of natural
cortical bone (35 MPa), was also greater than that of HA coatings prepared by traditional
electrodeposition methods (14 MPa), and close to that of Ca-P coatings deposited on
titanium by pulse electrodeposition (35-52 MPa). So HA coating prepared in pulse
electrochemical deposition is of acceptable mechanical properties for using in high load-
bearing conditions as an implant biomaterial.

Fig. 4.11. SEM images of the as-deposited coating: (a) low magnification (b) high
magnification of the tabular region and (c) high magnification of the fluffy region

;‘ g a Y
Fig. 4.12. HA coatings deposited at the initial stage. (a)30 s and (b)60 s.

Small amount of Mg element was also detected on the coating surface, which was probably
caused by the diffusion of Mg cations. Mg?2* ions, which were produced from Mg substrate
when the high anode current density (-20 mA/cm?) was applied, played an important role
in increasing the adhesion strength as it was incorporated in the coatings. The inter-
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diffusion of Mg and O indicated the formation of metallurgic bonding on the HA /Mg alloy
interface due to ready formation of O-Mg band. Generally speaking, surface modified
implants are expected to have a well adhered interface, namely metallurgic bonding
interface, which will improve their stress resistance and avoid the peeling-off of the coating
during service. Those loose HA particles may be resolved, thus only adherent HA particles
can continue to grow. Based on the above results, it is clear that the adherent Ca-def HA
coating can be directly formed by the proper pulse electrode position process without any
post-treatment. Similar to Ti alloy (Yamasaki et al., 2002), the principle of the pulse
electrodeposition of Ca-P phases on the Mg alloy was analyzed. In this process, when a high
cathode current density (10 mA/cm?) was applied, the cathodic polarization of the Mg alloy
led to an increase in pH at the interface between the alloy and the electrolyte due to the
formation of OH-ions. This sudden increase in pH triggered crystal nucleation and initiated
crystal growth of the desired Ca-P phase directly on the substrate surface. There are four
kinds of calcium phosphates, which are, in order of increasing solubility:
Ca1o(PO4)6(OH)2(HA), Caz(PO4)3.nHZO (TCP), CagHz(PO4)6‘5HQO (OCP) and Ca(HPO4).5H20
(DCPD). Under local strongly basic conditions, HA is the most stable calcium phosphate
and is hence deposited on the Mg substrate according to the following reaction.

10Ca2++6PO3-+20H—Cayo(PO4)s(OH), (5.2)

Representative electrochemical polarization curves for different samples in SBF
(Kokubo,2006) were given in Fig.4.13. The cathodic parts of the curves in Fig.4.13 indicated
that the cathodic polarization current of the hydrogen evolution reaction on the Ca-def HA-
coated Mg alloy was much higher than that on the uncoated Mg substrate. The
overpotential of the cathodic hydrogen evolution reaction was lower on the Ca-def HA-
coated Mg alloy than that on the uncoated Mg substrate. This also revealed that the cathodic
reaction was easier kinetically on the Ca-def HA-coated specimen than on the bare one,
which may be due to the existence of the Ca-def HA coating. For the uncoated Mg alloy, the
anodic polarization curve showed a passivation-like region, which indicated the existence of
some protective film on its surface. Kannan and Raman (Denissen et al., 1980) reported that
phosphate, sulphate and calcium ions in modified SBF could precipitate on the surface of
Mg alloy, causing the same effect. For the Ca-def. HA-coated Mg alloy, however, there was
no such phenomenon in the range of ~250 mV. Values of the corrosion potential Ecorr and
the corrosion current density Icorr were extracted from these curves and were shown in
Table5.2. Due to the presence of the Ca-def HA coating, the Ecorr values were increased by
about 230 mV, while the corrosion current density Icorr was about one order of magnitude
lower than that of the uncoated magnesium. This result further indicated that the corrosion
resistance of magnesium had been improved by the Ca-def HA coating. This was because
the phosphorus in HA formed a gel-like layer and covered the surface completely, thereby
protecting the underlying coating from environmental attack. The increase in resistance
would greatly reduce the initial corrosion rate of implants and was important for
maintaining the implant’s mechanical strength in the initial bone reunion period. In terms of
the design of degradable implants, this means that a thinner or less bulky bone plate could
be used compared with untreated Mg implants having the same service life.

Basing on the hydrogen evolution rate (which is proportional to the metal dissolution or
corrosion rate), Song (Dumelie et al., 2008) has suggested that a potential magnesium-based
implant should possess a six times lower hydrogen evolution rate than AZ91 alloy. When
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comparing the present electrochemical experimental results of the Ca-def. HA-coated Mg
alloy with those of AZ91 alloy, the improvement in the corrosion resistance achieved was
very encouraging, i.e. the Icorr value of the Ca-def HA-coated Mg alloy was about one-third
as high as that of AZ91 alloy. Note that the data for AZ91 were taken from the literature
reported by Kannan and Raman (Denissen et al., 1980). Thus Mg-Zn-Ca alloy coated with
Ca-def HA is a promising candidate for biodegradable orthopaedic implants.

The slow strain rate tensile (SSRT) results of uncoated and Ca-def HA-coated Mg alloy in air
and in SBF were given in Table 5.3. The mechanical properties of bare Mg alloy decreased
by only 11.1% (for UTS) and 11.3% (for TOF) when tested in SBF, in comparison with those
in air. This illustrated that Mg-Zn-Ca alloy was not highly susceptible to stress corrosion.
Because of the protection of Ca-def. HA coating, the mechanical properties of the coated
alloy increased by 5.6% (for UTS) and 16.6% (for TOF) when tested in SBF, which were
closer to those of the uncoated alloy in air. If only considering the alloy’s strength, the
mechanical properties of bare and Ca-def HA-coated Mg alloy in SBF were both great
enough to use as an implant material, because the maximum stress in bones during running
or jumping was considered to be of the order of 100 MPa (Manso et al., 2000). However, the
Ca-def HA coating delayed the decrease in strength of the Mg alloy, which would be helpful
in supporting the fractured bone for a longer time. Moreover, the mechanical properties of
the coated Mg alloy were similar to those of the substrate when tested in air (Kuo & Yen,
2002).

-1.2

-1.34

(a)
1.4

1.6 (b)

Potential, V

-L.7

-1.8

-1.9

9 8 I 6 5 -4 3 2
logl/em?, A/em?

Fig. 4.13. Polarization curves in SBF of (a) uncoated and coated(b) Mg-Zn-Ca alloy.

Sample Corrosion Corrosion current density,Icorr
potential, Ecorr(mV) (pA/cm2)
Bare Mg alloy -1645 110
Ca-def. HA /Mg alloy -1414 25

Table 4.2. Electrochemical parameters obtained from the polarization curves.

Sample In SBF In air
TOEF(h) UTS(MPa) TOEF(h) UTS(MPa)
Bare Mg alloy 38.6+1.4 14443 43.5+0.8 16242
Ca-def. HA /Mg alloy 45.0+1.0 1525 44.3+0.5 1753

Table 4.3. SSRT results of Mg alloy with and without Ca-def HA coating. UTS:ultimate
tensile strength; TOF: time of fracture.
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4.4 Micro-arc oxidation (MAO)/ electrochemical deposition (ED) composite coatings
Micro-arc oxidation (MAO) had been well developed as a room-temperature electrochemical
process suitable for the formation of native ceramic films with porous structure on the surface
of Ti, Al, Mg alloys. It was found that the MAO coating offered porous surface and good
adhesion strength with the substrate. When the MAO coating was introduced as a transition
layer, it is expected that the pores on MAO coating can provide pinning sites for the ED
coating. Fig.4.14 showed the surface morphology of the single MAO (a) coating and the
composite coating of HA/MAO (b). The pores with different size were randomly distributed
on the single MAO coating (Fig.4.14a), which resulted from the molten oxide and gas bubbles
thrown out of micro-arc discharge channels. No micro-cracks existed on the surface of the
MAO coating though the rapid solidification of the molten oxide in the cooling electrolyte
always caused stress. The porous surface of the MAO coating provided a template for the ED
process. It can be clearly seen that the composite coatings were composed of irregular needle-
like structure (Fig.4.14b), which uniformly distributed on the sample surface. Compared with
the HA grown on the Mg alloy substrate directly in section 4.2, the HA/MAO coating had
quite low dimensions. The pores which formed during MAO treatment (Fig.4.14a) were the
conductive channel in the ED process. Under the electric field, ions in the electrolyte moved
into the pores and deposited on the wall of the pores. The nucleation and growth of HA were
limited physically by these pores structure. For the ED process in the low deposition
temperature which reduced the thermal stress, there were no micro-cracks appeared on the
composite coatings. The surface of the composite coatings composed of the nanoneedle-like
structure still retained the porous characteristic of the single MAO coating. As a bone implant
material, porous surface is beneficial to cell attachment, propagation, bone tissue growth and
anchoring of implant to bone.
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Fig. 4.14. Morphology of (a) single MAO coating and (b) composite coatings and
corresponding EDS spectra.

EDS analysis of the surface of the MAO coating and the composite coatings were showed in
Fig.4.14(c) and (d), respectively. The element of the single MAO coating consisted of Mg, O,
P, C, Na and Zn elements (Fig.4.14c). The element Mg and trace Zn were derived from the
Mg-Zn-Ca alloy transferring through micro-pores, and other elements were from electrolyte.
Compared with the elemental composition of single MAO coating, the element Ca was
deposited on the composite coatings (Fig.4.14b). In addition, the amount of element Mg was
decreased sharply. It was possible that the Mg element was sealed in the substrate and
MAO coating by the HA coating.

The cross-section morphology and corresponding elemental distribution across the
composite coatings were analyzed with SEM and EDS line analysis and shown in Fig.4.15 (a)
and (b), respectively. From the cross-section morphology (Fig.4.15a), the thickness of the
composite coatings was about 15 pm and no apparent defects were observed. Moreover,
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Fig. 4.15. Element distribution of the composite coatings in the depth direction (a) the cross-
section micrograph. The white line showed the scanning direction. (b) the element
distribution pattern.

there was no distinct discontinuity along the interfaces of HA/MAQO/ substrate, which
revealed that the HA coating tightly adhered with the MAO coating on substrate. Between
the MAO coating and the ED coating, no clear boundary was observed, a metallurgic
combination was concluded. At the same time, the phase contrast of HA/MAO coating is
not sensitive to electron beam. The elemental distribution across the composite coatings
(Fig.4.15b) showed that the amount of Mg, coming from the substrate, kept constant in the
MAO coating and then decreased in the ED coating, which proved that corrosion of
substrate was effectively inhibited. The dissolving of Mg was suppressed greatly. Both Ca
and P were deposited from the electrolyte. The amount of P kept constant and no Ca was
detected in the MAO coating, and Ca aggregated in the ED coating. From the elemental
distribution, the thickness of the ED coating was about 2 pm.

The XRD patterns of the single MAO coating and the composite coatings were showed in
Fig.4.16. Three phases of Mg, MgO and Mg3(PO,)> were observed on the spectrum of single
MAO coating (Fig.4.16a). The peak of Mg probably was because of the porous MAO coating
and X ray can penetrate it. MgO and Mg3(PO,), are typical for the MAO coating.
Hydroxyapatite (HA) and octacalcium phosphate (OCP) phases were deposited on the
surface of the MAO coating (Fig.4.16b). Due to the chemical and structural similarities to
bone and tooth minerals (H. W. Denissen et.al. 1980), HA had excellent biocompatibility and
bioactivity and was used to improve the surface biocompatibility of Ti, Mg and stainless
steel alloys (Wang, et al, 2010; Kuo, et al, 2002). OCP, as a calcium phosphate, had been
suggested to be a precursor of biological apatite in bone (Brown, et al, 1962; Crane, et al,
2006). Therefore, the HA and OCP phases in the composite coatings will be helpful to
improve the biocompatibility of the Mg-Zn-Ca alloy when the samples are implanted into
the body.

Adhesion of the composite coatings with the magnesium substrate was one of the most
important properties for the implant in physiological conditions. In the lap shear adhesion
test, it was found that the composite coatings on all samples were not stripped from
interface of the MAO/ED coating or the MAO/substrate. All delamination occurred inside
the epoxy resin layer. It revealed that the adhesion strength of the composite coatings
exceeded the tensile strength of the epoxy resin and was higher than 40MPa. In other words,
the adhesion strength of the composite coatings was much higher than that of HA deposited
directly on magnesium alloy, with the strength of 14MPa (Han, et al, 2001). Therefore, the
composite coatings prepared in this work fully meet the requirement for implant
biomaterial (=35MPa) (Wei, et al, 1999).
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Fig. 4.16. XRD patterns of (a) the single MAO coating and (b) the composite coatings on Mg-
Zn-Ca alloy

The corrosion resistances of the substrate, MAO/substrate and HA/MAOQO/substrate
samples were evaluated through potentiodynamic polarization tests in SBF solution at 37°C
(Kokubo, 2006). Fig.4.17 showed the polarization curves for different samples. In Fig.4.17,
the anodic polarization curve of the substrate and the MAO coating modified samples
showed a passivation-like region, which indicated the deposition of some protective films
on their surface. Kannan and Raman (Kannan, et al, 2008) reported that phosphate, sulphate
and calcium ions in modified SBF could precipitate on the surface of Mg alloy. But the
composite coatings modified samples did not have such phenomenon. The corrosion
potential (Ecorr) and corrosion current density (Icorr) Were extracted from the polarization
curves and summarized in Table 5.4. As can be seen in Tab.5.4, the corrosion potential Ecorr
of the single MAO coating and the composite coatings modified samples were -1.614V and -
1.495V, respectively. Both of them showed more positive than the substrate with -1.705V,
while the corrosion current density I.orr Of two coatings were about two orders and three
orders of magnitude lower than that of the substrate, respectively. These results indicated
that the corrosion resistance of magnesium alloy had been evidently improved by the single
MAO coating and the composite coatings, and these also showed that the corrosion
resistance of the sample with the composite coatings was better than the single MAO
coating. The improvement of corrosion resistance will effectively reduce the initial corrosion
rate of implants and greatly maintain the mechanical strength of the implants in the pre-
bone healing.
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Fig. 4.17. Polarization curves of different samples in SBF solution at 37°C
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Sample Corrosion potential (Ecorr, V) | Current density (Icorr, A/cm?)
Bare Mg alloy -1.705 3.84x10+4
MAQO /Substrate -1.614 6.51x10-6
MAO/ED/Substrate -1.495 9.13x10”7

Table 4.4. Electrochemical parameters of the samples obtained from the polarization curves

The protection capacity of the single MAO coating and the composite coatings to the Mg-
Zn-Ca alloy was also evaluated by the hydrogen evolution test. Hydrogen volume was
shown in Fig.4.18 as a function of immersion period. There was sharp hydrogen evolution of
Mg-Zn-Ca substrate in the first 3days (Fig.4.18a), because there was high ClI- concentration
in SBF which caused the substrate to corrode fast. As the time increased, the corrosion rate
of the magnesium alloy decreased. The possible reason was that Ca-P compounds deposited
on the specimens surface, forming a new protective layer, and reducing the corrosion rate.
Fig.4.19 (a) showed the surface morphology of the substrate immersed for 7 days. The
particles and the cracks were observed on the surface of the Mg-Zn-Ca alloy, and the
element of the particles mainly consisted of Ca, P, C, O, Na, Mg and Zn from the EDS
analysis, which was in agreement with the literature (Kannan, et al, 2008).

Fig.4.18 (b) showed the amount of hydrogen evolution of the MAO/ substrate sample, which
was much less than the substrate, and the increase rate decreased as the immersion time. As
can be seen in Fig.4.19(b), the surface of MAO/substrate sample was modified slightly after
soaking for 7 days in SBF, and deposits particles were observed on the surface and in the
pores. The ions in the SBF penetrated through the micro-pores and deposited in the pores
and surface. Therefore, the corrosion rate of the single MAO/ substrate sample was reduced
as the immersion time because the pores were sealed little by little during immersion
period.

The corrosion rate of ED/ MAO/substrate sample was slower than the single
MAO/substrate samples. The hydrogen evolution rate was about 0.04 ml/cm?2/day after
immersion for 3 days. It was about two-third of that of hydrogen evolution rate of AZ91D
(Song, 2007). The reported value was little higher than the tolerated level, which was used to
screen out biodegradable candidates for human body implants. The entire surface of the
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Fig. 4.18. The amount of hydrogen evolution of specimens immersed in SBF: (a) substrate,
(b) the MAO/ substrate sample and (c) the ED/ MAQO/substrate sample.
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Fig. 4.19. SEM images of corresponding

specimens in Fig.4.18 immersed in SBF for 7days

ED/ MAO/substrate sample after immersion for 7 days was covered by deposits (Fig.4.19c).
The new deposits layer was shown in detail in Fig.4.19 (d), which showed the new layer was
composed by many rod-like precipitates. The main elements of the new layer were Ca, P
and O, which revealed that the composite coatings could induce the Ca/P salt deposition
and had fine biomimetic mineralization ability. The new layer improved the thickness of the
composite coatings and further enhanced the protection effect to the substrate. Additionally,
the surface morphology evolution of the ED/ MAO/substrate sample after immersion for 7
days proved that the composite coating had better Ca-P salt induction property than that of
pure HA coating (Wen, et al, 2009).

Fig.4.20 showed the compressive load of the substrate and the ED/ MAO/substrate
immersed in SBF for different time. The results of the compressive load and compressive
strength of the samples were shown in Tab.5.5 (The corrosion area changed of the cross-
section was neglected to calculate the compressive strength). In Fig.4.20, the compressive
load and strength of the ED/ MAO/substrate were higher than those of the substrate after 2
and 6 weeks immersion. The results indicated that the composite coatings delayed the
strength loss of the Mg-Zn-Ca alloy. As shown in Tab.5.5, the compressive loads of the
substrate were decreased to 19.5 KN and 13.9 KN after 2 and 6 weeks immersion, and the
compressive strength were 248.2 MPa and 177.2 MPa respectively. Because of the protection
of the composite coatings, the compressive load and strength of the ED/ MAO/substrate
were 21.7 KN and 276.1 MPa after 2 weeks immersion, and 18.2 KN and 231.1 MPa for 6
weeks immersion. Generally, the compressive strengths of human bones were 100~230 MPa
in cortical bone and 2~12 MPa in cancellous bone (A. Rakngarma, 2009). Therefore, the
composite coatings effectively delayed the decrease in mechanical properties of the Mg-Zn-
Ca alloy, and provided adequate support for the pre-healing of fracture bone.

ED/ MAO/
Before MAO/ substrate substrate
Sample . .
immersion 5 P ’ o
weeks weeks weeks | weeks
Compressive load(KN) 26.1 21.7 18.2 19.5 13.9

Compressive
strength(MPa) 332.9 276.1 231.1 248.2 177.2

Table 4.5. Compression test results after immersion for a period.
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Fig. 4.20. The compression curse of the immersed samples

4.5 HA / Ti-O film / Mg alloy

In the research of NiTi stents, it was found that titanium oxide film formed because of
oxidization, and the film improved the biocompatibility (Christine et al., 1997). N.Huang
fabricated titanium oxide film on permanent stent, and demonstrated the improved
biocompatibility and good bonding strength with substrates (Huang et al.,2003). In this
section, titanium oxide was deposited on magnesium alloy substrate and served as
intermediate layers to protect from rapid corrosion. Hydroxyappatite, as outer layer, was
deposited on titanium oxide film.

Fig.4.21 showed the XRD patterns of the samples. It could be seen that the sample with
titanium oxide film exhibited only magnesium peaks. No peaks of titanium dioxide were
found. It has been proved that without heat treatment, it is hard to form rutile and anatase.
So the titanium oxide on the sample should be amorphous. It was reported that the
amorphous Ti-O film had evident biocompatibility, though less than crystalline Ti-O films.
The XRD pattern of hydroxyappatite was also shown in Fig.4.21, the diffraction peaks of HA
could be observed. The diffraction at 25.6° is seen as the typical peak of hydroxyapatite. So it
could be sure that the hydroxyapatite was deposited on the titanium oxide.
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Fig. 4.21. The XRD patterns of the sample with Ti-O film and composite coating
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Fig. 4.22. The morphology of Ti-O film and hydroxyappatite
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Fig. 4.23. (a) The polarization curves of the sample in SBF,(b) pH value change of SBF.

It could be observed from the FESEM images that the titanium oxide film was uniform, no
crack was found in Fig.4.22 (a). According to the calculation by the deposition rate, the
titanium oxide was with a thickness of about 200nm, after deposition for 2 hours. The outer
layer was composed of flake-like HA, which was typical morphology for HA. The EDS
results showed that only three elements were detected in the Ti-O/substrate sample.
Because the thickness of the film was about 200nm the substrate was detected by X-ray, so it
couldn't be concluded that there was magnesium atoms in the titanium oxide film while in
the EDS results of HA/Ti-O coating, calcium, magnesium, oxygen, phosphorus, sodium
were observed. Calcium, oxygen, and phosphorus were all components in HA. During the
formation of HA, the magnesium and sodium would take the place of calcium in crystal
structure, thus the Ca/P atomic rate was reduced. The tests in section 4.3 have showed that
calcium-deficient HA coatings were more susceptive to degradation.

In Fig.4.23(a), it could be observed that the potential of magnesium substrate in SBF(Kokubo
et al., 2006) was about -1.8V. And the corrosion potential was improved by 200mV and
300mV by Ti-O film and Ti-O/HA composite coating, respectively. The titanium oxide film
prevented the interaction of substrate with the fluid, and the deposition of HA coatings
improved the corrosion resistance further. The improvement in corrosion resistance by Ti-O
film and composite coating was also demonstrated by pH value test. With the protection of
Ti-O film and composite coating, the corresponding pH value increased with a low rate and
reached to 7.75 and 7.63 ,respectively.. The bare substrate reacted with the solution quickly,
and caused a sudden increase of PH value even in the first immersion day. In the first day,
the pH value increased up to 7.95.

5. In vivo biodegradation

A wide consideration has been given to improve the biocompatibility and corrosion
resistance of Mg alloy. Almost all the evaluations have been done in the SBF environment.
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The in vivo performance of implants requires further experiment due to the difference
between the simulated physiological environment and real condition even in the dynamic
SBF system.

5.1 HAJ/AZ31

Fig.5.1.(a-d) showed the surface SEM images of the uncoated and HA-coated AZ31 implants
after 6 weeks implantation. As seen in Fig.5.1(a, c), uncoated sample surface was coarse and
the surface presented a crackled appearance maybe due to fast degradation. For the HA-
coated sample, the surface coverage was uniform and no localized corrosion was observed
(Fig.5.1b). The coated implant surface was covered by a new mineralized layer (Fig.5.1d).
The original HA surface was also found somewhere where the typical needle-like HA
coating was exposed (typically area A, inset in Fig.5.1d). The EDS results showed that the
presence of carbon, oxygen, phosphorus, calcium, magnesium and aluminum on the surface
of the uncoated implant, and the calcium and phosphorus atomic ratio of deposition was
0.87. In contrast, the HA-coated sample was only rich in carbon, oxygen, phosphorus, and
calcium, no magnesium and aluminum were detected. The calcium and phosphorus atomic
ratio was 1.82, higher than the theoretical value 1.67 of HA.

Fig. 5.1. SEM micrographs of (a) uncoated (b) HA-coated implant after 6 weeks
implantation, (c) and (b)high magnification images of selected area in (a) and (b),
respectively.

After 12 weeks implantation (Fig.5.2), the uncoated sample was covered with corrosion
products. The surface integrity was destroyed due to severe selective corrosion. As shown in
Fig.5.2 (a), besides the formation of serious crack, sample surface was undermined and some
deep pits were left on the surface (by white arrow in Fig.5.2a).The surface of HA-coated
sample was covered by the Ca-P deposits partly. The EDS analysis results showed that the
surface contained a little zinc and Mn. Both of them were not detected after 6 weeks
implantation. The EDS spectrum difference proved the continuous corrosion of alloy. In the
case of HA-coated sample, the flower needle-like HA coating dissolved (Fig.5.2b). Some
positions of the coating exhibited the peeled-off feature (Fig.5.2b).

e, -

Fig. 5.2. SEM images of (a) uncoated, (b) HA-coated implants after 12 weeks implantation.
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Fig.5.3a-c illustrated the surface of the HA-coated AZ31 after18, 24, 30 weeks, respectively.
Selective corrosion pits were not observed on the surface with increasing implantation time.
The surface of implants was attached by more and more porous network structure gradually
from 18 weeks to 30 weeks. The pore structure was conducive to the growth of bone cells
and tissue recovery. EDS results (Fig.5.3d) showed that composition of selected area B in
Fig.5.3a was mainly composed of calcium and phosphorus and a small amount of Mg, Al,
Zn. A. L. Boskey pointed out that Mg2* concentration has a great effect on mineralization
process, if magnesium and calcium atomic ratio is more than 0.2, it will hamper
mineralization transformation from precursor amorphous HA (ACP) to the HA (Boskey &
Posner, 1974). In contrast, the area A in Fig.5.3a was highly rich in carbon and oxygen and
little amount of calcium and phosphorus. It could be also seen that carbon content increased
significantly with the increasing implantation time. It was conclude the deposition of
protein from physiological environment and growth of new body tissue occurred from 18
weeks. It might be hypothesized that precipitations of calcium phosphates and corrosion
products such as magnesium oxides and magnesium hydroxides formed a complex
corrosion layer on the implants in vivo that may slow down the corrosion process and
played a further protection role (Witte et al., 2005).

1 by k s (o iy R Ty KeV
Fig. 5.3. SEM micrographs of coated implants at (a) 18 weeks, (b) 24 weeks , (c) 30 weeks, (d)
EDS spectrum of area A in (a), () EDS spectrum of area B in (a), and (f) EDS spectrum of (c).

Fig.5.4 showed the weight change of the HA/AZ31 rods after 6, 12, 18, 24, 30 weeks
implantation. There was obvious mass gain for initial 12 weeks implantation. Then the mass
decreased throughout the following implantation period, indicating a continuous
biodegradation process inside the rabbit femora. The average biodegradation rate of HA-
coated AZ31 alloy rods was calculated to be about 0.21 mg/cm?2/day. But for the uncoated
sample, (35£0.22)% mass loss happened after 12 weeks implantation, the average
biodegradation rate was calculated to be about 0.54 mg/cm?/day. Intake of a certain
amount of magnesium (300-400 mg/day) is normally required for the human body's
metabolic activities. According to the measured weight loss rate of HA-coated samples
(0.21 mg/cm?/day), as long as the total surface area is less than 1429 cm?, for uncoated
samples (0.54 mg/cm?2/day) as long as the total surface area is less than 556 cm?, the
dissolved magnesium would be easily absorbed or consumed by the human body.

Fig.5.5 showed the radiographs of rabbit femora with implantation of uncoated AZ31 rods
at 6, 12 weeks and HA/AZ31 rods at 6, 12, 18, 24 and 30 weeks. In contrast to uncoated
samples at 6, 12 weeks (Fig.5.5a~d), the profiles of HA-coated samples were clearer at the
corresponding time (Fig.5.5e~h). Fig.5.5 indicated degradation process of uncoated and HA-
coated AZ31 robs during the whole experiment period, which was evaluated by the
reducing diameter of rods. From Fig.5.5a~d, it was proved that uncoated samples degraded
fast because rod profiles presented an irregular shape and were fuzzier than that of 6 weeks.
What is more, gas shadows (arrow in Fig.5.5b) were observed in soft tissues and bone
marrow cavity around the uncoated samples at 6 weeks. After 12 weeks implantation, the

’5
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Fig. 5.4. Weight change of the HA/ AZ31 rods during implantation period.

gas shadows vanished (Fig.5.6d) without a special treatment. Compared to uncoated
samples, gas shadows were not detected during the whole experiment period. HA-coated
samples maintained original column shape during the first 18 weeks (Fig.5.5e-j). After 18
weeks, the profiles of HA-coated samples were not distinct, indicating the evident
degradation of sample. Moreover, the periosteal reaction was observed around the HA-
coated samples which indicated the formation of new bone. (Fig.5.5k~n).

Fig.5.6 showed histological analysis of the bone tissue response to the uncoated samples at
6, 12 weeks and HA-coated samples at 6, 12, 18, 24 and 30 weeks. It could be clearly seen
that the newly formed bone lamellar trabecula was formed in the bone tissue around both
uncoated and coated samples (Fig.5.6a~f). There is growing evidence that if the releasing of
magnesium is acceptable by human body, it will help to stimulate the healing of bone tissue.
There were some inflammation response and congestion phenomena in uncoated sample
group at 6, 12weeks (rectangles marked in Fig.5.6a, c), without any multinucleated giant
cells. In contrast, not any inflammation response and congestion phenomena were observed
in HA-coated sample group. The newly formed bone was clearly seen in HA-coated sample
group, which was evident by a large number of osteoblasts (ellipses in Fig.5.6b, d~g).
Osteoblasts and osteocytes increased and became more orderly with the time increasing
from 6 weeks to 18 weeks (Fig.5.6b, d~c), then they stabilized at the following stage
(Fig.5.6f). Periosteum ossification phenomenon was found after 30 weeks implantation
(Fig.5.6g). The presence of HA coating improved the bone-biomaterial interface
absorptiveness, which showed the histological attachment of bone to the implant surface.
This result indicated that HA/AZ31 actually has good osteoconductivity and stimulatory
effect on the growth of new bone tissue due to its functional roles and presence in the bone.
It was reported that the presence of magnesium on orthopedic implants could enhance the
adhesion of osteoblastic cells and promote optimal osteogenesis (Zreiqat et al., 2002).

Table 6.1 listed the the serum magnesium and calcium concentration levels of rabbits before
and after implantation at different periods. No significant difference was found in each item
before implantation and after 6, 12, 18, 24, 30 weeks implantation. It is improtant that the
alloy was degradated in an appropriate rate that the rabit can aborb the released Mg2* untill
the new bone grew. The physiological equilibrium of magnesium in the body could keep the
serum level constant. Mg element maybe absorbed into the muscle and the bone as
storage areas, while the excess magnesium in the serum would be metabolized via the
kidneys.
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Uncoated AZ31 alloy rods HA-coated AZ31 alloy rods
6 weeks 12 weeks

6 weeks 12 weeks

HA-coated AZ31 alloy rods
18 weeks 24 weeks 30 weeks

Fig. 5.5. Femora radiographs of rabbits with implants at different periods. Uncoated AZ31
alloy rods at (a& b) 6 weeks, (c & d) 12 weeks implantation, and HA-coated AZ31 alloy rods
at (e& f) 6 weeks, (g & h) 12 weeks, (i & j) 18 weeks, (k &I) 24 weeks, (m & n) 30 weeks
implantation. The parallel images are from different directions.
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Fig. 5.6. Histological photographs of the bone tissues around uncoated implants at (a) 6
weeks, (b) 12 weeks, and HA-coated implants at (c) 6 weeks, (d) 12 weeks, (e) 18 weeks, (f)
24 weeks, and (g) 30 weeks. Ellipses indicate osteoblast; rectangles indicate inflammation
response and congestion phenomena. Magnification: 20x).
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Item Magnesium (mmol/1) Calcium (mmol/1)

Before implantation 0.845+0.16 1.196+0.13
Uncoated implants (6 weeks) 0.881+0.25 1.197+0.18
Uncoated implants (12 weeks) 0.926+0.18 1.369+0.10
HA-coated implants (6 weeks) 0.878+0.09 1.411+0.08
HA-coated implants (12 weeks) 0.869+0.13 1.409+0.06
HA-coated implants (18 weeks) 0.852+0.10 1.210+0.13
HA-coated implants (24 weeks) 0.807+0.17 1.155+0.05
HA-coated implants (30 weeks) 0.815+0.12 1.181+0.07

Table 5.1. Serum magnesium and calcium concentration of rabbits.

5.2 HA/IMAO/ Mg-Zn-Ca alloy

The degradation of the naked and HA/MAO coated Mg-Zn-Ca alloy in the rabbit femoral
shaft after 8, 12 and 18 weeks implantation were in suit observed non-destructively by
micro-CT with 3D reconstruction (Fig.5.7). The implants were in the os integumental and
marrow cavity. It could be clearly observed, within the 12weeks, that the substrate samples
degraded (volume loss) much more rapidly than the HA-coated samples, and serious pitting
occurred on the substrate samples. In Fig.5.7(d), within the 12th week, the HA-coated sample
could still keep the integrity and can absorb load apparently. So it could be concluded that
the composite coatings delayed the rapid corrosion of substrate, which was also
demonstrated in the following research. Fig.5.8(a) showed the compressive strength of the
samples after implantation for different time. It was observed that the loss of mechanical
integrity was much greater than the following period, which was attributed to the local
corrosion in the early period. After implantation for 8 weeks, the compressive integrity of
substrate was about 116.2 MPa. It was reported that the compression strength of natural
bone was about 100~230 MPa. So it was demonstrated that after 8 weeks implantation, the
substrate samples could absorb the load effectively. While the compressive strength of
samples with composite coatings after implantation for 8 and 18 weeks were 218.6 and 119
MPa, respectively, which were much higher than that of substrate samples, and could fully
meet the requirement of bone implants. The compressive integrity of samples in vivo test
showed that the samples after modification with composite coatings could compromise
mechanical integrity and degradation rate perfectly during the healing period, which
provided clinical application with valuable data.

Fig.5.8 (b) showed the calcium and zinc ion concentration in the blood and urine of rabbits
after implantation for different time. It was seen that before implantation the magnesium
ions in urine of the two groups was about 1.8mmol/], higher than that in the blood, which
could be ascribed to the metabolism of magnesium ions by kidney. The concentration of
magnesium ions in the blood of two groups in 8th, 12th, 24th week fluctuated between 0.7 and
0.8mmol/1, which was quite low. Extremely higher concentration of magnesium ions than
the standard (Brown W.,1962) didn't appear in the test, it was indicated that the excess



146 Magnesium Alloys - Corrosion and Surface Treatments

magnesium ions could be absorbed and exported by rabbits properly. The magnesium ions
concentrations in the urine in the two groups were similar and acceptable. After
implantation for 8, 12, 18, 24 weeks, the concentration of zinc ions in urine of the two groups
was close to that before implantation (Fig5.8c). No superfluous zinc ions were found in the
blood and urines in both group, which illustrated the good biocompatibility of the substrate
and HA-coated samples.

()
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Fig. 5.7. (a),(c) and(e) show the cross-section images of the bone with residual implants at 8
week, 12 week and 18 weeks; (b),(d) and (f) show the cross-section images of the bone with
coated implants at the corresponding weeks. All the three-dimensional reconstruction
images of residual implants was shown in Fig.5.7 (a-1) ~(f-1), respectively.

The pathological analysis proved that the typical tissues in heart, liver, kidney, spleen was
normal and healthy with regular structure. Slight congestion presented in spleen tissue with
normal splenic corpuscles and cords, it might be caused during the sacrifice but did not
indicate diseases. The corrosion products including metallic ions didn't deteriorate the
function of the important tissues, such as circulation, immunity and urination.

Fig.5.9 showed the radiographs of rabbits leg bones implanted by alloy and coated alloy
after 1, 8 and 18 weeks implantation. No gas bubbles were observed around the implants,
which showed that the gas bubbles disappeared through physiological action, and without
side effects. In Fig.5.9 (a), (c) the profile of substrate and coated samples was the same as
that before implantation. No evident degradation was observed. There was gap between
samples and bone tissues. It was reported that after implantation of AZ31D samples for 1
week, gas bubbles were observed, and gradually disappeared during 2~3 weeks. It
indicated that the gas could be absorbed and exported by animals, but the hydrogen
evolution rate was higher than the rate of being absorbed. In this study, after implantation
for 1 week, no gas bubbles was observed, which demonstrated the better biocompatibility of
AZ31 than AZ91D alloy. After implantation of substrate samples for 8 weeks, evident
degradation was observed, and the gap between samples and bone tissue was wider than
that at 1 week. It could be attributed to the rapid corrosion, and the newly formed bone
could not occupy the space after corrosion. While the HA-coated samples degraded more
slowly, it could be seen from the dim interface between samples and bone tissues. The
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newly formed bone tissues grow closely along surface of the implants. After implantation
for 12 weeks, although there was still gap between coated samples and bone tissue and the
degradation continued, the newly formed bone was more than that in 8% week. The bone
density was close to that of mature bone, but due to the weaker inducing, the healing rate of
bone was slower than that contact with coated samples. It must be noticed that gap
appeared in the 12th week, it might be caused by rapid corrosion after the dissolution of
composite coatings.
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Fig. 5.8. (a) Compression curve of residual implants after implantation for different period;
Calcium and zinc ions concentration in the blood and urine of rabbits after implantation for
8, 12,18, 24 weeks: (b) substrate; (c) with composite coating.

Fig. 5.9. The radiograph of rabbit bone after implantation for different time: (a) substrate, 1
week; (b) substrate, 8 weeks; (c) coated, 1 week; (d) coated, 8 weeks; (e) coated, 12 weeks.

In Fig.5.10(a), the sample was surrounded by spongy bone and the red circle showed the
initial outline of substrate sample. On the surface of substrate, serious pitting was observed.
The EDS showed us the distribution of element Ca, P, Mg. The element Ca, P could
approximately indicate the existence of bone adhered to the substrate, while the Mg could
explain the dissolution and degradation of magnesium. The concentration of calcium and
phosphate in the spongy bone was close to that of mature bone, but the concentration of
magnesium in pitting sites (pointed by red arrows) was higher than that in bone tissue and
lower than that in implant. It was seen that magnesium ions were released from the sample
and aggregated around the sample, and excess magnesium ions caused inflammation
observed in 8th week. In Fig.5.10(b) the sample didn't degrade rapidly, which was accordant
to the previous analysis. The distribution of magnesium was uniform, and no aggregation of
magnesium ions was observed in local areas. It indicated that the composite coating
improved the corrosion resistance of the sample, and the release rate of magnesium ions
was lower than absorbing and exporting rate. The EDS result showed the similar



148 Magnesium Alloys - Corrosion and Surface Treatments

concentration of calcium and magnesium, which indicated the formation of new bone, and
good compatibility and bone-inducing ability of composite coatings (Crane N.,2006)

Fig. 5.10. The SEM and EDS results of samples: (a) substrate; (b) coated alloy.

6. Conclusion

A wide range of techniques were taken into account to develop novel Mg alloys based
materials for implants. The degradation of Mg-based materials, including existing off-the-
shelf alloy, newly developed alloy and surface treated alloy, in SBF and physiological
environment have been investigated systemically. The corrosion resistant variations and
non-toxicity of related Mg-based materials have been thoroughly evaluated. The alloy with
different microstructures and surface coatings with various morphologies determines the
electrochemical performance in terms of corrosion potential and corrosion current density.
Fig.6.1 summarized the historical progress of the corrosion performance of alloys involved
in the chapter. It is clear that the substrate alloys play important roles in the corrosion
performance of the samples. Although the newly developed alloys possessed low corrosion
potential, a comparable Ecorr value can be obtained by the composite coating techniques. In
the Fig.6.1, the improvement in the corrosion potential of Mg-Zn-Ca and Mg-Zn-Y-Nd by
composite coating was in a wider range than that by single coating and alloy processing
techniques. By composite coating, Icorr decreased to the magnitude of 10-5 or 10. At the
same time, the implanted alloy can keep acceptable mechanical integrity in the healing (or
virtual) period. All these results indicate a promising prospect of Mg-based materials for
implant application.

To develop a novel alloy for clinical application, a more systematic approach is needed. The
developed alloys based on the physiological toxicity consideration had more negative
corrosion potential and higher corrosion current density than the existing alloys (Fig.6.1).
And the traditional approaches by adding rare earth elements and aluminum etc were not
recommended (F.Witter 2008). At the moment, the list of potential medical applications for
biodegradable Mg alloys seems still limited.
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Fig. 6.1. Progress in involved Mg-based materials for implants application.

The evident improvement in corrosion resistance has been obtained by HA coating in
different systems although the HA exhibited a typical porous surface. Further study about
the conjunction structures in detail is required to control their degradation behaviors
intentionally. The inherent micron/nano porous surface of HA coating makes it can be
endowed with the local drug delivery functions, which will enlarge the application fields of
biodegradable Mg-based materials. At the same time, it is suggested that other surface
modification techniques could be applied to improve the corrosion resistance of Mg alloys,
such as surface alloying, ion implantation and surface silidification.

There are numerous studies about Mg alloy corrosion. Corrosion behaviors of different
alloys in different environments were compared. Researchers also proposed some practical
designs to avoid serious corrosion, and summarized various effects of environmental and
metallurgical factors on the corrosion of magnesium alloys. All these results provide us
empirical information to design degradable materials for implants. However, there have
been very few mechanism studies and some fundamental questions are still not clear. If the
role of phases, microstructures and the coating with different morphology in the corrosion
process are well understood, we can design more elaborated corrosion resistance material
system and control the degradation rate in different environments.

It is likely that further research will improve the corrosion resistance of Mg-based implants,
and that low-priced, high performance magnesium alloys will be commercially available.
The long-term joint efforts from multidisciplinary researchers will be needed to make
significant advances for the benefit of patients.
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1. Introduction

A critical review pertaining to surface treatments on magnesium alloys was published in
2002 (Gray & Luan, 2002). Two years later, another review paper on the same subject was
published (Natarajan et al., 2004). According to the authors of both reviews, only complex
and multilayer coatings are able to produce optimum results in term of corrosion and wear
protection of magnesium alloys, and a great deal of research has to be done furthermore to
develop technically and economically viable coating systems.

One of the main challenges in the plating treatments of magnesium alloys is their
susceptibility to corrosion. A way to prevent corrosion is by providing a barrier between the
metal substrate and the environment. A coating has to be uniform, adherent, pore and crack
free, and self-healing in the applications where damage of the coating can occur. The high
reactivity of magnesium alloys causes the formation of a natural oxide when the metal is in
contact with air and water. A treatment process for cleaning and removal of these oxides,
that are unfavourable for coatings adhesion, is necessary before any electroplating and
electroless plating treatment.

The electrochemical and electroless depositions of coatings on magnesium alloys demand
significant technical requirements. In fact, magnesium is subjected to corrosion in acidic
aqueous environments and is only partly protected by an hydroxide layer that forms at pH
higher than 9-10. Moreover, the most widely used commercial alloys, i.e. AZ91D and AM60B,
contain alloying elements which form intermetallic phases (Fig. 1a). From an electrochemical
point of view those phases have different behavior when the alloy is immersed into a solution
for plating or chemical treatment. This means that the surface must be made equipotential by
modifying the metallurgical structure before the coating process or by a specific surface
pretreatment. Lunder reported that the corrosion potential of f-Mgi7Al;> phase in 5% NaCl
saturated with Mg(OH). is approximately -1.2 V vs. SCE, whereas the values for pure Mg and
AZ91 are -1.66 V and -1.62 V vs SCE, respectively (Lunder et al., 1989). The heterogeneous
structure of the alloys affects their corrosion resistance behavior and has a strong influence on
the behavior of the alloy in the aqueous treatments processes, such as electroless and
electrochemical depositions, and chemical conversions. A successful electroless or
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electrochemical deposition process depends greatly on metallurgical process of fabrication.
Casting defects, such as porosity, incomplete mold filling and flash, can make magnesium
alloys difficult to plate (Bellemare, 2010).

2. Electroless plating

2.1 Introduction

Electroless plating consists in the deposition of a coating from a solution of metallic salts
and reducing agents and, as consequence of the chemical and autocatalytic nature of the
process, uniform layers are deposited onto the substrates irrespective of their shape. Most
important electroless coatings are nickel based coatings (EN), which are used as protective
layers against wear and corrosion of the substrate. Electroless Ni-P coatings on magnesium
are usually preferred to the electrodeposited ones because of the corrosion resistance and
the uniformity of the coatings on complex shapes. The corrosion potential Ecorr of Ni-P alloys
becomes more noble with increasing phosphorus content. Recently, the treatment has been
performed successfully on wrought magnesium alloys such as AZ31B, AE42 and ZRE1
previously coated by a zinc layer. An improvement in corrosion resistance of the
magnesium alloys is achieved especially after heat treatment, typically at 400°C for 1 hour.
Xiang published a paper on the state of the surface after the pretreatment stages (alkaline
cleaning + chromate acid etch + fluoride activation) and a second paper on the initial
mechanism of EN plating on AZ91D alloy from carbonate bath (Xiang et al., 2001 and
2001b). Electroless nickel deposition nucleates preferentially on B-phase and according to
the authors the initial stage of deposition is due to a galvanic coupling between p-phase and
eutectic structure and primary a-phase. The electrons produced by the anodic dissolution of
magnesium from the a-phase are consumed by the cathodic deposition of nickel on B-phase.
The absence of phosphorus in the region of nucleation supports the galvanic displacement
mechanism, i.e. the initial deposition is not a process involving hypophosphite. They
showed also that different F/O ratios due to different pretreatments followed by direct EN
deposition result in different deposition rates, higher in the case of a lower F/O ratio.
Similar results on initial mechanism of EN nucleation on AZ91D alloy were reported by
Ambat using similar plating procedure (Fig. 1) (Ambat and Zhou, 2004).

Fig. 1. Initial stages of nickel growth on AZ91 alloy (after 1 min): a) secondary and (b)
topographic mode (Ambat & Zhou., 2004).
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2.2 Surface preparation

After surface cleaning in alkaline solutions followed by surface etching in solutions of
chromates and fluorides, or phosphates and fluorides, the magnesium alloys are generally
plated with a zinc layer, referred also as zinc transition layer, obtained by immersion in
alkaline zincate solutions. However, zinc transition layers obtained by immersion are too thin,
therefore a double-zincate treatment is performed (Kushner, 2009) or a compact film can be
produced by electroplating a second zinc layer on the single-zincate layer. With a double-
zincate process zinc layer has a better coverage of the magnesium surface as the crystal grains
are finer and adhesion is improved. Chen recently proposed a new galvanizing process that
eliminates the need to deposit a layer of copper, and it is based on the deposition of a zinc film
by immersion followed by the deposition of a layer of electroplated zinc (Chen et al., 2006).
The addition of FeCl; salts to the zincate bath helped to change the zinc crystal structure and
then the coverage and adhesion of the zinc layer (Fig. 2).

Ultrasonic cleaning in acetone |
¥ _ Zincelectroplating
— Bath (D
— SEIEENE — ZnaP,0; 21 g/l
\.f tzt'_ o t vel K4P30,-10H,0 260 g/l
Ve |ng.agen CaHyr 0N, 25g/1
Igmperature raum CS{NH,), 1-2¢/l
ks o0s Brightener 0.02-0.05 g/l
v “1 Bath 2'
ZnQ 0g/l
Fluoride activation “n " 10/ lf.
KipE 65 ¢/l NaOH 100 g/
e S Additives 1 mg/l
Ma,CO5 15 g/l
KF 7e/l Brightener
5.4+
Temperature 75°C pH 6.4_00.3
Time 120 s Temperature 82+2°C
Time 15 min
W
Zine deposition h 4
Zn50,4-7TH,0 50 g/l Electroless nickel plating
K,P,04-10H,0 150 g/l 20g/l
LiFy 3¢/l / 12 ml/l
Na,CO; 5/l CeHz0,-6H,0 5/l
pH 10.2-10.4 NH,HF, 10g/l
Temperature 65°C NH3-H,0 (25%) 30ml/l
Time 3Imin MaH,PO4-H,O 20 g/l
CS{NH4 ), 1 mg/l
pH 4
Time 60 min
Passivation Temperature 90°C
Croy 25g/l
KaCraOy 120 g/l
Temperature 90-100°C
Time 10 min

Fig. 2. Flowchart of the overall procedure for coating on the AZ91D magnesium alloy (Chen
et al., 2006).
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Before the electroless plating or the electrodeposition on magnesium alloys, a copper strike
layer, usually cyanide bath, is electrodeposited on zinc layer in order to provide a uniform
coverage. Yu studied the deposition (displacement + electrodepositon) of copper from a
pyrophosphate solution over a zinc transition layer deposited from pyrophosphate solution
(Yu et al., 2005).

In another study, a protective copper film on AZ31 magnesium alloy, without zinc
pretreatment, was proposed. The aqueous solution containing 0.4M NasP,O; + 0.08M
CuxP207 + 0.24M CuSO, + 0.05M NaF was used. A galvanic displacement reaction occurrs
between copper and magnesium, then copper film is formed on magnesium substrate. After
that, electroplating is carried out applying direct current and pulse current using the same
copper solution.

Yang proposed a procedure in which a copper layer is deposited onto AZ91D, by immersion
plating, before EN plating. The solution was optimized in term of temperature, pH and
fluoride content by searching the maximum coverage (Yang et al., 2005, 2005b, and 2006).
Ultrasonication was found effective in improving the copper immersion coating process,
particularly during extended deposition times, beyond the initial stages (Yang et al., 2005c).
Higher coverage of magnesium alloy surface (> 80%) by copper immersion coating were
also achieved by using an alkaline bath. The procedure proposed by Yang is schematically
represented in Fig. 3 (Yang et al., 2006).

Glass-bead treatment Acid etching
Time 10 s K4Po 05 100 g/1
Pressure 450 kPa >l Na,COy 30 g/l
Temperature 50°C
Time 10s
A4
Degreasing L4
Isopropanal Copper immersion plating
Time 6 min KqP20;7 100 g/1
Sonication Na;C03 30g/l
Cus04-5H,0 12.5¢/1
NaF 5g/l
¥ pH 10.3-10.6
Temperature 22°C
Alkaline degreasing Fitiia 15 min
MaOH 60 g/
MayP Oy 10g/1 —
Temperature 75°C e
Time 3 min Plating

Fig. 3. Flowchart of the procedure for copper immersion coating on the AZ91D magnesium
alloy (Yang et al., 2006).

2.2 Substrate morphology

The effect of the magnesium alloy AZ91 microstructure and roughness on the nucleation,
deposition rate, coating microstructure, and mechanical properties of the EN coatings was
recently investigated (Liu & Gao, 2006). Experimental results show that surface sandblasting
pre-treatment (R, = 0.05 pm) enhances the nucleation and coalescence of nickel crystallites.
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Authors concluded that the sandblasting reduces the negative effect of microstructural
heterogeneity of AZ91 alloy on EN plating, even though it increases the EN coating surface
roughness. Moreover, while coating adhesion increases with roughness, wear tests show
that the nickel coatings on roughened substrate have higher friction coefficients than those
of polished surfaces (R, = 0.05 pm).

2.3 Porosity

The nickel/magnesium system is a typical example of a “cathodic coating on an anodic
substrate”. Therefore, the nickel layer provides only a physical barrier against the corrosion
attack of magnesium substrate and, for this reason, it must be uniform, adherent and pore
free. The assessment of the porosity in a coating deposited onto a magnesium alloy is a
major issue in determining the quality of a protective layer. A study on the porosity in EN
on AZ91D alloy was recently published (Li et al., 2006). The coated samples are dipped in
corrodkote solution (5 ml HCl and 6 g NaCl in 100 ml H>O) for 5 min, than they are
immersed into an indicator solution for 3 min. The conclusion of the study is that
eriochrome black T indicator offers more readable color point on filter paper than using
magneson and sodium alizarin sulfonate indicators. The optimized solution composition for
EN deposition, in relation to porosity assessment, contains sodium hypophosphite and
nickel carbonate with a mass ratio equal to 1.75, 25 g/1 of fluorides, 1.5 mg/1 of thiourea,
and 20 g/1 of buffering chemicals (sodium acetate or sodium carbonate).

Zou described a way to seal the micropores of EN on magnesium by means of a post-
treatment with fluoropolymers. The hardness of the coating reached 600 HV, the coefficient
of friction of the coating was less than 0.15 suitable for to dry lubrication. The corrosion
resistance was also excellent to endure 5% neutral salt spray test for 500 hours (Zou et al.,
2005).

2.4 Alternatives to chromate and fluorides pre-treatment

The most difficult part of plating magnesium is the development of an appropriate pre-
treatment. There are currently two alternatives to treat magnesium alloys before plating:
zinc immersion and a treatment based on chromates etching and conversion with fluorides.
Organic coatings are a popular, simple and cost effective mode for protection for metallic
objects and structures. The use of an organo-silicon coating as primer has been studied by
Zhao et al. as alternative to chromates and fluorides in the pre-treatment of the surface.
They proposed a method for protecting AZ31 magnesium alloy using an organic layer as
primer and an electroless silver layer (Zhao et al., 2007). In an another investigation an
electroless copper film was deposited on AZ31 magnesium alloy using organic coatings as
interlayer (Fig.5) (Zhao et al., 2008b). The surface of the organic interlayer must be sensitized
and activated before electroless deposition. Fig.5 shows the surface and cross-section
morphology of the coating. The organic interlayer is uniform and compact and with
thickness of about 60 pm. The thickness of the metallic layer is about 7 pm and contains
copper (99.5 wt%) and phosphorus (0.5 wt%). Electrochemical measurements in 3.5% NaCl
showed that the corrosion potentials (Ecorr vs SCE) of the AZ31 alloy and copper coated
samples are -1569 mV and -1368 mV, respectively.

Electroless nickel-phosphorus layers were also deposited on AZ31 alloy coated with an
organic interlayer of about 50 pm (Zhao et al., 2007b, 2008, and 2010). In a study the
activation of the organic layer was carried out by means of palladium salts. The Ni-P
coating (4 um after 60 min of deposition) was found to contain 12.3% phosphorus.
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Electrochemical measurements in 3.5% NaCl showed that the corrosion potentials (Ecorr Vs
SCE) of the AZ31 alloy and copper coated samples are -1569 mV and -1316 mV, respectively
(Zhao et al., 2007Db).

Pre-cleaning

HNG, 30 ml/l
Temperature room
Time 90 = T
Water rinse and dry Surface activation
AgNO; 2g/l
.| NaoH 10 g/l
" 7| Temperature 30°C
Time 10 min
Organic interlayer deposition Whiterrhss
8604 organosilicon heat-resisting varnish
Drying 180°C, 1 h
y
L4 Electroless copper
Surface roughening CusSOy4-5H,0 6g/l
NaOH 600 g/l NaH,PO,-H,0 15¢/1
Temperature 50°C Na3(C6HS07 28 g/l
Time 30 min NiS0,-6H,0 0.5g/l
Water rinse H3BO; 30g/1
Stabilizer 0.2 mg/l
pH 9.2
Temperature 65°C
A
Time 90 min
Surface sensitization
HCl 20mlft Water rinse and dry
sncl, 10 g/l
Temperature 30°C
Time 8 min

Fig. 4. Flowchart of the organic coating and electroless Cu deposition on the AZ31
magnesium alloy (Zhao et al., 2008). In Zhao et al., 2008b AgNOs was reported 12 g/1.

Vo s £

Fig. 5. Surface (a,b) and cross-section morphology (c) of electroless copper (90 min)
deposited on AZ31D alloy with an organic interlayer (Zhao et al. 2008).



Electroless and Electrochemical Deposition

of Metallic Coatings on Magnesium Alloys Critical Literature Review

159

NiS04-6H,0
Na,H,PO4-H,0
NazP,07-10H,0
NH,H,0 (38%)
Surfactant
Stabilizer

pH
Temperature

Electroless Ni-P plating

16 g/l
16 g/
60 g/
gml/l
20 mg/l
1 mg/l
9.5
50°C

Fig. 6. Electroless Ni-P bath composition and operating conditions (Zhao et al., 2007).

Yang presented the results of a research on EN deposition (8 um, 4.74% phosphorous) and

molybdate conversion film pre-treatment on Mg-8Li alloy (Yang et al., 2009). (Fig.7)

Ultrasonic cleaning in acetone

Fig. 7. Flowchart of the molybdate coating and electroless Ni deposition on the Mg-8Li

magnesium alloy (Yang et al., 2009).

Electroless nickel
Ni{CH;C00),-8H,0

20 g/l
35 g/l
15 g/l
10 g/1
1 mg/l
5.5-6.5

8045°C

40 min

Y NaH,PO,-H,0
Alkaline eleaning NH,;HF,
MNaOH 50 g,f:| 3| c.H,0,-H,0
Na3PO4'12H2(_) 10 g_,a"| CSINH4 ),
Temperature 60°C pH
Time 10-20 min Temperature
Time
h
Molybdate pre-treatment
NaghMo00,4:2H,0 208/l
pH 5.6
Temperature room
Time 3min

ECOI‘I‘ iCOI‘I‘
(mV vs SCE) [ (A cm??)
Mg-8Li substrate -1594 1.046 x10-3
Molybdate pre-treatment -1466 1.213 x10+4
Ni-P (8 pm) -1083 2.247 x105

Table 1. Electrochemical parameters of magnesium substrate, with molybdate pre-treatment

and Ni-P coating (in 3.5% NaCl) (Yang et al., 2009).

A phosphate-manganese conversion film was proposed as pre-treatment layer on AZ91D
magnesium alloy before EN plating from sulphate bath (Zhang et al., 2007)(Fig. 8). After the
pre-treatment, a phase on the substrate was eroded and p phase (Mgi7Al12) was exposed on

the surface.

According to the authors, both the precipitation of phosphate and manganese and the
increase of the volume fraction of p phase may improve the corrosion resistance of the

substrate (Table 2).
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Grinding 2000 SiC sandpaper Pretreatment
Mn{HaP O}y 0.5/l
H;PO, (85% v/v) 15 ml
W il CoH, 0, 20 ml
- . . -

Alkaline cleaning CH3("_!2UH _ 50ml

—— 45 g/l HNO, (80% v/v) 5ml
Na,P0,4-12H,0 10g/l Time 2 min
Temperature 65°C Temperature Foom

Time 15 min l

Electroless plating
(Ni-P, Ni-W-P, Ni-Sn-P, ...)

Fig. 8. Flowchart of the manganese-phosphate pretreatment and electroless plating on
magnesium alloys (Zhang et al., 2007).

Ecorr icorr
(mV vs Ag/AgCl) | (LA cm?2)
AZ91D -1502 411.8
Phosphate - manganese pre-treatment -1442 48.91
Ni-P (~20 pm, 5.6% P) -599 15.98

Table 2. Electrochemical parameters of magnesium substrate, with phosphate-manganese
pre-treatment and Ni-P coating (in 3% NaCl) (Zhang et al., 2007).

A zinc phosphating treatment before EN was proposed by some researchers (Lian et al.,
2006). The composition of the phosphating solution is reported in Fig.9. The results show
that metal zinc in the conversion coating acts as catalyst for nickel deposition. The addition
of Na;MoOy in the phosphating bath resulted in the increase of zinc content in the coating.
Denser Ni-P coating were obtained on AZ91D alloy pretreated with a phosphating bath
containing 2.0-2.5 g/1 Na,MoOj. Salt spray tests showed that the Ni-P coating can withstand
for 150 h without corrosion (Lian et al., 2006).

Phosphating solution
Phosphoric acid 17.5g/1
Zinc oxide 3.2g/l
Sodium flueride 1.7 g/l
Nitroguanidine 0.2g/
Tartaric acid 2.2 g/l
Sodium nitrate 2.5g/l
Sodium molybdate 0-2.5g/l
pH 2.1-33
Temperature 45°C
Time 2-3min

Fig. 9. Composition and operating conditions of the phosphate solution for AZ91D
pretreatment before electroless Ni-P deposition (Lian et al., 2006).

Some authors proposed a double layer coating on magnesium alloys composed by a bottom
layer obtained by anodic oxidation and an electroless metallic layer. Liu showed that the
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presence of an anodic oxide on the AZ91 substrate provides high density of nucleation sites
for nickel plating, resulting in the reduction of porosity of the metallic layer and providing
better adhesion strength (Liu & Gao, 2006).

Zeng proposed the plasma electrolytic oxidation in silicate bath followed by electroless Ni-P
deposition. The porous inner layer, mainly consisting of MgO and MgSiOs, was activated in
a solution of palladium salt. The electrochemical tests showed that the breakdown potential
Epq increased by 1.395 V, i.e. the pitting corrosion resistance was improved greatly in
comparison with bare AZ91D alloy (Zeng et al., 2010)(Fig. 10).

Fig. 10. Surface (left) and cross section (right) morphologies of a double layer coating PEO +
EN (Zeng et al., 2008).

An EN plating process was established on the anodized (Dow process) AZ91D alloy that
uses TiB, powders as catalyst instead of palladium (Sun et al., 2008). The catalytic powder of
TiB, was mixed with the epoxy resin and curing agent to form a dilute solution with solvent
addition. The weight ratio of TiB; with organic adhesive was 1.5:1. The anodized specimens
were dipped in the solution for a certain time and then lift out to form a thin film on the
surface. The specimens were finally cured at 70°C for 30 min. The thickness of catalytic layer
film was about 10-15 um. The deposition rate (10 pm/h) of the new process was close to
that of the traditional process but somewhat lower than that of Pd-activation process on
PEO film (Fig. 11).

Fig. 11. Surface morphology of the catalytic TiB. layer before EN plating at two
magnifications (Sun et al., 2008).
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Jiang fabricated a composite coating on AZ91 by combining a PEO treatment and electroless
copper plating passivated with benzotriazole (Jiang et al., 2010). In the paper the operating
conditions are not specified, and it is shown that the composite coating has a positive
corrosion potential shift in 5% NaCl solution of 300 mV, and no corrosion pits are visible
after 168h of neutral salt spray test. The electroless copper layer adheres to the PEO oxide by
mechanical interlocking of the metal in the oxide pores.

2.5 Ternary electroless coatings

The traditional nickel-plating baths are acidic with sulphate being the main salt. However,
magnesium is readily corroded in acid solutions. For this reason Zhang investigated an
alkaline bath for the deposition of Ni-W-P coatings. (Zhang et al., 2007b).

After grinding with 2000 SiC paper, the magnesium substrate was cleaned in 10% sodium
hydroxide solution for 15 min to remove soils or greases on the surface and thoroughly
rinsed with water to remove alkaline compounds. Then, the magnesium alloy sample was
treated for 2 min in a bath where H3PO, and Mn(H>POy); are the main ingredients to obtain
a conversion film. The bath composition and operation parameters for the electroless Ni-W-
P deposition are listed in Fig. 12.

Electroless Ni-W-P plating
NiSO,-6H,0 15 g/l
Mag, WO, 10g/1
NagH,PO,-H,0 20¢/l
MazCOy 20 g/
MNazCeH: 07 2H,0 40 g/l
NH HF, gg/l
CS{NH4 )4 1 mg/l
pH 9
Temperature 80+2°C

Fig. 12. Electroless Ni-W-P bath composition and operating conditions (Zhang et al., 2007b).

— i

Fig. 13. Surface (a) and cross-section morphology (b) of the electroless Ni-W-P coating
(Zhang et al., 2007).
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Codeposition of the tungsten resulted in ternary Ni-W-P coating with phosphorus content
of 49 wt.% and tungsten content of 4.5 wt.%. The hardness of the as-deposited Ni-W-P
coating is about 660 VHN, which is higher than that of the as-deposited Ni-P coating with
similar phosphorus (5.6 wt.%) content on magnesium alloy (approximately 580 HV) and far
higher than that of the AZ91D magnesium alloy substrate (about 100 HV).

The porosity test, acid immersion test and electrochemical measurements (Table 3) reveal
that the presence of tungsten and the dense and pore-free microstructure make the coating
suitable for corrosion resistance applications. The same researchers published a paper on
electroless ternary Ni-Sn-P (Zhang et al., 2008).

Electroless Ni-Sn-P plating
NiSO,-6H,0 15 g/l
MNa;5nQ3-3H,0 4g/l
MagH,PO4-H, 0 20 g/l
Na,CoHg O, 2H,0 80 g/l
MHHF, 15 g/l
CS(NH, ), Lmg/l
pH 940.2
Temperature 90+2°C

Fig. 14. Electroless Ni-Sn-P bath composition and operating conditions (Zhang et al., 2008).

The ternary Ni-Sn-P coating grow at a rate of 6 um/h, with phosphorus content of 8.51
wt.% and tin content of 2.48 wt.%. The hardness of the as-deposited Ni-Sn-P coating is
about 670 HV. Due to the presence of tin in Ni-P, the porosity is low and the coating is
compact.

Ecorr fcorr
(mV vs Ag/AgCl) | (LA cm?2)
AZ91D substrate -1502 411.8
Ni-W-P (24 pm, 4.5% W, 4.9% P) -701 7.809
Ni-Sn-P (25 pm, 2.48% Sn, 8.51% P) -645 5.29
Ni-P (28 pm, 4.9% P) -781 17.79

Table 3. Electrochemical parameters of magnesium substrate, with Ni-W-P, Ni-Sn-P and Ni-
P coating (in 3% NaCl) (Zhang et al., 2007 and 2008).

2.6 Composites

Codeposition of ceramic, polymer, metal or other particles dispersed within a metal matrix
can provide an increase of the properties such as wear and corrosion resistance, hardness,
and self-lubricating behaviour.

Song investigated the corrosion properties of an electroless coating Ni-P-ZrO,. The corrosion
resistance of this coating has been demonstrated higher than that of Ni-P because of the effect
of zirconia (diameter 20 nm). The greater corrosion resistance is due to a moderate anodic
dissolution of Ni-P-ZrO, owing to the reduction of the active surface due to the presence of the
inert ZrO, nanoparticles (Song et al., 2007). According to the authors Ni-P-ZrO, coatings are
better in term of corrosion resistance in respect to Ni-P coatings, but in strong corrosive
environment, the single Ni-P-ZrO, coatings cannot provide enough protection to the
magnesium alloys substrate, therefore multilayer coatings have been proposed.
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Electroless deposition of Ni-P-B4C composite coating has been performed onto AZ91 alloy,
and the micro hardness was higher than that of Ni-P of the same thickness (50 um), but the
presence of B4C particles (diameter 1.5 pm) reduced the corrosion resistance. The cause is
attributed to the presence of micro-cracks in the composite coatings. The pin-on-disc test
showed that Ni-P-B4C coating had better wear resistance that Ni-P coating (Araghi and
Paydar, 2010)(Fig. 15).

| Grinding 4000 SiC sandpaper Fluoride activation
N GRCLERTY 350 ml
| Temperature room
¥ Time 10s
Alkaline cleaning
MNaCOH 45 g/ W
Na3POy:12H,U J:t’log_” Electroless Ni-P plating
Temperature 60°C NiSO,6H,0 15g/l
NagHaP Oy -Hy 0 1ag/
MaCyH;0, 13 g/l
HF {40% v/v) 12ml/l
¥ NH,HF, 8g/l
Acid pickling CS{NHa )2 1 mg/l
Cro; 125 g/l B4C ag/
HMNO 5 (70% w/v) 100 ml pH 9402
Temperature reom Temperature 82+2°C
Time 2 minmax Time 3h
{ca. S50 pm)

Fig. 15. Composition and operating conditions of the electroless Ni-P-B4C composite coating
on AZ91D magnesium alloy (Araghi and Paydar, 2010).

Ecorr icorr HVSOg,lSs
(mV vs Ag/AgCl) | (LA cm?2) (MPa)
AZ91D substrate -1636 350 100
Ni-P (50 pm) -808 7 700
Ni-P-B4C (50 pm) -1031 84 1200

Table 4. Electrochemical parameters of magnesium substrate, with Ni-P coating or Ni-P-B4sC
coating (in 3% NaCl). Last column lists the microhardness values in MPa (Araghi and
Paydar, 2010).

Fig. 16 shows the weight loss as a function of distance for both substrate alloy AZ91D and 50
pm-thickness Ni-P-B4C composite coating obtained from a a pin-on-disc test (load 10 N,
disk rotation speed 0.06 m s-1, distance 500 m).

A recent paper is about a composite coating on AZ91D alloy with electroless nickel coating
as bottom layer and electrodeposited Ni-TiO, as top layer. The mean nominal diameter of
TiO, particles was 10 nm and the TiO, content in the composite coatings amounted to
2.2+0.2 wt.% (Zhang et al., 2010)(Fig. 17).

The double layer structure improves corrosion resistance and mechanical protection of the
AZ91D alloy compared with single electroless nickel coating (Table 5).
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Fig. 16. Weight loss as a function of distance for both substrate and 50 pm thickness Ni-P-
B4C composite coating obtained from pin-on-disc test (Araghi and Paydar, 2010).

Ni-TiO,
composite coating

Ni electroless
coating

AZ91D Mg
substrate

e

[ I
$-4800 30 .8mm x10.0k SE(M) 5 11 S-4800 20 7mm x2.00k SE(M) um

Fig. 17. Surface and cross section morphology of EN and electrodeposited Ni-TiO, coatings
(Zhang et al., 2010).

OoCP Ecorr icorr | Corrosion rate] |/,
(mV vs SCE)|(mV vs SCE)|(RA cm?)|  (mm y7) 1008155
AZ91D substrate -1585 -1491 10.80 0.11 78
Electroless nickel coating -514 -464 0.96 0.01 145
Ni-TiO, composite coating -251 -325 0.44 5.18e-3 445

Table 5. Electrochemical parameters of magnesium substrate, with EN coating and double
layer EN + EDP Ni-TiO; coating (in 3.5% NaCl). Last column lists the microhardness values.

Electroless nickel deposited onto magnesium alloys increases the corrosion resistance and
also the wear resistance. In addition, micro and nanoparticles can be codeposited into the
electroless nickel matrix in order to improve hardness and friction coefficient. Table 6 shows
the wear rate (Taber Wear Index, TWI) of some substrates and coatings.

Ishihara evaluated the corrosion fatigue resistance of AZ31 alloy plated with EN (24 um, 8%
P), polished and glass bead-blasted (Ishihara et al., 2008). In laboratory air, the effect of
surface treatments on the fatigue lives of specimens was found to be minimal. However, in
3% NaCl solution, the EN-plated specimens were found to have shorter fatigue lives than
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I Grinding 2000 Sic sandpaper | Electroless nickel plating
NiCO ;- 2Ni{OH),4H,0 10 g/l
b NaH,PO,-H,0 20 /I
0 a/f
I Ultrasenic cleaning in acetone {10 min) | J E:h:f:szo ;;ﬁl
7| NH;H,0 30 ml/l
h CS{MH, ), 1 mg/l
Alkaline eleaning pH 6.1+0.2
NaOH 10g/l Time 50 min
NayCO;4 15 g/l Temperature 65°C
C1aHpcNas0, 0.5 g/l
Temperature 65°C v
e SHHn Ni-TiO; electroplating
Ni5S04-TH,0 300 /1
| Nacl 60 g/l
Pretreament H.3803 . 2 %’”
pdcl 0.5 e/lin -I:|Oz fanatase) 8g/l .
2 & CaaHasNasS0, 0.1 g/l
EtOH
. i pH 5
Time %10 Temperature 50°C
Time 30 min
Current density 2 Afdm?

Fig. 18. Composition and operating conditions of the electroless Ni coating and Ni-TiO»
composite coating on AZ91D magnesium alloy (Zhang et al., 2010).

TWI
(mg/1000 cycles)
AZ91D 49.98
Al 356 13.77
Electroless nickel 13.95
Hard chrome 0.9

Table 6. Wear data of some substrates and coatings (Shahin, 2001).

those of the polished and blasted specimens. Their electroless Ni-P coatings were
characterized by compressive stresses, but the experimental data indicate that those are not
sufficient to increase the fatigue life of EN. According to the authors, aggressive components
infiltrate from the deposition solution through the pores of the Ni-P coating arriving to the
interface between substrate and coating, and leading to pits formation. A crack initiates at
the bottom of the pit and leads to the failure of the sample (Fig. 19).

A similar study was recently carried out by Ishihara on corrosion fatigue resistance of AZ31
alloy electroplated with a 20 pm thick multilayer coating of copper, semi gloss nickel, gloss
nickel and chromium top layer. The crack initiation and the propagation behavior of both
coated and uncoated specimens were also investigated to estimate the effect of the
multilayer coating.

Experimental observations lead to conclude that two kinds of crack initiation mechanism
occur. The cracks initiated from depressions on the surface or from depressions at the
interface between the substrate and copper layer. The authors conclude that the fatigue life
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of Ni plated specimens could be improved by eliminating surface and interface depressions
produced during the electrodeposition, which are sites of stresses concentration and
therefore responsible for cracks formation (Fig. 20).

EP Ni-P coatings are hardened by thermal treatment at high temperature to transform the
crystal structure from amorphous to crystalline. As a consequence of the treatment, cracks
form in the coating thus exposing the magnesium alloy substrate to corrosion.

Ni plating

Mg alloy Corrosion pit

Fig. 19. Cross section of the electroless Ni plated specimen, tested and interrupted during
fatigue in sodium chloride solution (Ishihara et al., 2008).

Load

100 um
Processing tracks

Fig. 20. Optical micrograph of the plated surface (Cu, Ni semi-gloss, Ni gloss, Cr; 20 pm).
(Ishihara et al., 2010).

3. Electroplating

3.1 Introduction

Among surface treatments of magnesium, metal electrodeposition is considered as one of
the most effective ways to produce corrosion and wear resistant coatings. Magnesium is a
very reactive metal and electroplated metal coatings, such as copper, nickel, zinc and
chromium act as physical barrier to prevent corrosion attack of the substrate. Magnesium is
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classified as a difficult to plate metal due to the extreme corrosion attack on magnesium
substrates by aqueous electrolyte, high reactivity that quickly forms poor immersion layers
on the surface by galvanic displacement. Because of these layers, the subsequent
electrochemical deposition is inhibited and it's equally hindered by the rapid formation of
magnesium oxide/hydroxide films.

Process Solution compositions Operating conditions

(1) Alkaline cleaning

NaCH 50 g/l 60+5°C
NazPO,-12H,0 1og/l 10-15 min
OP emulgator 3Iml/l

{2) Acid pickling &

Cro, 125 g/l Troom
HMNO 3 (68%) 110 ml/l 30 s-1 min
(2) Acid pickling B

HsP Oy (85%) 605 ml/l Troom
HNO; (68%) 30 ml/l 40 =

{2) Pickling activation C

MasPC4-12H,0 100 g/l Troom

HiP Oy 30 g/l 1-9 min
KMnO, 20g/ pH45
Additives

(3) Activation A

HF (40% v/v) 385 ml/l 20°C
10 min

{3} Activation B

K,P40;-3H,0 76 g/l 75°C

MNa,CO; 15 g/l 2min

KF-2H,0 7 ¢/l

{4 Zinc immersion

ZnS04-TH,0 50 g/l 65°C
K,P405°3H,0 175 g/l 70 s for AZ91D
Na,CO; 5g/l 150 s for AMGOB
KF-2H,0 10g/

Fig. 21. Pretreatment solutions and operating conditions (Lei et al., 2010).

Electroplated coatings are generally comprised of a sequence of layers. There is no a single
galvanic layer that protects the magnesium alloy but a sequence of layers. Cibis (Cibis et al.,
2010) observed in pilot plant tests that corrosion resistance in the salt spray chamber of
AZ91D and AM Lite alloys improves significantly by making a vibro finish pre-treatment
before the deposition of a nickel layer from sulphamate bath in place of the deposition of
copper (cyanide and then acid). This is important if pores and cracks are present in the
magnesium alloys and become exposed or enhanced as a consequence of the chemical
surface preparation. The operation of vibratory finishing allows to "close" the cracks and
defects, thereby facilitating the adhesion of galvanic coatings.
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The authors of a recent paper consider electrodeposition on magnesium alloys more
advantageous compared with electroless nickel plating, in term of lower production cost,
higher coatings thickness, lower porosity, better corrosion resistance and higher production
efficiency (Lei et al., 2010). Pretreatment and pre-plating stages are critical for a protective
coating system and in their paper they describe three pre-plating processes, i.e. Ni-P alloy,
Ni and Cu as interlayers on industrial components (AZ91D engine shell and AM60B wheel
hub) of magnesium alloys using different pretreatments before electrodeposition of
Cu/Ni/Cr coatings from cyanide free solutions.

Before any pre-plating stage, the following process sequence was used: alkaline cleaning,
pickling, activation and zinc immersion. Fig. 21 shows the solutions composition and the
operating conditions for the above mentioned pretreatment processes.

Process Solution compasitions Operating conditions

{1} Electroless nickel-phosphorus

NiSO,-6H,0 20 g/l 70°C

HF {40%) 12 ml/l pHE5.5. - 7.0
MH,HF, 10/l

Na;H,PO5H,0 20 g/l

NH;H, 0 (25%) 30 ml/l

C5(NH, ), Lmg/

Ligands({3)

{2} Nickel plating

NiSO4-6H,0 110-130 g/1 45.55°C,

F 1.0-1.5 mol/l 2.0-3.5 A/dm? (pref. 3.0}

Buffer agent Time 15-20 min {pref. 20}
pH4.8-5.4

{3) Copper plating

Cu,P,05 60 g/l 45°C
K4P305:3H,0 300 g/ 0.8-2 A/dm? {pref. 1.5}
{NH413CeHe Oy 25 g/l Time 20 min

Fig. 22. Compositions and operating conditions of electroless nickel-phosphorus, nickel
electroplating and copper electroplating solutions (Lei et al., 2010).

Among the different possibilities to pretreat the magnesium alloys before electroless Ni-P
deposition, the authors suggest the following sequence: alkaline cleaning, acid pickling A,
activation A, electroless nickel plating (Fig. 22). Electrodeposited nickel can be used as
intermediate layer instead of EN. The pretreatment before Ni electrodeposition consists of:
alkaline cleaning, acid pickling B, activation B, zinc immersion, Ni electrodeposition (Fig.
22). A third pleplating procedure was proposed by the authors: alkaline cleaning, acid
pickling activation C, zinc immersion, Cu electrodeposition from pyrophosphate solution
(Fig. 22).

Because of the good adhesion and enhanced corrosion resistance, these coatings play a role
of improved protection for these substrates.
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Electroless Ni-P for both even and complex shapes, electrodeposited nickel and
electrodeposited copper are suitable interlayers between the magnesium substrate and
Cu/Ni/Cr composite multilayers, as they provide good adhesion and corrosion resistance
(see Table 7 for corrosion potentials in 3.5% NaCl solution).

Ecorr

(mV vs SCE)
AZ91D -1510
AM60B -1530
Electroless Ni-P -682
Electroplated Ni -832
Electroplated Cu +63.2

Table 7. Electrochemical parameters of magnesium substrates, with different pre-plating
layers in 3.5% NaCl (Lei et al., 2010).

3.2 Dual coatings

Gu (Gu et al,, 2005 and 2006) proposed a combination of a nickel electroless intermediate
layer plus an electrodeposited layer of nanocrystalline nickel to obtain high corrosion
resistance with good wear resistance on magnesium AZ91D (Fig.23).

To date only zinc and nickel have been directly plated onto magnesium and have been used
as intermediate layer before the subsequent metal deposition. Cu-Ni-Cr plating is useful for
many applications in indoor and in mild outdoor. The pretreatments currently used for
magnesium alloys are zinc immersion and electroless nickel plating from a fluoride
containing bath. A zinc layer by galvanic displacement is usually deposited onto
magnesium alloys before a strike of copper from cyanide bath and multilayer
electrodeposited coatings, typically Cu-Ni-Cr. In the papers and patents about this process,
it is stressed that magnesium alloys with an aluminium content greater than 6-7% are
difficult to treat and the deposit is not satisfactory. Nickel electroless plating has been
proposed instead of zinc immersion treatment for AZ91 alloy. It was found that electroless
nickel coating shows a good adherence on AZ91D magnesium alloy after pre-treatment and
excellent properties including corrosion resistance and conductivity, therefore it's an
excellent interlayer for electrodeposition (Jia et al., 2007).

Recently, a galvanostatic etching followed by copper electrodeposition from the same
alkaline bath has been proposed as a pretreatment of AZ31 alloy surface (Huang et al.,
2008). After a mechanical grinding of the surface, the alloy is anodically etched at
25 mA cm2 for 500 s in the bath used for copper electrodeposition, i.e. an alkaline solution of
copper sulfate. The layer of copper was deposited at constant plating charge of 24 C cm=2. As
shown in Fig. 24 the copper layer is quite uniform and the coverage of the alloy is complete.
The interface between the copper layer and the magnesium alloy is dense and pore-free, and
free of any oxide or hydroxide-rich interlayer.

Such pre-treatment was used as basis for depositing multilayer coatings on magnesium
alloys such as those shown in Fig. 25 (Huang et al., 2008, 2008b and 2010).

Zhu proposed a protective multilayer coating process on AZ91D alloy schematized in the
flowsheet in Fig. 26 (Zhu et al., 2006). In this process a final thermal treatment in air is
performed in order to improve the adhesion of the coating to the substrate. After thermal
treatment, tin diffused through the zinc layer and reached the magnesium alloy, where it
formed the compound Mg>Sn.
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Electroless Ni-P plating
Alkaline cleaning NiS04-6H,0 15¢/
NaOH 45g/l MagH,P Oy H,y0 tag/
Na3PO4-12H20 10 g,f’l N3C2H302 13 g/l
Temperature 65°C HF (40% w/v) 12mljl
>| NH,HF, 8 g/l
CS(NH, ), Lmg/l
pH 6.440.2
Temperature 82+2°C
Acid pickle Time 15 min
Crid 125g/1 {ca. 10 um)
HNC 5 (70% w/iv) 100 ml
Temperature room
Time 40 s \
Electroplating nanocrystalline Ni
MNiS0,6H,0 250-300 g/I
NiCl,-6H0 30-40 g/l
W H3BO; 30-35 g/
Fluoride activation NH,HF, 8g/l
HF (40% v/v) 350 ml CrH5NO3S Lmg/l
Temperature . Current density 3 A/dm?
Tiine 10s Time 30 min
{ca. 15 um)

Fig. 23. Flowchart of the electroless Ni and electroplated nanocrystalline Ni on the AZ91D
magnesium alloy (Gu et al., 2005 and 2006).

Fig. 24. SEM surface morphology of copper plated AZ31 alloy (left). Interface between the
AZ31 alloy and electrodeposited copper layer (right). (Huang et al., 2008).
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Fig. 25. Cross section morphologies of multilayer coatings on magnesium alloys. Left: Cul /
Cu2 / Nion AZ31 (Huang et al., 2008). Right: Cu / Cr in AZ91D (Huang et al., 2010).

Alkaline degreasing Zn electrodeposition
MNaCH ZnS0y 30/l
C10HasMNa0,5 —| Kk.P.0, 110g/l
NaCO; Current density 20mA/om?
Temperature 60-70°C
A 4 W
Zn immersion pre-treatment S electrodeposition
Zns04 30¢/l Nay50, 80 /!
K4P205 110 g/l NaOH g/
NaF Sgfl [~ Current density 10 mAfem?
NaCO, Se/l Temperature 70-80°C
Temperature 70-80°C
Time 15 min
h
Thermal treatment in air
Temperature 190+10°C
Time 12h

Fig. 26. Flowchart of the zinc and tin electroplating process on the AZ91D magnesium alloy
(Zhu et al., 2006).

The coating has a three layers structure, shown in Fig. 27. A bottom layer, compact and pore
free Sn and MgySn layer, formed by reaction of Mg and Sn; a middle layer, Zn and ZnO,
formed by electroplating; an upper, loose and porous Sn layer formed by electroplating. The
authors demonstrated that such three-layer structure provides better corrosion protection
for the AZ91D alloy in comparison to the as plated Zn-Sn alloy without thermal treatment.
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AZ91D Matrix

Fig. 27. Cross-section image of the Zn-Sn plated coating on AZ91D alloy after thermal
treatment at 190°C for 12 h (Zhu et al., 2006).

3.3 Alloys electrodeposition from aqueous solutions

The pulse plating of Zn-Ni coatings on AZ91 alloy was investigated by Jiang (Jiang et al.,
2003, 2005 and 2005b) for protecting the alloy from corrosion. The process is schematized in
Fig. 28. Zinc-nickel coatings have anticorrosion properties when the content of Ni is 12-14%
due to the presence of the intermetallic phase Zni>Nis. The pulse electrodeposition induces a
high rate of nucleation and the coating structure has a grain refined structure. The thickness
of Zn-Ni layers increases almost linearly along with the increase of both deposition time
and electric current density while there is no obvious relationship between the thickness of
Zn-Ni layers and the value of ton / tofr. The Ni content in Zn-Ni coating generally increases
with both electric frequency and electric current density and increases with ton / toss firstly
and then decreases. The maximum value of Ni content is about 18% when ton / toff is about
30%.The microhardness of Zn-Ni coatings also increases with the increase of processing
time, electric current density, electric frequency and mostly with the increase of ton / tost
(140 - 240 HV).

Fig. 29 shows a typical cross section and surface morphology of a coating composed by a
zinc layer of about 4 pm, a Zn-Cu layer of about 8 pm and a Zn-Ni layer of about 20 um.
Some microvoids can be observed at the interface between Zn-Cu and Zn-Ni layers.

More recently, a paper on Zn-Ni electroplating on AZ91D was published (Abdel Aal, 2008).
Prior the deposition of the Zn-Ni coating, AZ91D substrate was treated in Zn(II) containing
solution and than in a phosphate-permanganate solution to facilitate the adhesion of the Zn-
Ni external layer (Fig. 30).



174 Magnesium Alloys - Corrosion and Surface Treatments

Polishing Zn-Cu electrodeposition
380 gritalumina sand paper Zinc sulfate 20 g/l
\L “| Bluastone 30¢g/
Phosphate salt 200 g/1
Alkaline degreasing
W W
Chemical pickling Zn-Ni electrodeposition
Hydroflueric acid 200mlA nd 10 g/1
\L NaOH 150 g/l
NiSO,4-6H,0 15 g/l
Activation Triethanolamine 50 g/l
Sodium flueride 15¢/l Temperature 10-40°C
Sedium carbonate 30g/1 Time 300-1500 s
Frequency 500-4000 Hz
v - 10-50 %
Zn immersion Current density 0.04-0.10 Afem?
Zinec sulfate 15 g/l -
Phosphate salt 100 g/l

Fig. 28. Flowchart of the Zn-Ni electroplating process on the AZ91D magnesium alloy (Jiang
et al., 2005b).
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Fig. 29. Optical cross section (left) and SEM surface morphology (right) of a Zn / Zn-Cu /Zn
-Ni coating (Zn-Ni: 600 s, 1 kHz, ton/ tos 10%, 0.04 A/cm?). (Jiang et al., 2005b).
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Polishing
380 grit alumina sand paper
)
Alkaline degreasing
Na,C05 20 g/l
MasP0,-12H,0 25¢/l
Temperature 65+5°C
Time 2-3 min
b4
Chemical pickling
H.PO, 75%
Temperature room
Time 6ls
h
Activation
HF 46%
Temperature room
Time 30s

Fig. 30. Flowchart of the Zn-Ni electroplating process on the AZ91D magnesium alloy

(Abdel Aal, 2008).

Fig. 31 displays the surface morphology of the coating obtained at a current density of 3
A/dm2. When the Zn-Ni coating is exposed to corrosive environments, zinc dissolves
preferentially leaving an external layer enriched with nickel, that acts as a barrier to further
attack. The higher corrosion resistance is obtained for the alloy containing 13 wt.% Ni, and
this could be explained by the lower porosity of the coating and its single y-phase structure
and hence the absence of local microgalvanic cells between different phases.

Fig. 31. SEM images of AZ91D Mg alloy coated with Zn-Ni at current density 3 A/dma2.

Sekv XS5.6868

(Abdel Aal, 2008).

Zn immersion
Sodium hydroxide
Zinc oxide
Ferric chloride
Potassium sodium tartrate
Time

525 g/l
100 g/1
10g/1
1g/l
60 s

\

Conversion coating

KM nCy
K HPOy,
H3POy
Time

20 g/l
150 g/1

for pH 3-6

1-14 min

v

Zn-Ni electrodeposition

Zinc oxide
Sodium hydroxide
Nickel sulfate
Triethanolamine
pH

Time

Current density

10 g/

150 g/1
5.25 g/l
50 g/
=12

30 min
1-3 A/dm?

Skrm OB00006
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Ecorr icorr
(mV vs Ag/AgCl) | (A cm?)
Substrate AZ91D -1685 5.6 x10-4
Phosphate - permanganate -1635 5.1 x10°
Zn-13% Ni -1515 5.8 x105

Table 8. Electrochemical parameters of magnesium substrate, with phosphate-permanganate
and Zn-Ni coating (in 3.5% NaCl) (Abdel Aal, 2008).

3.4 Non-aqueous electroplating

Magnesium alloys are sensitive to aqueous environment and thus non-aqueous processes
have been proposed for metal plating on magnesium alloys. The electrodeposition of zinc
onto magnesium alloys from two types of ionic liquid, stable in air and in the presence of
water, was recently proposed (Bakkar and Neubert, 2007). One type of ionic liquid is
obtained by mixing (ratio 1:2) choline chloride (ChCl), as amine salt (HOC,Hs;N(CHz3)3*Cl),
with a hydrogen bond donor such as urea (NH>CONH)>), ethylene glycol (HOCH>CH,OH),
malonic acid (HOOCCH>COOH), or glycerol (HOCH,CH(OH)CH,OH). The other type is
formed by mixing ChCl with a metal halide. The water content in the ionic liquid was in the
range 3.5-7.2%. The electrodeposition solutions were prepared by dissolving 0.5 M of ZnCl,
in the ionic liquid at 90°C. The magnesium substrates used for electrodeposition were: cp
Mg, AZ31, AZ61, AZ91, AS41, AE42, WE43-T6, QE22, MgGd5Scl and MgY4Scl.

The electrochemical tests showed that magnesium has the best corrosion resistance behavior
in ChCl/urea 1:2 and therefore ionic liquids were suggested to test the possibility of
electroplating magnesium alloys. Successful electrodeposition of metallic zinc layers onto
Mg-RE alloys free of Al was obtained while the other ionic liquids produced either powdery
deposits or corrosion of the substrate. Pulsed current produced uniform, shiny and dense
deposits free of defects (Fig. 32). Potentiodynamic polarisation tests in 0.1M NaCl showed
that the zinc deposited by pulsed current densities exhibits a corrosion behaviour similar to
that of pure zinc (Table 9).

=7

Fig. 32. SEM surface (left) and cross section (right) micrographs of electrodeposited Zn onto
WE43 Mg alloy from ChCl/urea + 0.5M ZnCl; at CD =5 mA/cm?, T = 60°C. Pulsed current
(2 s on-time, 1 s off-time).
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Ecorr icorr
(mV vs SCE) | (LA cm?2)
WEA43 substrate -1705 14.67
Zinc coating on WE43 (pulsed) -1129 1.38
Zinc sheet -1006 1.89

Table 9. Electrochemical parameters of zinc sheet, WE43 alloy and Zn coating on the
magnesium alloy (0.1 M NaCl) (Bakkar and Neubert, 2007).

Several papers on Al (Chang et al., 2007, 2008 and 2008b) and Al-Zn (Pan et al., 2010)
electrodeposition from EMIC (1-ethyl-methylimidazolium chloride) has been recently
published. In the electrodeposition of aluminium on AZ91D, a solution of AlICl-EMIC
(1.5:1) was prepared and handled in a glove box under nitrogen atmosphere, in which the
moisture and oxygen content were maintained below 1 ppm. Before electrodeposition, each
sample was ground with SiC paper to 1000 grit. Electrodeposition tests were carried out
both at constant potential (-0.2 V and -0.4 V vs Al wire) (Chang et al., 2007) and at constant
current density (Chang et al,, 2008). The surface and cross-section morphologies of the
sample produced at -0.2 V are shown in Fig. 33. On the contrary, samples deposited at -0.4 V
were less compact, with nodular microstructure and cracks.

Depositedy. Rektna °

N * : layer j
3 ccV Sp Det WD ——— 20um
FESEM 960108 _ 5 V3 SE 91 ESEM 960118 _

Fig. 33. SEM surface (left) and cross section (right) micrographs of electrodeposited Al onto
AZ91D alloy from AICl;-EMIC at -0.2 V vs Al wire for 2550 s (5 C) at 25°C (Chang et al.,
2007).

Experimental results show that aluminium coatings give satisfactory protection for the
AZ91D alloy against corrosion (Fig. 34). The deposition current density is the factor that
controls the coating properties and the corrosion resistance of the Al layer deposited. In fact,
a lower deposition rate results in a more uniform and compact coating layer and also thicker
and, consequently, give rise to a better performance for corrosion protection.

Pan demonstrated the possibility of plating thick coatings of Al-Zn alloys on AZ91D
substrate from AICI3-EMIC (60:40 molar ratio) ionic liquid containing 1wt.% ZnCl, (Pan e
al., 2010). The zinc content in the coating can be controlled in the range 20-100% by varying
the potential of deposition. Uniformity in the coating composition was obtained when the
deposition was performed at -0.2 V vs AL
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Fig. 34. Polarization curves of AZ91D alloy (a) and Al-deposited Mg electrodes (b —15, ¢ —20,
and d —40 mA/cm?) in 3.5% NaCl at 25°C (Chang et al., 2008).

The effects of different acid pickling processes on the adhesion between the AZ91D
magnesium alloy substrate and aluminum coatings electrodeposited from the acid AlCls-
EMIC room temperature molten salts were studied by Qian (Qian et al., 2009). The results
show that the aluminum coating is not dense and the adhesion between the coatings and
substrate is not good after mechanical pretreatment on AZ91D substrate. Dense and uniform
coatings can be electrodeposited on the AZ91D substrate after hydrofluoric acid pickling.
The density of coatings and the adhesion can be improved simultaneously by using diluted
phosphoric acid as pickling solution, and thus, the coating provides good protection to the
substrate.

The electrodeposition of Al-Mn coatings on AZ31B magnesium alloy was investigated by
Zhang (Zhang et al., 2009). Experiments were carried out by using molten AlCI3-NaCl-KCl-
MnCl; at 170°C. The substrate was pre-plated with a zinc layer (5 um) as interlayer to
prevent corrosion during Al-Mn deposition in molten salts. The addition of MnCl, to the
molten bath results in compact coatings. The coating of Fig. 35 (right) has a content of Mn of
about 22.5 %. By increasing the Mn content in the coating, the structure change from partly
crystalline (Fig. 35 left) to amorphous (Fig. 35 right). Table 10 lists the electrochemical
parameter obtained from corrosion tests (Al-Mn coating thickness of about 16 pm).
Corrosion resistance of magnesium alloys can be improved by addition of rare earth
elements. Recently the electrodeposition of Mg-Yb alloy film on magnesium from molten
LiCl-KCI-YbCl3 (2wt.%) at 500°C under argon atmosphere was investigated by Chen (Chen
et al., 2010). A thin film of about 200 nm of Mg,Yb was formed at -1.85 V (vs Ag/AgCl) for
12 h, and a film of about 450 nm was obtained at -2.5 V for 2.5 h.
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Fig. 35. SEM surface morphologies of Al-Mn coatings from molten salts with various MnCI2
content (left 0.5%, right 1%) (Zhang et al., 2009).

ECOI‘I‘ iCDl‘l‘
(mV vs SCE) | (A cm?)
AZ31B -1523 1.60 x105
Zn layer -1463 2.02 x10+4
9.2 Mn -1276 5.15 x105
22.7 Mn -1271 2.89 x107
254 Mn -1162 2.59 x10-8
29.3 Mn -713 3.71 x109

Table 10. Electrochemical parameters of different specimens in 3.5% NaCl) (Zhang et al.,
2009).

4. Conclusions

The review on the scientific literature on coatings deposited by electroless and electroplating
processes shows that magnesium alloys are difficult to plate substrates. However, processes
based on metal deposition by electroless and electrodeposition are used and a great deal of
research is done in order to develop environmentally friendly processes. The problem of
electroless and electroplating magnesium alloys can be solved by using complex schemes,
that combine surface preparation procedures with multilayer coating systems.

5. References

Abdel Aal, A. (2008). Protective coating for magnesium alloy. Journal of Materials Science,
Vol.43, No.8, pp.2947-2954, ISSN: 0022-2461.

Ambat, R. & Zhou, W. (2004). Electroless nickel-plating on AZ91D magnesium alloy: Effect
of substrate microstructure and plating parameters. Surface and Coatings Technology,
Vol.179, No.2-3, pp.124-134, ISSN: 0257-8972.

Araghi, A. & Paydar, M.H. (2010). Electroless deposition of Ni-P-B4C composite coating on
AZ91D magnesium alloy and investigation on its wear and corrosion resistance.
Materials and Design, Vol.31, No.6, pp.3095-3099, ISSN: 0261-3069.



180 Magnesium Alloys - Corrosion and Surface Treatments

Bakkar, A. & Neubert, V. (2007). Electrodeposition onto magnesium in air and water stable
ionic liquids: from corrosion to successful plating. Electrochemistry Communications,
Vol.9, No.9, pp.2428-2435, ISSN: 13882481.

Bellemare, R. (2009). Magnesium applications abound. Direct EN plating makes it possible.
Products Finishing, Vol.73, No.5, pp.12-16, ISSN:0032-9940.

Blawert, C.; Heitmann, V.; Dietzel, W.; Nykyforchyn, HM. & Klapkiv, M.D. (2005).
Influence of process parameters on the corrosion properties of electrolytic
conversion plasma coated magnesium alloys. Surface & Coatings Technology,
Vol.200, No.1-4, pp.68-72. ISSN: 0257-8972.

Chang, J.K; Chen, S.Y.; Tsai, W.T.; Deng, M.].; Sun, IL.W. (2007). Electrodeposition of
aluminum on magnesium alloy in aluminum chloride (AlCl3)-1-ethyl-3-
methylimidazolium chloride (EMIC) ionic liquid and its corrosion behaviour.
Electrochemistry Communications, Vol.9, No.7, pp.1602-1606, ISSN: 1388-2481.

Chang, J.K; Chen, S.Y,; Tsai, W.T.; Deng, M.J.; Sun, LW. (2008). Improved corrosion
resistance of magnesium alloy with a surface aluminum coating electrodeposited in
ionic liquid. Journal of the Electrochemical Society, Vol.155, No.3, pp.C112-C116, ISSN:
0013-4651.

Chang, JK; Sun, LW, Pan, SJ,; Chuang, M.H,; Deng, M.J. & Tsai, W.T. (2008b).
Electrodeposition of Al coating on Mg alloy from Al chloride / 1-ethyl-3-
methylimidazolium chloride ionic liquids with different Lewis acidity. Transactions
of the Institute of Metal Finishing, Vol.86, No.4, pp.227-233, ISSN: 0020-2967.

Chen, J.; Yu, G; Hu, B, Liu, Z.; Ye, L. & Wang, Z. (2006). A zinc transition layer in
electroless nickel plating. Surface and Coatings Technology, Vol.201, No.3-4, pp.686-
690, ISSN: 0257-8972.

Chen, Y.; Ye, K. & Zhang, M. (2010). Preparation of Mg-Yb alloy film by electrolysis in the
molten LiCl-KCI-YbCl; system at low temperature. Journal of Rare Earths, Vol. 28,
No.1, pp.128-133, ISSN: 1002-0721.

Cibis, R.; Kielbus, A. & Moskal, G. (2010). Galvanic technology of coating deposition on
magnesium alloys, Proceedings of the 8t International conference on magnesium alloys
and their applications, pp.974-979, ISBN: 978-3-527-32732-4, Weimar (Germany),
October 2009, Wiley-VCH, Weinheim.

Gray, J.E. & Luan B. (2002). Protective coatings on magnesium and its alloys — a critical
review. Journal of Alloys and Compounds, Vol.336, No.1-2, pp.88-113, ISSN: 0925-
8388.

Gu, C; Lian, J; He, J.; Jiang, Z. & Jiang, Q. (2006). High corrosion-resistance nanocrystalline
Ni coating on AZ91D magnesium alloy. Surface & Coatings Technology, Vol.200,
No.18-19, pp.5413-5418, ISSN: 0257-8972.

Gu, C; Lian, J; Li, G; Niu, L. & Jiang, Z. (2005). Electroless Ni-P plating on AZ91D
magnesium alloy from a sulfate solution. Journal of Alloys and Compounds,
Vol.391, No.1-2, pp.104-109, ISSN: 0925-8388.

Huang, C.A.; Wang, T.H.; Weirich, T. & Neubert, V. (2008). Electrodeposition of a protective
copper/nickel deposit on the magnesium alloy (AZ31). Corrosion Science, Vol.50,
No.5, pp.1385-1390, ISSN: 0010-938X.



Electroless and Electrochemical Deposition
of Metallic Coatings on Magnesium Alloys Critical Literature Review 181

Huang, C.A; Wang, T.H.; Weirich, T. & Neubert, V. (2008b). A pretreatment with
galvanostatic etching for copper electrodeposition on pure magnesium and
magnesium alloys in an alkaline copper-sulfate bath. Electrochimica Acta, Vol.53,
No.24, pp.7235-7241, ISSN: 0013-4686.

Huang, C.A,; Lin, CK. & Yeh, Y.H. (2010). Increasing the wear and corrosion resistance of
magnesium alloy (AZ91D) with electrodeposition from eco-friendly copper- and
trivalent chromium-plating baths. Surface and Coatings Technology, Vol.205, No.1,
pp.139-145, ISSN: 0257-8972.

Ishihara, S.; Notoya, H.; Okada, A.; Nan, Z.Y. & Goshima, T. (2008). Effect of electroless-Ni-
plating on corrosion fatigue behavior of magnesium alloy. Surface and Coatings
Technology, Vol.202, No.10, pp.2085-2092, ISSN: 0257-8972.

Ishihara, S.; Namito, T.; Notoya, H. & Okada, A. (2010). The corrosion fatigue resistance of
an electrolytically-plated magnesium alloy. International Journal of Fatigue, Vol.32,
No.8, pp.1299-1305, ISSN: 0142-1123.

Jiang, Y.F.; Guo, X.W.; Zhai, C.Q.; Zhu, Y.P. & Ding, W.J. (2003). The influence of pulse
parameters on Zn-Ni alloy coatings plated on AZ91 magnesium alloy. Transactions
of the Institute of Metal Finishing, Vol.81, No.6, pp.182-185, ISSN: 0020-2967.

Jiang, Y.F.; Zhai, C.Q.; Liu, L.F.; Zhu, Y.P. & Ding, W.]J. (2005). Zn-Ni alloy coatings pulse-
plated on magnesium alloy. Surface and Coatings Technology, Vol.191, No.2-3,
pp.393-399, ISSN: 0257-8972.

Jiang, Y.F,; Liu, L.F.; Zhai, C.Q.; Zhu, Y.P. & Ding, W.]. (2005b). Corrosion behavior of pulse-
plated Zn-Ni alloy coatings on AZ91 magnesium alloy in alkaline solutions. Thin
Solid Films, Vol.484, No.1-2, pp.232-237, ISSN: 0040-6090.

Jiang, Y.F.; Bao, Y.F. & Zhang, G.W. (2010). Corrosion protection of composite coating
combining ceramic layer, copper layer and benzotriazole layer on magnesium
alloy. Transactions of Nonferrous Metals Society of China (English Edition), Vol.20,
No.SUPPL. 2, pp.s693-5696, ISSN: 1003-6326.

Jia, S.Q.; Jia, S.S. & Yao, ]. (2007). Electroless nickel-plating on die cast magnesium alloy
AZ91D. Transactions of Nonferrous Metals Society of China, Vol.17, No.4, pp.866-870,
ISSN: 1003-6326.

Lei, X.P.; Yu, G.; Zhu, Y.P.; Zhang, Z.P.; He, XM.; Hu, B.N. & Chen, Y. (2010). Successful
cyanide free plating protocols on magnesium alloys. Transactions of the Institute of
Metal Finishing, Vol.88, No.2, pp.75-80, ISSN: 0020-2967.

Li, J; Tian, Y,; Huang, Z,; Zhang, X. (2006). Studies of the porosity in electroless nickel
deposits on magnesium alloy. Applied Surface Science, Vol.252, No.8, pp.2839-2846,
ISSN: 0169-4332.

Li, J.Z; Huang, J.G.; Tian, Y.W. & Liu, C.S. (2009). Corrosion action and passivation
mechanism of magnesium alloy in fluoride solution. Transactions of Nonferrous
Metals Society of China (English Edition), Vol.19, No.1, pp.50-54, ISSN: 1003-6326.

Lian, J.S,; Li, G.Y;; Niu, L.Y.; Gu, C.D,; Jiang, Z.H. & Jiang, Q. (2006). Electroless Ni-P
deposition plus zinc phosphate coating on AZ91D magnesium alloy. Surface and
Coatings Technology, Vol.200, No.20-21, pp.5956-5962, ISSN: 0257-8972.

Liu, Z. & Gao, W. (2006). Electroless nickel plating on AZ91 Mg alloy substrate. Surface &
Coatings Technology, Vol. 200, No.16-17, pp. 5087-5093, ISSN: 0257-8972.



182 Magnesium Alloys - Corrosion and Surface Treatments

Liu, Z. & Gao, W. (2006b). A novel process of electroless Ni-P plating with plasma
electrolytic oxidation pretreatment. Applied Surface Science, Vol. 253, No.5, pp. 2988-
2991, ISSN: 0169-4332.

Lunder, O.; Lein, J.E.; Aune, T.K. & Nisancioglu, K. (1989). Role of Mgi7Al» phase in the
corrosion of AZ91, Corrosion, Vol.45, No.9, pp. 741-748, ISSN: 0010-9312.

Natarajan S.; Sivan, V.; Tennyson, P.G. & Kiran, V.R. (2004). Protective coatings on
magnesium and its alloys - a critical review. Journal of Corrosion prevention &
Control, Vol.51, No.4, pp.142-163, ISSN: 0010-9371.

Pan, SJ.; Tsai, W.T.; Chang, J.K. & Sun, LW. (2010). Co-deposition of Al-Zn on AZ91D
magnesium alloy in AlCl3-1-ethyl-3-methylimidazolium chloride ionic liquid.
Electrochimica Acta, Vol.55, No.6, pp.2158-2162, ISSN: 0013-4686.

Qian, HM.; Li, Y. & Ling, G.P. (2009). Influence of acid pickling on electrodeposition of
aluminum on magnesium alloy in room temperature molten salts. Zhongguo Youse
Jinshu Xuebao/Chinese Journal of Nonferrous Metals, Vol.19, No.5, pp.854-860, ISSN:
1004-0609.

Song, Y.W.; Shan, D.Y. & Han, E.H. (2007). Comparative study on corrosion protection
properties of electroless Ni-P-ZrO, and Ni-P coatings on AZ91D magnesium alloy.
Materials and Corrosion, Vol.58, No.7, pp.506-510, ISSN: 1521-4176.

Sun, S. Liy, J.; Yan, C. & Wang, F. (2008). A novel process for electroless nickel plating on
anodized magnesium alloy. Applied Surface Science, Vol.254, No.16, pp.5016-5022,
ISSN: 0169-4332.

Yang, L.; Luan, B. (2005). Copper immersion deposition on magnesium alloy: The effect of
fluoride and temperature. Journal of the Electrochemical Society, Vol.152, No.7,
pp-C474-C481, ISSN: 0013-4651.

Yang, L.; Luan, B.; Cheong, W.J. & Jiang, J. (2005b). Optimization and performance analysis
of copper immersion coating on AZ91 magnesium alloy. Journal of Coatings
Technology Research, Vol.2, No.6, pp. 493-498, ISSN: 1547-0091.

Yang, L.; Luan, B; Cheong, WJ]. & Jiang, J. (2005c). Sono-immersion deposition on
magnesium alloy. Journal of the Electrochemical Society, Vol.152, No.3, pp. C131-C136,
ISSN: 0013-4651.

Yang, L.; Luan, B. & Nagata, ]J. (2006). Novel copper immersion coating on magnesium alloy
AZ91D in an alkaline bath. Journal of Coatings Technology Research, Vol.3, No.3,
pp-241-246, ISSN: 1547-0091.

Yang, L.; Li, J.; Zheng, Y.; Jiang, W.; Zhang, M. (2009). Electroless Ni-P plating with
molybdate pretreatment on Mg-8Li alloy. Journal of Alloys and Compounds, Vol.467,
No.1-2, pp.562-566, ISSN: 0925-8388.

Yang, L.; Li, J.; Zheng, Y.; Jiang, W. & Zhang, M. (2009b). Electroless Ni-P plating with
molybdate pretreatment on Mg-8Li alloy. Journal of Alloys and Compounds, Vol.467,
No.1-2, pp.562-566, ISSN: 0925-8388.

Yu, G,; Liu, Y.E,; Hu, B.N,; Liu, Z. & Ye, L.Y. (2005). Investigation of electroplating copper in
pyrophosphate on magnesium alloy. Hunan Daxue Xuebao/Journal of Hunan
University Natural Sciences, Vol.32, No.4, pp.77-81, ISSN: 1000-2472.



Electroless and Electrochemical Deposition
of Metallic Coatings on Magnesium Alloys Critical Literature Review 183

Xiang, Y.; Hu, W; Liu, X; Zhao, C. & Ding, W. (2001). Initial deposition mechanism of
electroless nickel plating on magnesium alloys. Transactions of the Institute of Metal
Finishing, Vol.79, No.1, pp.27-29, ISSN: 0020-2967.

Xiang, Y.; Hu, W; Liu, X; Zhao, C. & Ding, W. (2001b). Initial deposition mechanism of
electroless nickel plating on magnesium alloys. Transactions of the Institute of Metal
Finishing, Vol.79, No.1, pp.30-32, ISSN: 0020-2967.

Zeng, L.; Yang, S.; Zhang, W.; Guo, Y. & Yan, C. (2010). Preparation and characterization of
a double-layer coating on magnesium alloy AZ91D. Electrochimica Acta, Vol.55,
No.9, pp.3376-3383, ISSN: 0013-4686.

Zhang, W.X,; He, ].G; Jiang, Z.H.; Jiang, Q. & Lian, J.S. (2007). Electroless Ni-P layer with
chromium-free pretreatment on AZ91D magnesium alloy. Surfiace & Coatings
Technology, Vol.201, No.8, pp.4594-4600, ISSN: 0257-8972.

Zhang, W.X,; Huang, N.; He, ].G,; Jiang, Z.H.; Jiang, Q. & Lian, J.S. (2007b). Electroless
deposition of Ni-W-P coating on AZ91D magnesium alloy. Applied Surface Science,
Vol.253, No.11, pp.5116-5121, ISSN: 0169-4332.

Zhang, W.X,; Jiang, Z.H.; Li, G.Y,; Jiang, Q. & Lian, ].S. (2008). Electroless Ni-Sn-P coating on
AZ91D magnesium alloy and its corrosion resistance. Surface & Coatings Technology,
Vol.202, No.12, pp.2570-2576, ISSN: 0257-8972.

Zhang, ].; Yan, C. & Wang, F. (2009). Electrodeposition of Al-Mn alloy on AZ31B
magnesium alloy in molten salts. Applied Surface Science, Vol.255, No.9, pp.4926-
4932, ISSN: 0169-4332.

Zhang, S; Li, Q. Yang, X;; Zhong, X.; Dai, Y. & Luo, F. (2010). Corrosion resistance of
AZ91D magnesium alloy with electroless plating pretreatment and Ni-TiO,
composite coating. Materials Characterization, Vol.61, No.3, pp.269-276, ISSN: 1044-
5803.

Zhao, H. & Cui, J. (2007). Electroless plating of silver on AZ31 magnesium alloy substrate.
Surface & Coatings Technology, Vol.201, No.8, pp.4512-4517. ISSN: 0257-8972.

Zhao, H.; Huang, Z. & Cui, ]. (2007b). A new method for electroless Ni-P plating on AZ31
magnesium alloy. Surface & Coatings Technology, Vol.202, No.1, pp.133-139. ISSN:
0257-8972.

Zhao, H.; Huang, Z. & Cui, J. (2008). A novel method of electroless plating on AZ31
magnesium alloy sheet. Journal of Materials Processing Technology, Vol.203, No.1-3,
pp-310-314, ISSN: 0924-0136.

Zhao, H.; Huang, Z, & Cui, ]J. (2008b). Electroless plating of copper on AZ31 magnesium
alloy substrates. Microelectronic Engineering, Vol.85, No.2, pp.253-258, ISSN:
01679317.

Zhao, H.; Huang, Z.; Li, P. & Cui, J. (2010). A novel method for the preparation of electroless
coating on magnesium alloy. Magnesium Technology, pp.141-144, 2010, Magnesium
Technology 2010 - TMS 2010 Annual Meeting and Exhibition, February 14, 2010 -
February 18, 2010, Seattle (USA). ISSN: 15454150.

Zhu, L.; Li, W. & Shan, D. (2006). Effects of low temperature thermal treatment on zinc
and/or tin plated coatings of AZ91D magnesium alloy. Surface and Coatings
Technology, Vol.201, No.6, pp.2768-2775, ISSN: 0257-8972.



184 Magnesium Alloys - Corrosion and Surface Treatments

Zou, H.Q.; Lu, ].C; Zhang, J.; Wu, H.C. & Fang, M. (2005). Synergistic fluoropolymer
coating on magnesium alloys. Materials Science Forum, Vol.488-489, pp.673-676,
Magnesium - Science, Technology and Applications, Mg - Proceedings of the
International Conference on Magnesium - Science, Technology and Applications,
ISSN: 0255-5476.



9

Corrosion Protection of
Magnesium Alloys by Cold Spray

Julio Villafuerte! and Wenyue Zheng?
1CenterLine (Windsor) Ltd., Windsor, Ontario
2CANMET-MTL, Hamilton, Ontario

Canada

1. Introduction

Magnesium is the lightest of all structural metals, being 35% lighter than aluminum and 78%
lighter than steel. As a constituent of many minerals, it represents about 2% of mineral
deposits and 0.13% of seawater. The lightweight characteristics, high strength-to-weight
ratio and wide availability make magnesium alloys ideal for production of weight-sensitive
components such as those in aircraft, cars, light trucks, and other transportation modes.

Ever since the extraction of magnesium from its ores was made possible in commercial
quantities by 1920, magnesium alloys have been employed to manufacture components in
racing cars. In the 1930’s the popular Volkswagen Beetle started using magnesium castings.
Later in the 60’s, there was a surge in the use of magnesium castings in military aircraft [1],
particularly rotorcraft in order to further reduce weight while improving performance. By
1971, over 18 kilograms of the metal had been installed in the Beetle’s powertrain.
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Fig. 1. Corrosion damage in magnesium AM60 alloys showing the preferential attack on the
primary (alpha) phase leaving a network of Al-rich beta-phase on the corroded surface.
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However, when all vehicles are considered, the percentage of magnesium alloys used in mass-
produced vehicles is relatively low, with an average of less than 5 Kg in a typical vehicle. The
main reasons for the reluctance to use magnesium in mass-produced vehicles are related to its
limitations in corrosion resistance and high temperature (creep) performance. Pure
magnesium readily reacts in the presence of oxygen and water producing magnesium
hydroxide. Unlike other similar metals, such as aluminum, the passivation film on magnesium
could become very unstable in many environments, including neutral or acid ranges of pH.
Additionally, magnesium is anodic to most engineering metals, making it very prone to severe
galvanic corrosion when coupled with dissimilar metals, such as steel.

Over the years, there have been significant advances in alloy development and as a result,
new improved magnesium alloys have become commercially available. This has been
possible due to additions of aluminum, zinc, manganese, for better corrosion resistance as
well as additions of zirconium, rare earths, thorium, and silver for better elevated
temperature mechanical properties all, in combination with the reduction of harmful
impurities such as iron, nickel, copper during the alloy making process.

In recent years, the demand for lighter, more fuel-efficient vehicles, has spurred increased
interest by automakers to consider the use of magnesium in more critical components such
as engine blocks, engine cradles and transmission housings (See Figure 2). This has led to
the formation of special interests industrial consortiums to develop solutions to the technical
and economical challenges facing wide applications of magnesium and its alloys [2,3]. It has
also been reported [4] that costly magnesium components in aircraft often experience
significant corrosion issues which often require premature removal from service affecting
the readiness, safety and cost of maintenance of aircraft (see Figure 3).

General corrosion rates of modern high-grade magnesium alloys, especially when
adequately coated, are acceptable in most applications. Galvanic corrosion, however,
remains a challenge in many situations. Therefore, design considerations need to be made in
order to avoid galvanic contact with other dissimilar metals. This is particularly important

Fig. 2. Automotive applications for Magnesium alloys (Picture courtesy of Dr. Alan A. Luo,
General Motors, "Magnesium Front End Development - USAMP Activities", paper
presented at the SAE World Congress, Detroit, MI, April 18, 2007).
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in components exposed to exterior environments such as road salts and slurries which can
easily damage conventional organic coatings, creating sites for rapid electrochemical
dissolution of magnesium. This is the case of many dissimilar joints, where salts and debris
accumulate around bolts and crevices causing localized galvanic corrosion (See Figure 4).

Fig. 4. Magnesium alloy casting fastened to a steel bracket using a coated steel bolt. The
interface between the steel bracket and the magnesium casting surface is prone to galvanic
corrosion.

2. Current methods pf protection for galvanic and general corrosion

Besides the development of more corrosion resistant magnesium alloys, current methods for
general corrosion protection of magnesium include conversion and organic coatings. By
conversion coatings, the surface of a magnesium component is forced to chemically react in
a special chemical bath to produce a uniform and continuous film that protects the material
underneath from further corroding. Conversion coatings can be achieved by electrochemical
reactions, chemical immersion, or by heat treatments. One of these methods is anodizing,
where the formation of complex magnesium oxide films is induced under controlled high-
voltage anodic polarization conditions. There are a number of proprietary commercial
anodizing techniques including Tagnite, Keronite, Magoxide, and Anomag,.

Chromate coatings are excellent for general corrosion protection, however, with the recent
restrictions on the use of hexavalent chromium during processing, most of these solutions
have been banned, and alternative chromate-free chemistries have evolved [5]. Other low-
cost conversion coatings include Alodine and Magpass, which produce a type of protective
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chemistries on the magnesium surface in a way very similar to phosphates and chromates;
these are done by immersion in specially formulated chemical solutions. Any of these
techniques can also be combined with a finishing sealer and then a polymeric coat. For less
demanding service, organic coatings are often preferred including epoxy, poly-amide, poly-
ester, acrylic, Latex, poly-urethane, and paraffin based products, which can be applied as
powders or as water-based paintable solutions.

Both conversion and organic coatings often require stringent surface preparations (water
rinsing, alkaline treatment, acid pickling), and post-treatments (neutralization, water
rinsing, drying); in most cases, these treatments carry environmental and health risks [6].
Organic coatings are also prone to localized failure due to poor workmanship or chipping
damage, which may result in localized, severe corrosion.

These factors drive the continuous evolution of new corrosion protection strategies [5].
Although any of these techniques can be acceptable to prevent general corrosion of
magnesium, they lack the ability to locally protect magnesium in the area of galvanic attack
[2]. Galvanic corrosion typically occurs within 5 mm of fasteners or dissimilar interfaces.
Therefore, one of the methods to combat galvanic attack is to use isolation materials to
prevent direct electrical contact between bare magnesium and the dissimilar metal,
increasing the electrolytic resistance of the corrosion cell. Where a high torque load is
required, such isolation materials must be made of special metals or inorganic substances
that take the loading without failure. In fact, the use of aluminum washers in dissimilar
joints, despite the associated costs, has been a standard practice with automakers in an
attempt to stop galvanic corrosion of magnesium. The effectiveness of such method depends
on the chemical composition of the washer (See Figure 5).

/ “NoWasher © N 2g’9’1

* Wi
& o
 AI5052 %AI 6061

(

~ Al 5052

Fig. 5. Conversion-treated and powder-coated magnesium AM60 alloy plate after 40 days
testing following the GM9540P standard. This sample shows different levels of corrosion
when utilizing aluminum washers of various compositions coupled with different nuts.
Note that, even in powder-coated magnesium, severe galvanic corrosion may still occur if
no aluminum washer is utilized [7].

3. Cold spray technology

In conventional thermal spray processes the elevated process temperatures expose both the
coating and substrate materials to rapid oxidation, metallurgical transformations and
adverse residual stresses. Unlike thermal spray, cold spray is capable of producing dense
and thick coatings exhibiting extremely low porosity (< 0.5%), while avoiding oxidation,
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phase transformations and adverse residual stresses for a wide selection of metals, cermets,
and other material mixtures.

Cold spray is a solid-state spraying process in which the coating materials are not melted in
the spray gun (such as in conventional thermal spray); instead, the kinetic energy of fast-
travelling solid particles is converted into interfacial deformation and localized heat upon
impact with the substrate [8], producing a combination of mechanical interlock and
metallurgical bonding. The bonding mechanisms for cold spray can be quite complex. It is
generally accepted that spray-able materials require a critical amount of energy (related to
the velocity of the particles and impact temperature) for effective bonding to occur [9].
Around the particle-substrate collision interface, high strain rate deformation occurs
producing microscopic protrusion of material and localized heating which may lead to
metallurgical bonding [8].

The original concept for cold spray was published early in the 1900’s [10]. However, it was
not until the 80’s that a new generation of researchers at the Institute of Theoretical and
Applied Mechanics in Novosibirsk, Russia, rediscover the “cold spray” phenomenon and
designed a device for accelerating powder particles to produce thick dense coatings
[11,12,13]. Later on, early in the 90's, researchers at the Obninsk Center for Powder Spraying
(OCPS), Obninsk, Russia, introduced new developments [14], which enabled the fabrication
of low-cost portable cold spray equipment suitable for a wide number of repair and
restoration applications. The latter was the foundation of one of the lead manufacturers of
cold spray equipment in Russia. Widespread commercial development of the cold spray
technology outside Russia started only in the early 2000s. Ever since, there has been
increased interest in the cold spray technology as demonstrated by the exponential growth
of publications and patent applications [10]. Today, all of the cold spray methods may be
categorized within three main families of processes, namely high pressure cold spray, low
pressure cold spray, and shockwave-induced spraying.

In low pressure cold spray (CGSP-L), pressurized air, nitrogen, or helium (5 - 17 bar) is
heated (up to 550°C) and forced through a converging-diverging nozzle (DeLaval nozzle)
where the gas accelerates to about 600 m/s . The feedstock is introduced downstream into
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Fig. 6. Principles of low-pressure cold spray
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Fig. 7. Commercial low-pressure cold spray equipment (Picture courtesy of OCPS, Obninsk,
Russia).

«
)

Fig. 8. Commercial low-pressure cold spray equipment (Picture courtesy of SST, a Division
of CenterLine (Windsor) Ltd.).

the divergent section of the nozzle at low pressures [5,8] (see Figure 6). Subsequently, CGSP-
L systems can be simple, portable, and relatively inexpensive to operate. Low pressure
systems are best suited for spraying ductile metals such as aluminum, copper, zinc, tin,
nickel, or even titanium onto a variety of metallic and ceramic substrates, including
magnesium. Pure metals can be mixed with aluminum oxide or other ceramic constituents
to further enhance spray-ability, producing a coating of high density and bond strength.
Today, there are a number of commercially available low pressure cold spray systems in the
market (See figures 7 and 8).

High pressure cold spray (CGSP-H) can use helium or nitrogen as carrier gases at higher
pressures (up to 55 bar). The gases can be accelerated to supersonic speeds (up to 1200 m/s)
by heating them up to 1000°C and forcing them through a DeLaval nozzle. In this case, the
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feedstock powder is introduced in the high pressure side of, prior to the nozzle throat
[11,12] (See Figure 9). The levels of energy that can be attained are sufficient to spray higher
temperature less ductile materials including 316L s steels, Nickel alloys, Tantalum,
Titanium, and Molybdenum. However, these high energy levels can only be achieved at the
expense of more equipment complexity, higher operational costs, and lower portability.

In shockwave Induced Spraying [1,9,15] (SISP), fast opening/closing of a control valve
downstream of a high pressure gas source generates trains of shockwaves that compress the
gas in front of them as they travel through a straight nozzle. This creates pulses (10-30Hz) of
heated supersonic wave fronts, where each front can be matched with a determined amount
of powder in the nozzle. As the gas pulse passes through the powder dispensing zone, the
powder is picked up, heated (below its melting point) and accelerated down the nozzle (See
Figures 10 and 11). In contrast to traditional cold spray, a converging-diverging DeLaval
nozzle is not required and therefore, materials can be accelerated and heated at the same
time. This allows the effective deposition of other materials such as stainless steels (300 and
400 series), aluminum alloys, nickel alloys, titanium, WC-Co / WC-Cr, copper alloys, and
brazing alloys.

Powder Feeder Substrate
Powder/Gas

—

High
Pressure Delaval
Gas [\ [o¥#4[-]
Supply
-

® Carrier
Gas
>

Fig. 9. Principles of high-pressure cold spray

Powder Feeder

Driver Section Driven Section
(High Pressure) (GUN)
Heater System Coating Layer

»--H:%:: =

HP Gas Supply

Fig. 10. Working principle for shockwave induced spraying
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Fig. 11. Shockwave Induced Spraying (SISP) equipment or “Waverider”. (Picture courtesy of
CenterLine (Windsor) Ltd.).

4. Corrosion protection by cold spray

While there are numerous applications for cold spray [15], metallic coatings for localized
corrosion protection come up as the most attractive application for this technology, given
the economical, technical and environmental challenges posed by traditional coating
methods. Because of its passivation behavior, Aluminum has superior general corrosion
resistance compared to other metals. Cold spray represents a cost- effective technique to
deposit thick metallic aluminum coatings on magnesium alloy surfaces with minimum
surface preparation and without mechanically or thermally compromising the substrate
properties (see Figure 12). The presence of aluminum on the surface of magnesium has been
shown to reduce the general and galvanic corrosion tendency of magnesium components
(see Figure 13a). In galvanic corrosion, only small areas surrounding the dissimilar interface
require protection, for which cold spray represents an innovative alternative to the use of
washers and insulating bushings (see Figure 13b).

Fig. 12. Scanning electron micrograph illustrating a high-density aluminum cold spray
deposit on magnesium alloy AZ31.
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Fig. 13. (a) Magnesium casting alloy AE44 plate on which the central area was selectively
cold sprayed with aluminum, after 100 hours of salt-spray exposure, as per ASTM B117.
Note that the cold-sprayed area (between the three washers) is free of corrosion attack.
(Courtesy of CANMET-MTL, Natural Resources Canada) (b) Magnesium alloy AM60 plate,
where the area surrounding the fastener hole was selectively cold sprayed with aluminum,
after 1000 hours corrosion test, as per ASTM B117. (Courtesy of NRC Integrated
Manufacturing Technologies Institute, London, Ontario, Canada)

5. Conclusion

Corrosion protection by cold spray is a revolutionary method whereby protective metals can
be directly and locally applied to magnesium alloys to reduce or eliminate general or
galvanic corrosion in specific areas. Cold spray represents a viable alternative to traditional
methods for localized galvanic corrosion protection of magnesium and its alloys. The use of
Al alloy powder as the coating materials means a good galvanic compatibility between the
coating and the underlying substrate. The relatively soft nature of Al powder also leads to
high-degree of deformation in the powder particle during the deposition process producing
a dense coating layer with low permeabilityto corrosion agents such as salts.
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1. Introduction

In the past two decades considerable effort was dedicated to the development of a series of
low temperature Physical Vapour Deposition (PVD) techniques suitable for the protection of
magnesium alloys. Only a handful of the developed technologies have produced promising
results. Some variants of the Ion beam sputter deposition (IBSD), ion beam assisted
deposition (IBAD), and reactive ion beam assisted deposition (RIBAD) are among the most
promising, as these allow the deposition of hard and dense protective coatings even at room
temperature. In the first part of this chapter, the wear and corrosion properties of the
selected coating systems will be presented together with a critical analysis of the work
published by the author and selected researchers. This will be followed by a more in depth
description of the IBAD and RIBAD process. The effect of the various processing parameters
on the coating endurance as well as the surface integrity of the substrate materials will be
discussed. The relative wear resistance to the pin on disc wear test will be presented and
discussed in the light of various experimental evidence collected by the author over the
years. This will be followed by a description of a series of test conducted to establish the
effectiveness of various coatings in protecting the substrate from electrochemical corrosion
in acidified NaCl solutions. The chapter will be concluded with an overview of the current
state of PVD technologies with particular emphasis on the strengths and limitations of the
existent technology as far as the treatment of light alloys is concerned. Based on the acquired
knowledge, the author will endeavour in a discussion of the future trends in PVD and
plasma surface modification technologies. A handful of innovative processes and some
preliminary results will be included.

2. Background

At the December 1997 Kyoto Conference on climate change, more than 159 countries
undertook to reduce their emissions of a group of greenhouse gases, by 8% during the
period 2008 to 2012 relative to 1990 levels. In response to this commitment, the European
Parliament approved Council Directive 1999/94/EC of the 13th December 1999, related to
the availability of consumer information on fuel economy and CO; emissions, in respect of
the marketing of new passenger cars. In 2007 EU leaders endorsed an integrated approach
to climate and energy policy and committed to transforming Europe into a highly energy-
efficient, low carbon economy. They made a unilateral commitment that Europe would cut
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its emissions by at least 20% of 1990 levels by 2020. This commitment is being implemented
through a package of binding legislations. In addition to these already stringent measures,
the EU has offered to increase its emissions reduction to 30% by 2020, on the condition that
other major emitting countries in the developed and developing worlds commit to do their
fair share under a future global climate agreement. This agreement should take effect at the
start of 2013 when the Kyoto Protocol's first commitment period will have expired. Across
the Atlantic, Senator John Kerry (D-MA) pushed legislation to raise the current Corporate
Average Fuel Economy (CAFE) standards to 37 miles per gallon, up from the current 27.5
mpg for passenger cars, and 20.7 mpg for light trucks.

In order to abide to the new regulations and be competitive, automobile manufacturers
must find ways and means to reduce the fuel consumption of the vehicles they produce.
Apart from automobile, the attainment of these energy consumption targets would
invariably involve weight reduction in a myriad of other mobile equipment and products.
To mention just a few: aeroplanes, space vehicles, cargo containers, various tools and
fixtures which has to be transported from site to site, sports and accessibility equipment,
ships, suit cases, and the list goes on. There are various ways in which this weight reduction
can be accomplished. Often these modifications almost always involve the use of stronger
and / or lighter materials.

Magnesium offers a set of highly attractive properties for the manufacturing industry. The
most obvious of which is magnesium’s low density, but there are many more. Magnesium
has a low specific heat capacity namely 1025 J/KgK and a relatively low latent heat of fusion
368 KJ/Kg; both properties desirable for all sort of casting processes resulting in a
significant reduction in energy consumption in its processing. Moreover, this element has a
low affinity to steel. Due to this property, steel moulding tools used for the casting of
magnesium alloys, last three to four times longer than those used to cast aluminium. Other
attractive properties are excellent castability, high dimensional stability, easily predictable
shrinkage, high strength-to-weight ratio, low melting temperature, shock and dent
resistance, excellent damping properties [1l, practically transparent to high energy neutron
radiation, and good electromagnetic shielding [2l. Magnesium is abundant. It is the eighth
most common element; seawater, the main source of supply, contains 0.13% Mg, which
represents a virtually unlimited supply. Magnesium is also recyclable, and instituting a
recycling system would extend supplies and save energy.

In the past the use of these versatile materials has been hindered by their prominent tendency
to staining and corrosion in wet and salt-laden atmospheres 13l. On top of this, their poor wear
resistance considerably limits the applicable contact loads. These two significant limitations
were the culprits for the initial setback for the use of magnesium alloys.

For many years, RZ5 alloy has been the preferred material for helicopter transmission
casings due to the combination of low density and good mechanical properties. More
recently, however, the requirement for longer intervals between overhauls and hence
improved corrosion properties has caused manufacturers to reconsider material choice. In
an effort to mitigate this problem WE43 was introduced instead of RZ5 for various
components including the main rotor gearbox castings.

In automobile applications the penetration of magnesium was not so successful following
the significant setback of the late 60’s. Magnesium alloys are currently used in relatively
small quantities for auto parts, generally limited to die casting. Studies conducted at the
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Argonne National Laboratory, Transportation Technology R&D Centre investigated the use
of magnesium sheet in non-structural and semi-structural body applications and the use of
extrusions for structural applications as spaceframes, L. Gaines et. al. [4. This study
identifies high cost as the major barrier to greatly increased magnesium use in automobile.
In Europe, the increase in using magnesium as a structural lightweight material is being led
by the Volkswagen Group of companies, with the material also being used by other leading
manufacturers including DaimlerChrysler (Mercedes Benz), BMW, Ford and Jaguar.
Presently, around 14kgs of magnesium are used in the VW Passat, Audi A4 & A6. All those
vehicles use magnesium transmission casings cast in AZ91D, offering a 20%-25% weight
saving over aluminium. Other applications include instrument panels, seat frames, intake
manifolds, cylinder head covers, inner boot lid sections, steering wheels, and steering
components which utilise the more ductile AM50A & AMG60B alloys. In North America, the
use of magnesium for auto applications is more advanced. The GM full sized Savana &
Express vans use up to 26kg of magnesium alloy. Several Technical barriers remain
inhibiting the high-volume uptake of Mg in the automobile industry, galvanic corrosion
being second only to the economical issues.

The application of durable anodic or conversion coatings typically provides moderate
protection. Anodic coatings such as Keronite ™, Magnellan ™, and Thixomat™ are tougher
and offer better protection from wear and corrosion than conversion coatings, but their cost
is too high for the mass production of common goods. Chromate-based conversion coatings
are cheaper, but the hexavalent chromium ion involved in this process is both carcinogenic
and a hazardous air pollutant. Directive 2000/53/EC on end-of-life vehicles makes explicit
reference to the reduction or elimination of its use in cars. Other European regulations are
also in place, to control the disposal of process waste and to protect staff in the workplace
which could potentially limit the use of such treatments.

The relatively low intrinsic hardness of magnesium and its alloys makes them prone to
mechanical damage (wear). In practice, magnesium alloys are protected either by the use of
bushings and various metallic inserts. This, however, often leads to galvanic corrosion
problems, and require complex and expensive assemblies in order to minimize contact
corrosion. It can therefore be safely concluded that the main technological disadvantages of
magnesium with respect to other competing materials (mainly plastic,c wood, and
aluminium alloys) are the poor corrosion and tribological properties.

One of the most important goals for the automotive industry of the future is to extend the
use of Mg alloys to other bulky components of the car including external parts such as
frames and panels [ . For active components applications, such as pistons, cylinder
blocks, and turbine components, both erosion and corrosion resistance are mandatory if
magnesium alloys are to be successfully used. Wear and corrosion protective coating system
for magnesium alloys are required in order to unlock the full potential of this virtually
inexhaustible recourse. Ideally such coatings would allow the design of magnesium
components without bearing inserts and the need of complex fixtures intended to
electrically isolate the components from other materials. Reducing the risk of galvanic
corrosion by means of a suitable protective coating would therefore result in an overall
reduction in production costs and increased reliability. These protective systems have to be
compatible with modern magnesium alloys as well as the environment. This can only be
achieved if the effect of the required processing parameters on the substrate material is well
understood. Also the process itself and the applied coating systems have to be
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environmentally friendly, both in terms of energy consumption as well as emissions in the
environment during the entire product lifecycle.

3. Surface engineering of magnesium alloys

Associated with the ever-increasing need for efficiency and better performing engineering
components, there is a corresponding increase in the demands placed on engineering
materials. Materials need to be strong, hard, light, ductile, wear resistant, corrosion resistant
and aesthetically attractive. Indeed, for some applications, even specific magnetic and
optical properties are also required; this is particularly true for the electrical and electronic
industry. It is therefore, becoming increasingly difficult for any material, to satisfy all the
requirements for a particular application.
Surface engineering enables the modification of the material’s surface without drastically
affecting the properties of its bulk. This emerging branch of engineering was defined by the
late Professor Tom Bell [0 as... “Surface engineering is the application of traditional and
innovative surface technology to engineer components and material, in order to produce a composite
material with properties unattainable in either the base or the surface material”. With these new
techniques, it is possible to select a material for its bulk properties, and afterwards engineer
its surface to achieve the required set of properties 7l. Surface modification techniques can
be tailored to satisfy the requirements of specific class of materials. In the case of magnesium
alloys this involves the development of low temperature processing techniques which can
modify the surface without degrading the properties of the bulk material.
Surface treatments are primarily applied to magnesium parts to improve their appearance
and corrosion resistance [! pg143-161]. The selected surface treatments are dependent on the
service conditions, aesthetics, alloy composition, size, and the shape of the component to be
treated. In the past couple of decades, a large number of surface treatments were developed
for magnesium and its alloys, but only few processes have actually achieved commercial
importance. The coatings and surface treatments used in industry to protect magnesium
alloys are:
e  Oils and waxes: used for temporary protection.
¢  Chemical-conversion coatings: temporary protection or paint base.
Anodized coatings: wear resistance as well as a superior paint base.
Paints and powder coatings: corrosion protection and appearance.
e  Metallic plating: appearance, surface conductivity, solderability and limited corrosion
protection.
The available surface treatments and coatings offer a wide range of performance and
processing cost. Chemical conversion coatings, for instance, can provide limited stand-alone
protection for interior environment applications. Anodised coatings are inherently porous,
and unless they are properly sealed with paint or resin, are not suitable for exposure to
corrosive environments. Metallic coatings are restricted to special applications, because of
the high processing costs involved in deposition. Table 1 includes a list of magnesium alloys
components, their exposure conditions and the applied surface treatment [1 p139].

3.1 Chemical conversion treatments
Chemical conversion treatments are, by far, the most common and diverse surface
treatments for magnesium alloys. These treatments are sometimes used on their own, but
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Part ‘ Form ‘ Requirement Pre-treatment Finish
Automotive parts
s Wet abrasi
Under hood parts Appearance, durability, ¢* abrasion ot Epoxy or epoxy-
. h alkaline clean plus
(valve covers, fuel | Die cast | resistance to salt splash, . . polyester powder
. . . . chrome-pickle or ion
induction housing) oils coat
phosphate
Power-train
components (clutch | Die cast | Resistance to salt splash None None
housings, transfer cases)
Engine brackets and | Die cast Resistance to heat, salt Wet abrasion of none None
splash, oils
Appearance, resistance to E-coat, TGIC(a)
Wheels Die cast UV exposure, ; br.ake Chrome pickle or ion polyeste%‘ powder
dust, stone chipping, phosphate and acrylic powder
humidity clear coat
Cut wire aluminium
Interi ts (hidd . 1 .
nterior .par s (hidden Die cast Humidity blast, wire brush or None
items)
none
Appearance, resistance to Lo :
. s - . . [E-coat, liquid 1
Exterior parts (visible | .. weather, resistance to | Chrome-pickle or ion coat, iquc acrylq
. Die cast - coat and acrylic
items) stone chipping, salt phosphate owder clear coat
splash, UV, break dust p
Electronics / computer
Sprayed acrylic,
' ‘ Mild interior, §a.les Chrome pickle or ion polyester or.
housings Die cast appeal, durability, urethane, exterior
. phosphate .
adhesion coating textured
epoxy powder coat.
. Mild interior, limited | Dichromate No. 7 or .
Die cast . . E-coat on die-cast
. . . temperature and chrome-pickle final
Disc drive activator arm| g - . surfaces, none on
humidity variations. No |dichromate or none on|
[Extruded| . . extruded surfaces
particle release allowed | machined surfaces
Aerospace parts
Backed epoxy
Aircraft auxiliary . . Sand blast and acid primer,
components and Exterior severe marine | . . polyurethane
. Sand cast| ) pickle, Dichromate No RSP
helicopter gear-box and tropical 7 exterior finish coat
housing or silicate anodize
and epoxy coat
Other Parts
Modified alkyd or
Moderate exterior, sales Wet abrasion and |backed alkyd liquid,
Portable tool housing | .. appeal, low cost, alkaline clean plus or electrostatic
. . Die cast . o . . .
(chain saws, drillers) adhesion, durability, chrome pickle or ion | powder coat with
weather, UV phosphate polyester or

polyester urethane
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Part Form Requirement Pre-treatment Finish
Exterior, sales appeal Flectrostatic
Compound-archery . ! PPea% | Chrome pickle or ion | powder coat with
bow handles Diecast)| low cost, adhesion, hosphate olyester or
durability, weather, UV phosp poty’
polyester urethane
. . . | Chrome pickle or ion .
Luggage frames  [Extruded|Interior plus mild exterior| phosphate Clear acrylic
. . . . | Ferric nitrate pickle | Polyester powder
Luggage frames Die cast [Interior plus mild exterior No 21 coat
Lawnmower decks | Die cast Moderate exterior Alkahne clean plus | Polyester powder
ion phosphate coat
Interior, resistance to
. Rolled | wear and corrosion by | Zincate plus copper | Hard chromium
Photographic plates plate |water based inks on long strike electroplate
run painting on can stock

Table 1. Industrial protection coating techniques for magnesium alloys

most often as surface preparation for subsequent coating. Magnesium metal surface is
inherently alkaline and thus its surface must be pre-treated to render it more compatible
with paints and other organic coatings in order to enhance adhesion. The protection offered
by stand-alone conversion coatings is however limited. This is only sufficient for
safeguarding this material during transport and storage. Conversion coatings are also
satisfactory for the protection of components intended to operate in relatively mild
conditions, such as housing for electronic components and parts for components which are
intended for indoor use.

The essential active ingredient in the vast majority of the chemical-conversion treatments of
magnesium and its alloys is the hexavalent chromium ion, Cr¢*. Epidemiological studies
have shown that workers employed in chromate production facilities have increased
incidences of lung cancer, nasal irritation, atrophy, and nasal septum perforation as well as
upper and lower respiratory effects. Chromium-exposed workers are exposed to both the
chromium (IlI) and (VI) compound, but only chromium (VI) has been found to be
carcinogenic. Much effort has been dedicated in finding effective substitutes for chromate
treatments. Several commercial phosphate treatments, and simple phosphate formulations,
emerged in the past decade as paint bases for high purity die-cast alloys, such as the AZ91D,
AMS50A, AM60B, and AS41B. However, as stand-alone coatings, the original chromate
treatment still offer superior corrosion protection, and continues to be the first step in the
finishing of many magnesium parts. This is particularly true for components used in
severely corrosive environments and sand castings, intended for used in aerospace and
military application [Bl. The most common conversion coatings used in industry are: the
chrome-pickle, Dichromate, Chrome manganese, Ferric nitride pickle, and the phosphate
treatments.

3.2 Anodic treatments

Anodic treatments are conducted by applying an electric current to the component being
treated, while it is immersed in a specifically formulated anodizing solution. During the
process, the component’s surface is forced to react rapidly with the solution, resulting in the
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formation of a complex coating, in a number of steps. First the surface of the magnesium
alloys forms a thick parent metal oxide. Then, as soon as the dielectric strength of this film
reaches the level of the applied impressed voltage, arcing takes place at the metal solution
interface. The heat generated by arcing, decomposes chemical precursors in the solution,
and results in the concurrent deposition of oxides of other elements. The outcome is a thick
and hard coating which significantly modifies the surface properties and favours the
adhesion of post-treatment coatings, for example painting [8l. Anodizing treatments require
a higher capital investment and have higher running costs, than most chemical conversion
coatings. These are also generally environmentally cleaner than chemical conversion
processes, despite most formulations in use include fluoride salts [°l. However, the result is a
tougher and better supporting paint base, with superior wear resistance. In addition, the
porous anodized surface can be infiltrated with organic sealants to give enhanced corrosion
resistance in aggressive environments.

Anodised surfaces can be infused with a variety of polymeric substances to produce
coatings, having special surface properties, such as lubricity and enhanced paint adhesion.
Proprietary coatings of this type are commercially available. One such protection system is
an anodic protection film, produced by Thixomat, (Chemical treatment No9 - galvanic
anodizing). This treatment is a low voltage dc process, producing a thick black conversion
coating, used mainly as a paint base. For rigorous service conditions, such as aerospace
applications, thicker coatings can be achieved by using chemical treatment Nol7 or HAE.
These processes can produce coating thicknesses in the range 5-30um. Thick coatings
provide an excellent base for heavy-duty paints and offer significant resistance to abrasion.

3.3 Other coatings used for magnesium alloys

Magnesium alloys can be electroplated by many commercial plating systems provided
proper pre-plating operations are conducted. However, the only metals which can be plated
directly on magnesium are zinc and nickel. Zinc and nickel under-coatings serve as surface
preparation for cadmium, copper, brass, nickel, chromium, gold, silver, and rhodium
coatings. With the exception of gold plating, metal coatings have found little commercial
applications. This is because they offer limited protection against wear and corrosion, and
also because of the high processing costs. Gold plating is still used in space applications,
because of its extreme stability in all operating environments, resistance to tarnish and
radiation, high superficial electrical conductivity, low infrared emissivity, and resistance to
cold welding in high vacuum. Metal plated wrought alloys give better and more
reproducible corrosion resistance than cast alloys. This has been attributed to the surface
porosity found in cast alloys [31.

Organic coatings are used on magnesium alloys to provide corrosion protection and for
decoration. Organic finish paints range from single coats applied, on a pre-treated surface,
to complex multicoat™ systems involving anodizing, epoxy surface sealing, priming, and
one or more topcoats. Surface sealing with epoxy resin was developed, as a first step in the
finish of casting for the aerospace and military applications. This sealing is an important
step to increase the corrosion performance of the complex finishing systems required in
aggressive environments and to seal the inherent surface porosity of cast alloys Bl.

3.4 Low temperature physical vapour deposition (IBAD)
Plasma processing of materials has matured at an incredible rate. Since the first international
conference, on plasma surface engineering, held on the 19-23 September 1988, in Garmisch-
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Partenkirchen, the state of technology has made unprecedented strides. As early as 1989,
low temperature ion assisted film growth processes, were already predominantly forcing
their way for the fabrication of microelectronic devices. Plasma Assisted Physical Vapour
Deposition provided a useful way to make the condensable particles move around on the
substrate surface by colliding energetic particles from the plasma with those being adsorbed
on the surface. This is accomplished by applying a negative potential to the substrate during
deposition. In this way the deposition temperature required to achieve relatively dense and
hard coatings was steadily reduced lowering energy consumption and reducing the heat
input to the substrate during deposition. Heightened environmental concerns, in recent
years has made plasma processes increasingly important in the surface engineering of
materials.

Ion beam assisted deposition (IBAD), also referred to by some scientist as ion beam
enhanced deposition (IBED), is a combination of two surface treatment processes, namely,
physical vapour deposition (PVD) and ion implantation [0l In this case the source of
condensable particles and energetic particles are distinct and can be controlled
independently. The deposition process is usually accountable for the material build-up,
while the ion flux imparts the kinetic energy required to achieve adhesion and the required
coating properties [11l. The kinetic energy imparted by the ion beam activates a number of
processes on the surface of the growing film. Surface atoms are displaced, enhancing
migration of atoms along the surface and thereby increasing the coating density even at very
low deposition temperature. The ion beam, also provides the required stitching (ion beam
mixing) of the coating to the substrate at a low temperature [12I. This process is therefore
applicable to a wider range of materials [13. 14, 15]. Furthermore, accurate tuning of the ion to
condensable flux ratio, enables the control of coating stoichiometry, structure, and residual
stresses [16].

The main difference between the IBAD deposition technique and other ion assisted
deposition processes is that, in the former, the energetic ion source and the condensable
material flux source are separated into two distinct devices. Thus in IBAD, these two
parameters can be controlled independently. In comparison, other plasma based deposition
techniques such as DC and RF magnetron sputtering, as with all other PEPVD techniques,
the condensable material and ion fluxes are extracted from the same plasma source. This
feature gives the IBAD process more control over the deposition parameters, as compared to
other deposition processes [17l. Another important difference is the operating pressure.
Plasma assisted coatings usually operate between 0.1x102 - 13 mbar, which is the pressure
required to sustain a plasma. In contrast, IBAD techniques usually operate at high vacuum,
between 2X10-6 and 2X10-10 mbar. This is mainly due to physical limitations of the hardware
and mean free path restrictions, R. Emmerich et al. [18]. IBAD techniques operate in the
collision free pressure regime, thus the evaporant and the ion beam flux travel in straight
lines to the substrate. This is a serious limitation of IBAD process, which restricts the
complexity of the parts that can be treated which would otherwise cast shadows on the
surface to be coated. This limitation is known as line-of-sight.

Conventional plasma assisted deposition techniques allow for the deposition of coatings
with thickness ranging in the tens of microns. However, the interface between the coating
and the substrate is often very thin, especially, when the process is conducted at low
temperatures. Frequently, this results in poor coating adhesion, particularly for coatings
hicker than three microns. Ion beam mixing can potentially solve this problem. In this
process, the substrate is coated up to a thickness which is shallower than the penetration
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Fig. n.1. Physical vapour deposition processes [19]

depth or the ions. This thickness is dependent on the maximum available ion energy. The
newly formed surface is subsequently ion implanted such that, the original interface is
broadened by the ballistic effect of the ion beam as shown in figure n.1 120, 21l. The resulting
coating is very shallow, in the range of 0.2 - 0.5um, but the physical properties are vastly
superior to those produced by traditional methods. This shallow coating provides an
excellent foundation for additional coatings. By combining ion irradiation and deposition,
the IBAD process allows for the deposition of relatively thick coatings sometimes with a
thickness of more than 30pm and excellent adhesion to the substrate. In addition, it provides
a means to control the residual stresses, as well as, the texture of the coating produced.
There are two principal ways to carry out IBAD process. The coating can be deposited under
simultaneous or alternating ion bombardment. In the first case, low energy ion sources with
no mass separation are used, such as the broad-beam Kaufman type. In the second case,
higher beam energy is required, depending on the thickness deposited between each
irradiation intervals, figure n.3. The increment in thickness on each successive pass is,
usually, a few tents of nanometres. In both cases, the typical energy range used for IBAD /
RIBAD is 100eV - 300eV, 30KeV - 100KeV. When energies higher than a few hundred eV are
used, decomposition of the deposited compounds occurs and the coating structure is
damaged. This is particularly the case in the RIBAD process [22I. Figure n.2 illustrates a grid
array of nano hardness measurement taken from an AM50 magnesium substrate coated
with IBAD alumina. For the preparation of these alumina layers the growing alumina film
was irradiated with a low intensity flux of 80KeV Ar* ions. The hardness values shown in
this figure suggest the presence of hard crystalline sapphire crystals in a soft amorphous
matrix. The presence of these structures in coatings deposited with different ion beam to
condensable flux ration was verified using polarised light, figure n.3.

An alternative method for material deposition commonly in use is the sputtering of
condensable material from a solid target, which is situated in front of the substrate. This can
be accomplished either by immersing the target in dense plasma and applying a substrate
bias or by irradiating the target with a high intensity ion beam with energies in the range
100eV - 600eV. The former process is known as magnetron sputtering while the latter
process is known as ion beam sputter deposition (IBSD). Magnetron sputtering allows for
very high deposition rates but in order to obtain dense coatings higher temperature are
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Fig. n.2. Nano hardness measurements on IBAD AlOs coating with I/C ratio of 0.3 to
determine the hardness of the phases present.

Fig. n.3. Selected areas from a series of IBAD Al,O; coatings (plate A - D) prepared with
different I/ C ratios. Plate I at the centre illustrates the distribution of the hard island on the
surface along with a series of nano indentations

required. In IBSD, the condensable material sputtered from the target attains very high
energies 60eV - 100eV and through self bombardment can yield very dense coatings even at
cryogenic temperatures. In the bottom of Figure n.4, a single ion source IBSD setup is
illustrated, while the top part of the same figure shows the two ion sources configuration.
IBSD sputtering usually result in very low deposition rates and require ultra high vacuum,
to limit coating contamination from the residual gas and avoid scattering of the condensable
particles by the residual gas particles which would result in inferior mechanical properties.
The high kinetic energies of the condensable particles impart excellent adhesion and coating
densification resulting in superior wear and corrosion protection, B. Valvoda [l It is
because of this high kinetic energy, that IBSD can be conducted at lower temperatures than
any other physical deposition process [24].
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Clearly, the two ion source configuration offers greater flexibility and control over coating
structure and stoichiometry 2. Then again, multiple evaporation and ion sources may be
required for the synthesis of compound coatings. A configuration of two separately controlled
ion sources has achieved a relative degree of success in the United States. One institution using
this system in the early 1980’s, was the U.S. Naval research laboratory, which developed a
series of processes suitable for high temperature aerospace applications 151,
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Fig. n.4. Deposition Configuration

3.5 Mechanical properties of low temperature PVD coatings for magnesium alloys

The physical properties of the resulting PVD films are extremely sensitive to a broad range
deposition parameters used for their preparation. The substrate surface conditions
(roughness, hardness, crystal orientation, and density of point defects) and to a larger extent
contaminants present on its surface also have a huge impact of such properties. The limited
ad-atom mobility at low temperature tends to make films deposit under such condition
more sensitive to the presence of contaminants on the substrate surface and relatively high
concentration of residual gas molecules in the processing chamber. The effect of the latter is
usually more pronounced when the deposition rate is very low (less than 2As1).

As part of an extensive investigation intended to develop protective coatings which could be
applied to magnesium alloys in existent industrial deposition facilities, a number of
deposition techniques were evaluated. The coatings produced in this investigation were
subsequently compared using pin on disk tribo test configuration and various
electrochemical tests. The base pressure of the equipment available in this case was 2x10-6
mbar and the deposition temperature for all coatings was maintained below 80°C. A
selection of the physical properties of the coatings obtained from this investigation is
included in tables 1 and 2.

Under the investigated conditions, ion beam sputtered aluminium oxide, titanium oxide and
carbon, coatings have very high wear rates compared to those of sputtered W and ion beam
assisted deposition coatings. The best performing coating is RIBAD TiN, resulting in a wear
rate of 2.51x10-12mm3(Nm)-L. This is followed by IBAD alumina (I/C 0.3) which resulted in a
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wear rate of 8x10-¢ mm3(Nm)-L. The far right pyramid, in this chart, represents the wear rate
of 1pm sputtered carbon on top of a 5pum IBAD alumina (I/C = 0.3) coating. This composite
coating wears at a rate of 2.8x107 mm3(Nm)-, and shows, therefore, an improvement over
the monolithic IBAD alumina coating.

The poor performance of the IBSD coatings in this investigation is attributable to the high
residual gas pressure and the extremely low deposition rates used due to the hardware
limitations. The relatively high base pressure results in a continuous build-up of physisorbed
gas molecules, on the substrate surface, which hinder coalescence of growing coating islands.
This gave rise to a high concentration of nanometric voids inside the growing films. The
density these coatings were calculated by measuring the difference in weight of the substrate
before and after the deposition process and dividing this quantity by the coating thickness
multiplied by the CSA of the substrate. These values are reported in table 2 and provide
support the hypothesis that the coatings contain significant nanometric porosity which is
invisible to the optical microscope and SEM, figure n.3.6. From this table, it can be seen, that
the sputtered coatings have very low hardness. The only exception is the sputter deposition of
W, which has a very high hardness, even if the coating density is only 0.8 of the theoretical
value. This, is believed to be due, to the difference in mass between the residual gas molecules,
[H2O (18amu), O, (32amuy), and nitrogen (28amu)] and that of W (184amu). As a result, W
particles lose little kinetic energy during binary collisions with residual gas particles on the
substrate surface. Chum Gao et.al. [26] used this phenomenon by intentionally increasing the
chamber pressure to decrease ad-atom mobility and deposit films with nanometric grains
containing nano-voids, thus enhance their magnetic properties.

IBSD IBSD IBSD IBSD IBAD RIBAD RIBAD IBSD
AlLOs TixOy C W Al O3 TiN TixOy |C/IBADAILO;

2.97E-02 | 2.60E-02 | 1.80E-01 | 7.25E-04 | 8.00E-06 | 2.51E-12 | 9.20E-04 2.80E-07

Table 2. Wear resistance of various coatings, subjected to the pin-on-disc test, the units used
to represent the volume of material removed by the pin are mm3(Nm)-

At room temperature, residual reactive gases occupy the reactive sites of the substrate
surface and “act as a source of mechanical stresses to pin grain boundaries and vacancies”.
In turn, this results in poorly adherent films, which are either amorphous or have very small
grains G. Konczos et. al.7l. At higher temperature the incorporated gases give rise to
mechanical stresses in the coatings, and significantly modify both their electrical and optical
properties. The presence of these adsorbed gases can also change the deposition mode from
epitaxial to polycrystalline or amorphous, depending on the extent of contamination. The
continuous formation of residual gas molecular film on the surface is responsible of atomic
shadowing. This, eventually, leads to the formation of nano trenches in the surface, which
when covered would give rise to the voids reported.

Despite the high residual gas pressure and the low deposition rate, the coating adhesion and
wear resistance, reported by P. L. Ignatenko et.al, for IBSD TiN are significantly better than
those of RIBAD TiN deposited by on the same substrates [28. This appears to be in contrast
with the results obtained by the author in whom the deposition of IBSD of TiN resulted in a
loosely bound mixture of titanium oxides and nitride, with exceedingly poor mechanical
properties. This difference originates mainly from the difference in operating parameters
used. In fact, in the research at hand, the substrate temperature was not allowed to exceed
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Density gmm- Co;ffiftient of friction | Hardness Al(\iI}If;ign
uring wear test GPa * Max 35Nmm-2
IBSD ALOs 2.92 0.86 0.44 18.2
IBSD Ti,Oy 2.16 0.68 1.28 12.8
IBSD W 16.3 0.56 33.64 16.252
IBSD C 1.9 0.095 0.11 2.31
1BSD gs&lBAD - 0.014 20.85 10.736
IBAD TiN 5.4 0.21 16-26.8 3535
IBAD TiOy 3.85 0.42 8.33 33.55
IBAD ALO3 3.9 0.68 2.4-265 34.145

Table 3. Mechanical properties of coatings

1. Coating flakes off spontaneously after 5 days of 5.

exposure in atmosphere

2. Coating develops visible cracks and pores after 3 7.

weeks of exposure in atmosphere

W

4. Partial coating and resin failure

Coating develops blisters after 12- 36 months

Coating delaminates but does not debond
6.  Failure of resin-coating bond
Resin adhesive strength in tension is 35Nmm-2

Fig. n.3.6. A sectioned IBSD Al,Oj3 coating, deposited by sputtering Al with O+ for 432hrs,

showing a “thick” and uniform coating

80°C and no substrate bias was used, whilst P. I. Ignatenko et.al. applied a deposition
temperature of 500°C and a substrate bias of -200V. This is believed to be responsible for the
considerable improvement of, both, the coating hardness and adhesion to such an extent
that it actually outperformed RIBAD TiN deposited on the same substrate. In fact published
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results suggest that under appropriated deposition conditions and with a base pressure in
the range of 1x10-'mbar IBSD coatings are generally superior to their counterparts
deposited using other PVD techniques.

Results published by I. Petrova et.al. show that low density coatings result when metal films
are deposited with an impurity arrival rate much higher than that of the metal itself [29].
They also stated that, for alumina deposited under similar conditions, adequate mechanical
properties cannot be achieved at deposition temperatures lower then 500°C in case of ion
beam bombardment and 800°C when no ion beam irradiation is applied. The findings of this
investigation concur with the findings of G. Konczos et.al, whose conclusions are based on
experimental data gathered from work carried out by a number of researchers, over several
decades.

3.6 Effect of the surface condition on the low temperature PVD coatings for
magnesium alloys

In the deposition of hard coatings on magnesium alloys, magnesium oxide present on the
substrate is a weak link and is thought to be responsible for the poor coating adhesion. This
oxide as unstable, due to a misfit between the lattices of the cubic oxide and that of the
hexagonal metal, resulting in a Pilling-Bedworth factor less than one. In addition, when
exposed to humid atmosphere, magnesium oxide reacts to form hydroxide, further
compromising coating adhesion, R.S. Busk [30. While investigating plasma surface treatment
of magnesium alloys H. Hoche et.al. 131 has shown, that the presence of magnesium oxide, at
the interface of a hard coating, is detrimental for the coating hardness and adhesion. They
suggest that the weak bond of the MgO, with the parent metal inhibits, the formation of
compressive stresses in hard coatings deposited on top of the MgO, resulting in lower
hardness and adhesion. This was amply demonstrated in a separate publication by Hoche
et.al. B2 who report the performance of three coating systems namely 9pm CrN, 2.1pm TiN
and 0.5pm anodised Mg + 3pm ALOj;. In their new setup, they used an RF magnetron
source to sputter the condensable material, while feeding the reactive gas. Also, by applying
a high substrate bias voltage for 20 minutes, it was possible to remove the surface oxide
from the magnesium substrates. Subsequent formation was prevented by gradually
reducing the bias voltage and allowing the coating to grow without interrupting the
sputtering process. The hardness of the TiN and Al;O; coatings deposited with this method
is 42.86GPa and 22.07GPa respectively. The former is surprisingly higher than the
corresponding hardness values of 28 - 34GPa reported by Jorge Nuno and Marcolino
Carvalho 1. This difference was despite the fact that the substrate in this case was tool
steel, with hardness ranging between 50-60 HV.

In a separate investigation the author has demonstrated that because of the marked
difference between the atomic weight of magnesium and aluminium atoms and that of zinc,
iron, manganese, and zirconium elements which are often present in the most common
magnesium alloys, a phenomenon known as sputter amplification is likely to take place
during the sputter cleaning of the surface [34l. This process results in the roughening of the
surface and the consequent reduction of the coating performance.

Attempts to form stoichiometric MgO on magnesium at reduced pressures and low
temperatures (0 - 200°C) in the past has failed, Kurth. M et.al. 5. In their report they
described the formation of a nanometric oxide film which is semi conductive, with a band
gap of circa 2eV. In their article they also report that previous attempts to grow thicker MgO
layers at elevated temperature, invariably, resulted in cracks in the coating, consequently
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leading to poor adhesion and corrosion protection. In contrast, work conducted by F.
Stippich et.al. has shown that magnesium oxide can be grown, under controlled conditions,
to form a protective layer 136l In their work, they explains that IBAD deposited MgO, using
5-15KeV Ar* and an I/C of 0.2, can generate a range of useful crystal structures which can
offer moderate corrosion protection on their own, but more importantly can be used to
provide support for more protective surface layers.

The intrinsic softness of magnesium and its alloys also contributes to degrade the properties
of hard coatings deposited on these materials. In order to minimise this effect, the coating
thickness deposited on magnesium alloys has to be substantially greater than that used on
harder substrate materials in order to provide adequate protection. The effect of coating
thickness on the wear rate of IBAD Al;O; coating deposited on AM50 substrates was
investigated by the author. This investigation uncovered that as the coating thickness is
increased, the scatter in wear data becomes less significant and the wear resistance is
considerably improved. An interesting result obtained in this investigation was the fact that
as the coating thickness was increased from Ipm to 2.5pm there was a corresponding
deterioration in wear resistance, figure n.3.7. Increasing the thickness further resulted in the
expected rapid improvement. In order to understand the change in the wear mechanism
operating on these coatings and explain the initial anomaly, two series of wear tests were
carried out. In the first instance, a series of pin-on-disc wear tests were conducted on
coatings having thicknesses of 0.85pm, 3.8pm, 5.6pum, & 7pm. In these tests, the pin was
allowed to wear through the whole thickness of the coating. In the second set of
experiments, the time required for failure of the coating derived from the first set of
experiments, was used to determine the duration for two thirds of the coating to be worn
off. The results of these tests are given in figures n.3.8 and n.3.9 (pages 149-150).

From figure n.3.8, it can be seen that, for both 0.85um and 3.8pm thick coatings, the sliding
of the pin on the surface results in plastic deformation of the substrate material, leading to a
wear process known as gouging. This results in a series of characteristic “V” shaped cracks
on the surface of the 3.8pm thick coating pointing towards the sliding direction. Numerous
tiny cracks are formed along the edge of the wear track. Interestingly, on the 0.85um thick
coating, no cracks are visible; despite of the extensive plastic deformation of the surface.
Both the 5.6pm and the 7pum thick coatings display no sign of plastic deformation or
cracking of the surface.

0 1 2 3 4 5 6 T
Coating thickness in microns

Fig. n.3.7. Effect of coating thickness on the wear rate of IBAD Al,Oj; coatings deposited with
an I/ C ratio of 0.3 and subjected to the pin-on-disc test.
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Fig. n.3.8. Optical micrographs of Al,O; coatings with different thickness and an I/C ratio of
0.3, showing wear tracks produced by running the pin-on-disc test, for two thirds the time
required for the pin to wear through the respective coating

564 ] -
Fig. n.3.9. Optical micrographs of Al,O3 coatings deposited with an I/C of 0.3 and different

coating thickness, showing wear tracks produced by running the pin-on-disc test until
failure

Figure n.3.9 indicates that in the case of the 0.85pm thick coating, the cracked coating is still
present on the surfaces even when the pin has penetrated substantially in the substrate. It is
believed that the plastic behaviour exhibited in this micrograph, is caused by the high
magnesium oxide content in the alumina coating, originating from the substrate. EDX
measurements show that out of the 0.84pm thick layer a minimum of 0.4pm is actually
interphase material having grading chemical composition, figure n.3.10.

The addition of 3-10% magnesium oxide to alumina, significantly, reduces the grain size of
sintered alumina 137]. In his clinical trials, H. B. Skinner [38] found, that the reduction in
alumina grain size, by alloying with magnesium oxide, resulted in increased wear resistance
and toughness of the alumina-bearing surfaces used for hip joint replacement. However, the
deformation of the thin coating observed in the present work could simply be due to the
shallow thickness of the coating. Reports published by D.R. Clarke and W. Pompe B9 who
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investigated the failure of the interface of thin hard coatings subjected to compressive stress,
support this second hypothesis. In their findings, they stated that the critical radius for
interface separation is inversely proportional to the coating thickness.
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Fig. n.3.10. EDX measurement conducted on sectioned IBAD Al,O; coating prepared with
an I/C of 0.3, showing an interface thickness of 0.6um

The 3.8pm thick coating, on the other hand, is completely removed from the surface,
revealing the microstructure of the AM50 substrate. In fact, figure n.3.9 provides evidence of
coating delamination suggesting that at this coating thickness, the shear stress at the
interface is too high to provide adequate performance. Increasing the coating thickness to
5.6pm reduces the shear stress at the interface sufficiently; to avoid delamination as can be
seen in the same figure. Increasing the coating thickness further to 7pm, results in a
substantial improvement in the wear resistance. In effect, only some patches of coating from
the inside of the wear track were removed by a deboning mechanism. It is thought that in
this case both abrasive and fatigue wear takes place. Also, the SisNy sphere used as the
counter facing wear component wears significantly in this case. This gradual increase in the
contact area resulted in a reduction of the contact stresses acting on the coating. As the
contact pressure is reduced, there is a marked reduction in abrasive wear, until the coating
eventually fails by fatigue.

3.7 Corrosion resistance of AM50 substrates, coated with various thickness

The evaluation of the corrosion resistance of the coated magnesium samples was conducted
using the acidified saline solution immersion test developed by General Motors, B.L.
Taiwari and J. J. Bommarito 40 In another publication a similar setup was designed to
conduct potentiodynamic tests on the coated surface 34. For these tests, the coated area of
the specimen acts as the working electrode of the potentiostat. For this series of experiments
four coating systems were selected. The RIBAD TiN and IBAD ALOs for their good wear
resistance, and IBSD Ti,Oy and AlOs for their good corrosion resistance. Three coating
thickness of each were deposited, namely 1pm, 3um, and 5pm. Figure n.3.11 summarises the
results of 48 hours immersion tests, using acidified 5%NaCl solution at PH6. It is
immediately apparent, that, the corrosion resistance increases with coating thickness. 1pm
and 3pm of RIBAD TiN and IBAD Alumina prove to provide inadequate protection, in fact,
magnesium corrosion products are rapidly leeched out of the surface and the coating is
subsequently detached. Increasing the coating thickness to 5pm results in a substantial
improvement, even if, the coatings still show some signs of superficial corrosion damage.
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Figure n.3.12 is a plot of the weight loss ratio of coated samples, relative to that of the
uncoated substrate material. From this chart, it can be concluded, that for all the various
thickness investigated, TiN coatings have a negative influence on the corrosion resistance of
the substrate. It can also be seen that at 1pm thickness, the corrosion damage on a TiN
coated sample is 2.8 times that of the corresponding uncoated material. In comparison, lpm
IBSD TixOy and 1pm IBAD AlLOs do not affect the corrosion process. Figure 4.49 shows
small pinholes on the surface of a 3pm RIBAD TiN coating. These defects result in visible
damage in the coating, even after just 30min of immersion.

Coating E\liai%c:;%e g Souttered Evaporated € mitired
Thickness| ) . iy IBAD (I/C 0.3) I

TiN

Fig. n.3.10. Showing extent of surface damage following immersion of the various coated
substrate in acidified 5% NaCl solution at PH 6 and 20°C for 48 hours.

The corrosion protection of all coatings improves with coating thickness. This is in
agreement with the results published by Hollstein et.al. [1l maintain that TiN coatings, with
a thickness lower than 4pm are not suitable to protect Mg and its alloys from corrosion.
Moreover, the results published by this group demonstrate, that single layered TiN coatings
have very high porosity. The performance of 1pm IBSD AlOs is, surprisingly, better than
the IBSD Ti,Oy coating of the same thickness, and even, better than that of all other coatings
tested, even those that are thicker. This enhanced protection is attributed to two important
differences in the deposition parameters. The first, and probably the most important, is the
fact that aluminium has a lower melting temperature than titanium, and thus sputtering
aluminium at temperature, as low as 30°C, results in a Ts/Tr, ratio of 0.33 [zone II of the
structure zone model (SZM)], while that for titanium is only 0.19 (Zone I of the SZM).
Besides, aluminium has a higher sputtering yield than titanium; which means, that, with the
same ion beam current, the Al metal arrival rate attained during sputter deposition, is
higher. The ratio of metal arrival rate to residual gas molecules, though still far from unity,
is however, somewhat higher than that attained during the sputtering of Ti.
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As mentioned above, operating in zone one of the structure zone model results in a low
density coating, with a high porosity density, and hence, inferior corrosion resistance. The
lower adhesion of Ti\Oy coatings, when compared to the IBSD Al;Os, together with the
higher XRD signal yield of the latter, provide further support to this hypothesis.
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Fig. n.3.12. Weight change of AM50 substrates coated with various thickness and subjected
to 48 hours immersion in acidified 5% NaCl solution, following the procedure described in
section 3.2.2.4

In the case of IBAD Al;O; coatings, the condensable flux was generated by the electron
beam evaporation of aluminium oxide, which resulted in a flux of oxide molecules giving
rise to a Ts/Tm ratio of 0.13. Nevertheless, in this technique, additional kinetic energy is
supplied to the growing film by the high energy ion source. Therefore unlike the IBSD
coatings, IBAD Al;O; has a high density and hardness. The defects, in this case, originate
from high stresses set up by residual gas trapped in the coating and which generate micro
cracks and pores. Similar defects in the coating are shown in figure n.3.13. During, the
evaporation of the alumina slug within the crucible, globules of alumina may gather charge
and be expelled from the crucible, some of which deposit on the sample. Those that remain
form inclusions, while those that fall off create pores on the surface, see figure n.3.13. This
problem is more prominent at high evaporation rates.

From figure n.3.12, it can be concluded that 5pm IBAD Al,O3 coated magnesium substrates
perform comparably to the IBSD coatings. However, from Figure n.3.10, it becomes evident
that despite the weight loss is similar; the IBAD ALOs surface is damaged to a greater extent
than that of the IBSD coatings. This is believed to be due to the large number of defects
present, many of which are smaller than the thickness of the coating. Therefore, this standoff
in performance, between the two coatings, is not likely to take place for longer exposure
times. In such case, IBSD coatings are expected to yield better performance.
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AlOs3 IBAD coated gravity cast AM50 substrates, perform relatively bad, when compared to
their squeeze cast AS21 counterpart. The reason for this dissimilarity is thought to be due to
the high porosity present in the former. While treating magnesium alloys, using various
commercial surface engineering processes B3] discovered that the porosity in the base metal
determines the porosity in the coatings. In fact, he attributes the inferior behaviour of
coatings deposited on cast magnesium alloys to those on wrought counterparts, to the
presence of pores on the surface.

Fig. n.3.13. Left: Pore on IBAD Al,Oj3 coating deposited on AM50 substrate, Right: Crack
present in the cross section of IBAD on an AlOs coating deposited with an I/C of 0.45.

In the case of the 1Tum thick IBAD ALOs coated substrate the active corrosion mechanism is
filiform corrosion. This corrosion mechanism operates on surfaces covered with damaged
passive coatings. In this case corrosion starts from defects in the coating and propagates
underneath the coating producing trenches in the surface. Hoche et.al. 31l reported similar
corrosion mechanism operating both on 9pm CrN and 0.5 MgO +1.5pm AlLO; coated AZ91
magnesium alloys. While filiform corrosion took place in both cases, the damage
experienced on the CrN coated substrate was much greater. This was ascribed to the
conductivity of the CrN coating.

S. Korablov et.al. [38] explored into the performance of TiN, (Ti,Al)N and CrN PVD coated
steel in various aqueous solutions. This investigation showed that nitride coatings can
protect the substrate very effectively, in neutral and alkaline solutions. They are, however,
rapidly damaged in acidic solution. According to S. Korablov et.al, the nitride coatings are
compromised by corrosion products, which initiate at coating defects and spread through
the interface causing extensive damage to the coating. This is in net agreement with the
findings reported here.

Figure n.3.14 illustrates a series of potentiodynamic tests, conducted on alumina coated
substrates, in neutral 5% NaCl solution. In this chart, curve A shows the polarization
behaviour of a 10pm IBAD coating on AS21 substrate, while curves B, C, and D show the
polarization behaviour of 1pm, 5pm, and 15pum IBSD coatings deposited on AS21 substrates.
At first sight, it is apparent that the free corrosion potential of the 10pm IBAD coating is
higher than that of the 1pm thick IBSD coating. Also, the free corrosion potential of IBSD
coatings decreases gradually with coating thickness. Still, perhaps, the most important
difference in these curves is their lowering of the pitting potential, from 0.6V to below the
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range covered by the potentiostat in use, namely (-2.5V). The vast difference in performance,
maybe, can be better appreciated, by comparing the damage produced on the coated surface
of the substrates during the polarization experiments.
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Fig. n.3.14. Potentiodynamic tests on AlO3 coated AS21 magnesium alloy. Curve A

illustrates the behaviour of the 10pm IBAD Al,O3, while plots B, C and D illustrate the
behaviour of 5, 10 and 15um of IBSD Al,Os.

From the polarization curve A, it can be seen, that as the sample surface is driven into the
anodic region, the current through the defects in the coating increases. At some point,
however, this current becomes saturated and further increase in voltage results in very little
increase in current. This effect is known as concentration polarization. This corresponds to
the dissolution of magnesium through tiny pores in the coating. As corrosion conditions are
made more aggressive, the pores grow in diameter and eventually merge to form large pits.
This corresponds to a sudden increase in current, which can be observed in curve A at 0.6
volts, and is known as the pitting potential.

From curves B, C, and D of figure n.3.14, it can be seen, that, IBSD alumina coatings do not
experience pitting during potentiodynamic tests; through the whole range of polarization
voltage used. This is because these coatings have a lower defect concentration, and thus, the
pinholes on the surface are further apart than those in the coating represented by curve A. In
the former case, therefore, pores cannot merge to form pits or at least, would take much
longer to do so. This results in a high resistance to the flow of Mg2* out of the surface, which
is represented by the steep gradient in the polarization curves for the IBSD coatings.

Hikmet Altun and Sadri Sen [ have conducted extensive potentiodynamic testing of AIN
sputter deposited coatings on a range of AZXX magnesium alloys. The coating thickness
used for this set of experiment consisted of, 3um of AIN together with, an Al interlayer of a
few nm. The coating provided little protection, to all but one alloy of the series investigated,
namely AZ91. For the AIN coated AZ91, the coating provided reasonable good protection
with a reported pitting potential a little bit higher than 700mV. Hikmet Altun and Sadri Sen,
attribute the limited protection provided by those coatings, to the deposition process related
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defects, namely cracks and pores in the coatings. This is in accord with the findings in this
research, and those reported by all other researchers mentioned above. The pitting potential
for AIN coated AZ91 is reasonable close to that measured on IBAD Alumina coated AS21,
produced in this study. The slightly better performance shown in figure n.3.14 (curve A) of
the latter is attributable to the higher thickness.

The results obtained in the previously reported immersion tests contrary to those obtained
in the potentiodynamic testing. This difference in performance was also observed by F.
Stippich et.al. 136], while investigating the corrosion protection offered by various magnesium
oxide coatings on magnesium alloy substrates. In their study, pure MgO coatings
outperformed alloyed MgO and IBAD MgO coatings in potentiodynamic testing. However,
they proved inferior during salt spray testing. Stippich et.al. concluded that for the purpose
of electrochemical testing, greater protection is offered by coatings with amorphous
structures, as these have lower porosity. Then again, the mechanical properties of the
coatings are more influential in salt spray tests, than in potentiodynamic examination.

4. Conclusion

In the light of the above discussion, it is reasonable to believe that the low ad-atom mobility
during sputter deposition resulted in highly amorphous IBSD oxide coatings; with good
corrosion resistance but relatively poor mechanical properties, even for coating thickness
below 3pm. Conversely, IBAD coatings contain many defects, which lower their resistance
to corrosive solutions. These coatings can, however, be substantially improved either by
increasing the coating thickness, or by depositing additional coatings with minimal surface
porosity. It can also be concluded that conductive coatings, such as, carbon in the form of
graphite, titanium nitride and tungsten, can significantly accelerate corrosion by setting up
galvanic corrosion. This either results in severe pitting, or filiform corrosion, which will
eventually detach the coating completely from the surface.

It was shown that even using conventional hardware developed for the surface engineering
of steels, it is possible to deposit coatings that exhibit wear and corrosion resistance onto
magnesium alloys. In this study, a hybrid coating was produced by combining the good
mechanical properties of IBAD Al,Os, with the low surface porosity of IBSD C. This resulted
in a coating with good overall performance and satisfied the objectives of this project. This
work has also served to demonstrate that there is still ample room for improvement, both in
the deposition system and ultimately in the protective coatings.

Results published by the various researchers working in this field amply demonstrate that
there are two major obstacles for the deposition of dense protective coatings at low
temperature. These are the shadowing of the incoming ad-atoms by the shape of the substrate
or the texture of its surface and the incorporation of unwanted molecules from the residual
gas. The effect of the latter can be easily mitigated by reducing the base and operating
pressures, while the former problem is much more difficult to solve. This was traditionally
death with by incorporating complex substrate manipulators which continually move the
substrate surface during deposition in order to exposed shadowed features. Unfortunately this
approach is not very economical as it requires a large capital expenditure and significantly
prolongs the process time. Another problem with these technologies is the inherent delicate
nature of the complex equipment used which is prone to very expensive breakdowns.

A more practical approach involves the immersion of the component being treated in the
plasma and the application of a pulsed high voltage during deposition, a process known as
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Plasma Immersion Ion Implantation & Deposition (PIIID). This comparatively simple
solution offers a number of advantages with respect to the more traditional IBAD / RIBAD
techniques. The first and most important advantage is that fact that with this technology the
energetic charged particles are attracted directly on to the substrate surface. This means that
in this case, with very little exceptions the line of sight problem is nonexistent. In addition
provided that the sample is properly cooled, the energy density that can be applied on the
growing film with this technology is much higher. This means that the condensable flux
intensity can be increased without compromising the coating properties resulting in much
higher deposition rates. Another important advantage of this setup is the possibility to
easily modify the surface of the substrate before deposition. If fact this setup is particularly
suitable for the preparation of duplex and multilayer coatings.

Notwithstanding these important advantages it is unlikely that the PIIID technology will
ever offer the same degree of process parameter control over the IBAD / RIBAD or the IBSD
systems. These are likely to maintain their dominance in specific applications where
accurate control of the coating crystal structure is required.
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1. Introduction

2Okayama University of Science
121apan

Magnesium alloys are increasingly utilized recently to improve fuel consumption of vehicles
by reducing their weight. Suppression of oscillation, shielding of electromagnetic wave,
rigidity and recyclability of the alloys are also advantages in electric and electronic products

as well as in automotive applications (Cole, 2003).

However, magnesium is one of the

materials which bear stain most easily because of its quite low potential region where metallic
magnesium can exist in wet environment (Pourbaix, 1974; Mears & Brown, 1945) (Fig. 1).

As protective coatings for magnesium alloys, conventional anodizations by Dow17 and
HAE (Evangelides, 1955; Company, 1956; 1981; 1998; Ono & Masuko, 2003) treatments
have successfully been utilized, but these methods require harmful chemical agents such
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Fig. 1. Potential-pH diagram of magnesium-water system (Pourbaix, 1974; Mears & Brown,

1945) (circled area shows rest potential).
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as chromium oxide (VI) and fluoride which have recently been restricted by the RoHS
(Restriction of the use of certain Hazardous Substances in electrical and electronic equipment)
directive and current trend for reducing environmental load. Another protection of
magnesium alloys by anodization is performed using phosphate solution (Barton, 1998;
Saijo et al., 2005; Murakami et al., 2007; Hino et al., 2007; Murakami et al., 2008; Saijo et al.,
2008; Hino et al., 2008) whose electrolyte consists of phosphate and ammonium salt. Because
of the simple electrolyte for the anodization, its environmental load is quite lighter compared
with those of Dow17 and HAE.

The main purpose of this chapter is to clarify the microstructures and mechanisms of corrosion
protection on the anodized surfaces by elucidating the differences in modes of protections. In
section 2, formation of anodized layer through electrolysis in phosphate solution with electric
discharge is discussed by microstructural observation. Mechanisms of corrosion protection
on the anodized surfaces are clarified in section 3 by electrochemical measurements and
microscopy.

2. Microstructure of anodized layer

2.1 Experimental

Die-cast plates of ASTM AZ91D (Mg-9.1A1-0.75Zn) magnesium alloy, rolled sheets of AZ31B
(Mg-2.9A1-0.85Zn) magnesium alloy and cast high-purity magnesium (99.95 mass%) were
used as substrates. Here, high-purity magnesium is designated as ‘3N-Mg’ in the following
sentences. Chemical compositions of the substrates are shown in Table 1. After the substrates
were degreased and etched in a potassium hydroxide solution and a phosphate solution,
respectively, they were anodized either in Dow17 (Company, 1956; 1981; 1998; Ono & Masuko,
2003) or in phosphate electrolyte (Barton, 1998; Saijo et al., 2005, Murakami et al., 2007;
Hino et al., 2007; Murakami et al., 2008; Saijo et al., 2008; Hino et al., 2008). The electrolysis
in phosphate solution was carried out by using a commercial solution (Anomag CR1 and
CR2, Henkel Japan Co., Ltd.) according to its instruction. The counter electrodes were plates
of stainless steel (JIS SUS316L or AISI 316L) which face both surfaces of the specimen, and
the temperature of the electrolyte was 29845 K. The mode of electrolysis in the phosphate
solution can be DC (direct current) or AC (alternating current) (Saijo et al., 2008), but only DC
electrolysis is discussed in this chapter.

Figure 2 shows the appearance of the specimen during anodization. After initiation of
electrolysis, the surface of the specimen was covered with an anodized layer whose color
turned to white within a few seconds. The amount of gas generated on the surface increased
with the growth of the anodized layer (Fig. 2(a)), and the surface was then covered with a
visible local discharge or sparks when the bias reached 200 V (Fig. 2(b)). Thickness of anodized
layer was changed by varying the bias at which an electrolysis was terminated.

The anodized specimens underwent electron probe microanalysis (EPMA) and transmission
electron microscopy (TEM). X-ray diffraction patterns on the anodized surfaces were taken
under Seemann-Bohlin geometry of the incident angle w=1° with parallel beam optics
(wavelength Acy,x,=0.1542 nm). The specimens for cross-sectional observation and elemental

substrate Al Mn Zn Si Cu Ni Fe Mg
AZ91D 9.1 028 075  0.05 0.025 0.001  0.004 bal.
AZ31B 287 038 085 0.014 0.0004 0.0003 0.003 bal.
3N-Mg | 0.003 0.002 0.003 0.004 <0.001 <0.001 0.002 >99.95

Table 1. Chemical compositions of substrates (in mass%).
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Fig. 2. Appearance of specimen during anodization ((a) immediately after initiation of
electrolysis, (b) sparks on substrate).

analysis were prepared by using argon ion beam (acceleration voltage 5 kV). The surfaces were
coated by epoxy resin for protection of the anodized layers before argon ion etching. Electron
probe microanalysis (EPMA) with wavelength-dispersive X-ray spectrometer was used for
elemental analysis. Hereafter, a specimen of AZ91D anodized in the phosphate solution,
whose thickness of the anodized layer is 5 um, is designated as “AZ91D-phosphate-5um’ for
simplicity.

2.2 Experimental results
Figure 3 shows the X-ray diffraction patterns taken from the anodized surfaces on AZ91D,
AZ31B and 3N-Mg. The surface of AZ91D-Dow17 (Fig. 3(a)) shows chromium oxide (Cr;O3),
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Fig. 3. X-ray diffraction patterns taken from the anodized surfaces ((a) AZ91D-Dow17, (b)
AZ91D-phosphate-10pum, (c) AZ31B-phosphate-10pum, (d) 3N-Mg-phosphate-10pum).
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magnesium fluoride (MgFp) and sodium magnesium fluoride (NaMgFs) as crystalline
substances. On the other hand, those in AZ91D/AZ31B/3N-Mg-phosphate-10um show
broad scattering peaks at 20° < 20 < 40° (Fig. 3(b)-(d)), and the overlying peaks indicate the
magnesium matrix of the substrates.

Figure 4 shows the cross-sectional microstructure of the anodized surfaces and
concentrations of oxygen, magnesium, aluminum and phosphorus in the anodized layers
on AZ91D/AZ31B/3N-Mg-phosphate-10um obtained by EPMA. Most of the pores in the
anodized layer of AZ91D-Dowl7 (Fig. 4(a)) were filled with epoxy resin used for the
sample preparation, and many paths were formed linking the surface and the substrate.
Figures 4(b)-(f) also show porous structures in the anodized layers. The atomic ratio of the
elements in the anodized layers is shown in Fig. 4(g), where atomic percent of oxygen varies
from 50 to 70 at.% and that of phosphorus from 10 to 20, depending on substrate.

Figure 5 shows the bright- and dark-field images of the fragment of the anodized layer
of AZ91D-phosphate-20um. Although there was no characteristic microstructure in the
fragment at the beginning of the TEM observation, some areas were damaged by a few
seconds’ irradiation of electron beam to form bubbles or show swelling. The selected area
diffraction pattern taken from the dotted rectangular area in Fig. 5(a) consisted of a strong
halo ring, weak Debye rings and diffraction spots. The Debye rings and the diffraction
spots matched those of spinel (MgAl,Oy), and the dark-field image (Fig. 5(b)) taken using
a diffraction spot of spinel including a part of the Debye rings showed particles of 10'-10> nm
in size. Debye rings of magnesium oxide (MgO) were also observed in other fragments, but
the rings were diffuser than those of spinel.

2.3 Discussions

As Figs. 3, 4 and 5 show, the anodized layers obtained in phosphate electrolyte mainly
consist of amorphous matrix and fine crystallites of spinel and magnesium oxide. Although
the anodized layer obtained in Dow17 mainly shows crystalline substances, the layer
might contain amorphous magnesium oxide which could not be clearly detected by XRD.
Anodizing current at the electrolysis is due to continuing local discharges on the surface
covered by insulator or anodized film. Substrate as well as anodized layer, melted by
spark due to discharge during anodization, are considered to be solidified rapidly, forming
amorphous-based layer which contain small crystallites of spinel, magnesium oxide and
spherical or irregularly shaped pores. Anions in the electrolyte which are attracted at the
anodized surface during electrolysis are mainly hydroxide ions and phosphates (POi_).
Phosphorus detected by EPMA in the anodized layers (Fig. 4(g)) is picked up during
solidification, and the spherical pores are thought to be filled by oxygen gas which has been
generated by oxidation of hydrogen in hydroxide ions (4OH™ — 2H,0 + O; + 4e™). This
mode of local discharge, which is accompanied by rapid solidification and formation of an
anodized layer, is thought to reach a steady state in a period at a given bias, which determines
the amount or the thickness of the anodized layer.

The formation of the anodized layer in the phosphate solution can qualitatively be understood
by solidification of molten magnesium oxide which contains aluminum. Figure 6 shows
the binary phase diagram of MgO-Al,O3; system (Osborn, 1953; Bansal & Heuer, 1974).
According to the concentration of aluminum (Fig. 4(e)), the bulk composition is roughly at the
broken line, and the anodized layers consist of magnesium oxide and spinel if crystallization
thoroughly occurs during the solidification. That mode of solidification is considered to
occur in another anodization (Liang et al., 2005), where magnesium oxide and spinel are
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(a)

1 pm

Fig. 5. Transmission electron micrographs of a fragment of anodized layer in
AZ91D-phosphate-20um ((a) Bright-field image, (b) Magnified dark-field image of the dotted
rectangular area in (a)).

detected by X-ray diffraction measurements. On the other hand, those substances are only
confirmed by TEM observation in this case, and the main portion of the anodized layer is
amorphous (Bonilla et al., 2002).

The difference might be due to the amount of phosphorus in the electrolyte, which modifies
the liquidus lines of the system and brings supercooled liquid. During the solidification,
magnesium oxide firstly precipitates in the liquid, then, some portion of the supercooled
liquid decomposes into fine crystallites of magnesium oxide and spinel. However, most
of the supercooled liquid is considered to solidify in amorphous state because of the large
cooling rate in the electrolyte. Since Mg;7Alj, phase in the substrate contains large amount
of aluminum, aluminum concentration is locally higher than the dotted line in Fig. 6. In that
case, spinel firstly precipitates from the liquid, and rather coarse crystallites in Fig. 5(b) are
considered to have formed through this process.

By assuming that valences of oxygen, magnesium, aluminum and phosphorus are 2, 2, 3and 5,
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Fig. 6. Binary phase diagram of MgO-Al,O3 system (Osborn, 1953; Bansal & Heuer, 1974).
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respectively, composition of the anodized layers in the case of AZ91D is roughly expressed as
(Mg0O)x(MgAlyO4)17—x(Al203)x_16(P205)6 5 from Fig. 4(g). The summed amount of oxygen
in this chemical formula is 52.5 which is less than the measured value 68, and the gap is
thought to be due to water molecules picked up in the anodized layer. Here, elements
of oxygen, magnesium, aluminum and phosphorus do not necessarily form the above
stoichiometric compounds which have long-range order to show sharp peaks for X-ray
diffraction, but the elements in the amorphous anodized layer are assumed to be close to
these compounds in terms of short-range order.

The same discussion shows (MgO),(MgAlyO4)30—(Al203)x_315P205)5 for AZ31B and
(MgO)28(P20s5)19,5 for 3N-Mg. In these cases, the summed amount of oxygen is 58.5 and
80.5, respectively, while the measured values are 57 and 51. The difference, in which oxygen
is calculated to be excessive according to the above assumption, is considered to be due to an
inappropriate assumption for the valences of magnesium or phosphorus. That is, chemical
state for each element should be MgO;_; or POy 5_,.

3. Corrosion protection by anodized layer

3.1 Experimental

After anodization by the above procedures, the specimens underwent salt spray test (SST, JIS
72371 or ASTM B-117) and electrochemical measurements for assessing corrosion protectivity
of the anodized surfaces. Part of the anodized specimens had their surfaces trenched by
ceramic knife, then the corrosion behavior of the exposed areas in the environment of SST was
examined by optical and electron microscopies. Electrochemical properties of the anodized
layers were evaluated by linear sweep voltammetry (LSV) or by monitoring corrosion current
at constant potential (CP). The electrolyte was a solution of 5 mass% sodium chloride whose
pH was 6.5, the counter electrode was a plate of titanium coated with platinum, the reference
electrode was a standard calomel electrode (SCE) with a saturated solution of potassium
chloride, and each working electrode had a square window of 25x25 mm?. The rate of
potential sweep was 1 mV/s in the measurement of LSV, and the potential was -1.4 V vs.
SCE in CP.

For qualitative assessment of the formation of magnesium phosphate layer on the substrate
due to the changes of the anodized layer in wet environment, 3N-Mg was pickled
by phosphoric acid, then, immersed in solutions of trisodium phosphate dodecahydrate
(NazPO4-12H,0) of pH 3, 7 or 11 for 30 s at 298 K. Here, the pH of each solution was set
by adding phosphoric acid to the solution of trisodium phosphate dodecahydrate whose
concentration was originally 100 kg/ m3. Here, the concentration of phosphate is based on a
conventional conversion treatment which utilizes manganese phosphate (Hawke & Albright,
1995).

3.2 Experimental results

3.2.1 Salt spray test

Figure 7 shows the anodized surfaces of AZ91D after SST of 0, 518 and 2160 ks. Although
corrosion products were observed locally on the surface of AZ91D-Dowl7 as indicated
by the broken circles, the anodized layer itself was kept as it had been before SST even
in the areas surrounding the corrosion products. On the other hand, the surface of
AZ91D-phosphate-10 pm was free from visible corrosion products and had only slight
discoloration on the entire surface. In the magnified optical images of the discolored surfaces,
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Fig. 7. Anodized surfaces of AZ91D after salt spray test (Circles in AZ91D-Dow17-518ks
indicate corrosion products, and lighter areas enclosed by broken curves in
AZ91D-phosphate-10um-2160ks correspond to reduction in anodized layer).

those areas showed local disappearance of the anodized layers especially inside the broken
curves, but no remarkable corrosion product was found on those areas.

Figure 8 shows the corrosion product on the as-cast surface after salt spray test for 86.4 ks.
Corrosion products with layered structure (Fig. 8(a)) were found locally on the surface, and
they were identified mainly as magnesium hydroxide by X-ray diffraction (Fig. 8(b)).

Figures 9, 10, 11, 12 and 13 show the trenched areas on the anodized surfaces after SST. Since
the trenched areas were not protected by anodized layers and the substrates were exposed to
the wet environment containing chloride ion, the area became a starting point of corrosion
in the case of AZ91D-Dow17 as shown in Fig. 9. On the other hand, Fig. 10 shows no
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Fig. 8. Corrosion product on the as-cast AZ91D after salt spray test for 86.4 ks ((a) Secondary
electron image, (b) X-ray diffraction pattern).
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Fig. 9. Trenched surface of AZ91D-Dow17 after salt spray test for 1990 ks ((a) Optical image,
(b) Cross-sectional backscattered electron image).

remarkable corrosion product (magnesium hydroxide) even in the trenched area, and cracked
films were newly formed on the trenched surfaces during the test which consist of oxygen,
magnesium and phosphorus (Figs. 11, 12 and 13). In the cases of AZ91D-phosphate-10pm
and AZ31B-phosphate-10um, aluminum was also contained in the regenerated film.

Figure 14 shows the anodized surfaces of AZ91D-phosphate-10um after SST for 346 ks and
1990 ks. The original anodized surface with porous morphology was kept locally after SST
for 346 ks (Fig. 14(a)). Intensities of O-Ka and P-Ka characteristic X-rays are comparable on
the original porous areas and many parts of the flat ones which lost the original morphology
(Fig. 14(b),(d)). This indicates that anodized layer still remains on those areas despite the
change in morphology, but most of the anodized layer was lost on the areas where the
intensity of Mg-Ka remarkably increases in Fig. 14(c). However, the morphology of the surface
drastically changed after SST for 1990 ks, showing cracked areas (dark areas in Fig. 14(e))
and flat areas with less cracks (bright areas in Fig. 14(e)). Intensities of O-Ka and P-Kua
characteristic X-rays are higher on the small fragments of ~10 um in size which exist in the
cracked areas of Fig. 14(e) than on the flat areas which seem to have lost the fragments.

3.2.2 Electrochemical properties

Figure 15 shows the polarization curves of the raw and the anodized (phosphate) surfaces
obtained by LSV in 5 mass% sodium chloride solution. Anodization can successfully suppress
the anodic current or corrosion rate for each substrate, and each corrosion potential is shifted

Fig. 10. Backscattered electron images of the trenched areas on the anodized surfaces after
salt spray test for 605 ks ((a) AZ91D-phosphate-10um, (b) AZ31B-phosphate-10pm, (c)
3N-Mg-phosphate-10um).
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Fig. 11. Cross-sectional analyses of the trenched area on AZ91D-phosphate-10um after salt
spray test for 605 ks ((a) Backscattered electron image, (b) Intensity map of O-Ka
characteristic X-ray, (c) Mg-Ku, (d) Al-Kg, (e) P-Ka).

to less noble side by 150-200 mV compared with that of the untreated substrate. The anodized
surfaces showed local corrosion as the potential proceeded into the anodic side.

Figure 16 shows the temporal change in current density on AZ91D-Dowl7 and
AZ91D-phosphate-20um held at a constant potential of -1.4 V (vs. SCE) in 5 mass% sodium
chloride solution. While the anodic current rapidly increased immediately after the beginning
of the measurement in the case of AZ91D-Dow17, AZ91D-phosphate-20pm showed a plateau
where anodic current density was ~1072 A/m? before the substrate began to show local
corrosion and hydrogen gas was correspondingly generated. After these electrochemical
measurements, the cross section of AZ91D-Dow17 showed corrosion of the substrate above
which an anodized layer still remained. On the other hand, corrosion of the substrate
was observed only beneath the areas where the anodized layer disappeared in the case of
AZ91D-phosphate-20um.

Figure 17 shows the surface morphology of 3N-Mg after immersion into the trisodium
phosphate solutions. The treatment by the solution of pH = 11 (Fig. 17(d)) showed no
visible reaction on the substrate which resulted in almost the same surface as that obtained
by pickling (Fig. 17(a)), and the treatment by the solution of pH = 3 (Fig. 17(b)) resulted in
intense dissolution of the substrate. On the other hand, the solution of pH = 7 brought about
precipitation of salt and its resulting local coating on the substrate.
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3.3 Discussions

Figures 7, 9, 10, 11, 12 and 13 show that the mechanism of corrosion protection is largely
different between the case of Dow17 and that of anodization in phosphate electrolyte. Since
paths exist in the porous anodized layer (Dow17) which link the substrate and the surface,
corrosion begins at the points where the substrate contacts water which infiltrates from the
surface within 500 ks after the initiation of SST. From the point that the anodized layer
obtained in Dow17 was kept as it had been after the anodization even at the areas which
surround the corrosion products (Fig. 7), its mode of corrosion protection is close to that by
tin plating on iron, where red rust is brought immediately by defects or damages on the plated
surface which expose iron substrate.

On the other hand, the discoloration of AZ91D-phosphate-10um in Fig. 7 does not correspond
to formation of magnesium hydroxide (Fig. 8), but to disappearance of the original anodized
layer (Fig. 14). The areas are thought to be anodic sites where the anodized layer dissolves
into sodium chloride solution during salt spray test. The morphology of the anodized layers
on AZ91D-phosphate-10um changed from porous one (Fig. 4) to cracked one (Fig. 14(e)-(h))
during SST. The cracked areas are similar to the newly formed surfaces (Fig. 10) in the trenched
area, and their morphology is also similar to that obtained by conversion coating which
utilizes phosphate solution (Hawke & Albright, 1995). This mode of corrosion well suppresses
intense corrosion of magnesium alloys or formation of magnesium hydroxide.

Although the anodized layers obtained in phosphate electrolyte are electrochemically less
noble than the substrate, Figs. 15 and 16 show its dissolving rate into water or corrosion
rate is quite low (Cai et al., 2006). Increase in thickness of the anodized layer is thought to
correspond to the enlargement in the range of sacrificial protection, which means elongated
duration in practical use. That is, corrosion protectivity is maintained even on the areas
where the original anodized layer is mechanically lost, as long as the remaining one nearby

Substrate

20 um

Fig. 12. Cross-sectional analyses of the trenched area on AZ31B-phosphate-10um after salt

spray test for 605 ks ((a) Backscattered electron image, (b) Intensity map of O-Ka
characteristic X-ray, (c) Mg-Kua, (d) Al-Ka, (e) P-Kx).
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Substrate

20 pm
Fig. 13. Cross-sectional analyses of the trenched area on 3N-Mg-phosphate-10pum after salt

spray test for 605 ks ((a) Backscattered electron image, (b) Intensity map of O-Ka
characteristic X-ray, (c) Mg-Kua, (d) P-Ka).

can provide the components required for the formation of another protective layer observed
in Figs. 11, 12, 13 and 14(e)-(h). In addition to the sacrificial protection (thermodynamics)
and the low dissolving rate (kinetics) of the anodized layer obtained in phosphate electrolyte,
the wet environment containing dissolved components as phosphate, which have originally
existed in the anodized layer, is considered to have an appropriate pH and work as a solution
for conversion treatment to form another protective layer on the substrate. The amorphous
structure of the anodized layer obtained in phosphate electrolyte might be one of the reasons
for these electrochemical phenomena or excellent corrosion protectivity, and detailed analyses
of conversion coatings should give additional information. The elements working in the
sacrificial function and the changes in oxidation number, as well as the mechanism of the
following formation of another protective layer, will hopefully be clarified in the future work.
The regenerated films which consist of oxygen, magnesium, aluminum and phosphorus
(Figs. 11, 12 and 13) are thought to be obtained by dissolution of the anodized layers
and following formation of an insoluble or poorly soluble salt as magnesium phosphates
(Mg3(POy)2-4Hp0, Mg3(POy4)2-8H,0) or magnesium hydrophosphates (MgHPO,-3H,0,
MgHPO,-7H,0). When the formation rate of the above dense inert film surpasses that of
magnesium hydroxide, corrosion which spoils the appearance of a product can be well
suppressed. Although the films show some cracks in them, their adhesion to the substrates
is better than that of magnesium hydroxide (Fig.9), and the front of each crack where the
substrate is exposed can be covered successfully with the inert film mentioned above. Thus,
the areas covered with the regenerated films are thought to avoid formation of magnesium
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Fig. 14. Anodized surface of AZ91D-phosphate-10um after salt spray test for (a)-(d) 346 ks
and (e)-(h) 1990 ks ((a) Backscattered electron image, (b) Intensity map of O-Ka characteristic
X-ray in the dotted rectangular area of (a), (c) Mg-Ka, (d) P-K«, (e) Backscattered electron
image, (f) Intensity map of O-Ka in the dotted rectangular area of (e), (g) Mg-Ka, (h) P-Ka).
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Fig. 15. Polarization curves of the raw and the anodized (phosphate) surfaces obtained by
LSV in 5 mass% sodium chloride solution ((a) AZ91D, (b) AZ31B, (c) 3N-Mg, Sweep rate
1mV/s).

hydroxide or visible corrosion as long as the original anodized layer exists on the surface and
keeps dissolving slowly into the wet environment. Here, electrons generated by dissolution
or oxidation of magnesium in the substrate are thought to be cousumed by the reduction of
hydrogenion 2 HT + 2 e~ — = Hp) which occurs near the anode sites.

Since thickness of the regenerated film is the largest in the case of 3N-Mg and the second
largest in the case of AZ31B, the formational rate of the film is thought to become larger
for a substrate whose corrosion resistance is poorer. That is, the regenerated film is the
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Fig. 16. Temporal change in current density on AZ91D-Dow17 and AZ91D-phosphate-20pum
held at a constant potential of -1.4 V (vs. SCE) in 5 mass% sodium chloride solution.
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Fig. 17. Surface morphology of 3N-Mg after immersion into the trisodium phosphate
solutions ((a) After pickling, (b) pH =3, (c) pH =7, (d) pH = 11).

result of reaction of substrate (magnesium) with dissolved chemical agents as phosphate ion
(POZf), hydrogen phosphate ion (HPOif), dihydrogen phosphate ion (H,PO, ), or aqueous
phosphoric acid (H3POj) at certain pH. From the point that a film is obtained at pH =7 in
the solution of trisodium phosphate (Fig. 17(c)) which can successfully cover the highly active
surface of magnesium, the pH of the environment near the trench is supposedly ~7 where
hydrogen phosphate ion (HPOZf) and dihydrogen phosphate ion (H,PO, ) predominate.
This is explained by setting pH = 7 ([H*] = 10~7) for K,; = [H"][HoPO; |/[H3PO4] = 7.5 x
1073, Ko = [H*][HPO; | /[HoPO, | = 6.2 x 1078, K,3 = [HT][PO} "] /[HPO; | =2.1 x 10713,
A schematic illustration of dissolution of the original anodized layer and regeneration of the
protective film is shown in Fig. 18.

Amorphous anodized layer
(0, Mg, (AD, P)

S i, A

Fig. 18. Schematic illustration of the mechanism of corrosion protection during salt spray test
((a) before test, (b) dissolution of anodized layer, (c) formation of protective layer on the
exposed areas of the substrate).
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4. Summary

In this chapter, microstructure of anodized layer on magnesium alloys and high-purity
magnesium obtained by electrolysis in phosphate solution and corrosion protection by the
anodized layers were discussed. The main results can be summarized as follows.

1. The anodized layers obtained in phosphate electrolyte consist of amorphous matrix and
fine crystallites of spinel and magnesium oxide.

2. The anodized layers show sacrificial function in wet environment, while that in Dow17
shows barrier protection by passive film.

3. Corrosion protection by anodized layers formed in the phosphate electrolyte is based on
electrochemically less nobleness of the original anodized layers whose dissolving rate is
quite low. That is, ideal sacrificial function is provided on the substrates in terms of
thermodynamics and kinetics.

4. Formation of another protective film on the areas where the original anodized layer is lost
prevents substrates from bearing remarkable corrosion product of magnesium hydroxide.
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1. Introduction

Magnesium alloys are very attractive as structural materials, because they are extremely
light, possessing excellent specific tensile strength, good stiffness, good cutting performance,
and good vibrational absorption [1]. In addition, the recycling energy requirement of these
alloys is only 4-5% of the energy required to obtain magnesium from the ore [1]. Due to
their energy and weight saving characteristics, magnesium alloy are considered to be good
candidates for material in auto parts, portable personal computers, and telephones.
However, magnesium alloys have not been extensively used until recently, because of their
vulnerability to corrosion. When considering the use of magnesium alloys as structural
materials, a thorough understanding of the corrosion-fatigue characteristics is necessary to
reflect the results in machine design. Further, improvement in the corrosion fatigue
performance of magnesium alloys is highly desirable to realize their potential as structural
materials.

Surface treatments, such as coating or plating of the material surface have been examined
for enhancement of the corrosion fatigue resistance of magnesium alloys, and in general
they have not been successful.

In this paper, two types of plating treatments, i.e., electroless-Ni-plating [2] and electrolytic
Ni-plating [3] were applied to the Mg alloy AZ31 to improve the corrosion fatigue resistance
of the alloy. Corrosion fatigue lives and fatigue behavior of the specimens were investigated
in detail and their mechanisms will be also discussed. Specific contents in this chapter are
summarized as follows.

In section 2 [2], fatigue tests were performed on electroless nickel-plated magnesium alloy
specimens in laboratory air and 3% sodium chloride solution. In laboratory air, the effect of
surface treatments (plating, blasting and polishing) on the fatigue lives of specimens was
found to be minimal. However, in 3% sodium chloride solution, the electroless Ni-plated
specimens were found to have shorter fatigue lives than those of the polished and blasted
specimens. In order to study the fatigue mechanisms, successive observations of the
specimen surfaces were conducted during the fatigue process in both laboratory air and
sodium chloride solution. Observations of the fracture surfaces were also conducted to
clarify the fatigue mechanism.

In section 3 [3], the fatigue behavior of electrolytically nickel-plated Mg alloy both in
laboratory air and in a corrosive environment (3% NaCl) were described. The fatigue
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lifetimes, the crack initiation and the propagation behaviors of both plated and unplated
specimens were studied in order to determine the effect of a nickel coating. In air, the nickel
plating was detrimental because of the easy nucleation of fatigue cracks at depressions in
the coating which resulted from the plating process. However, in 3% NaCl, the fatigue
properties of plated specimens were markedly superior to those of unplated specimens due
to their good resistance to corrosion. Further improvement in the fatigue lives of Ni-plated
specimens is expected if the plating process can be modified to eliminate the formation of
defects such as surface depressions.

2. Effect of electroless-Ni-Plating on corrosion fatigue behavior of Mg alloy[2]

Dr. Nan performed corrosion fatigue tests on AZ31B magnesium alloy [4], and clarified
shorter fatigue lives than those in non-corrosive laboratory air, especially in the lower stress
amplitude region. Electroless Ni plating is expected to be beneficial in improving the corrosion
fatigue performance of magnesium alloys. However, studies on fatigue behavior of electroless
Ni plated magnesium or other alloys have been limited. Punch-Cabrera et al. [5] studied the
corrosion fatigue lives of electroless Ni deposited 7075-T6 aluminum alloy in 3% sodium
chloride solution. They reported that the deposition increased the corrosion fatigue lives by
60-70% in the low cycle fatigue region of 104-105 cycles. Contreras et al. [6] reported a
remarkable decrease in the fatigue lives of electroless Ni deposited AISI-1045 steel in
laboratory air. Saeid et al. [7] investigated the fatigue behavior of electroless Ni deposited Ck45
steel in laboratory air. They also reported that the electroless Ni deposit decreased the fatigue
life, because cracks were initiated early during the fatigue process at the interface between the
deposit and substrate. Therefore, these results reported to date regarding the effectiveness of
electroless Ni deposits on the fatigue lives of alloys are rather different.

In the present study, fatigue tests were conducted on electroless Ni plated AZ31 magnesium
alloy specimens in laboratory air and 3% sodium chloride solution, in order to study the
effect of electroless Ni plating on fatigue life. For comparison, specimens with different
surface treatments, machine-polishing and glass bead-blasting, were also tested. The fatigue
mechanisms of the electroless Ni-plated Mg alloy specimens in both laboratory air and 3%
sodium chloride solution were studied in detail.

2.1 Specimens and experimental methods

2.1.1 Specimens

The material used in the present study was an extruded AZ31 magnesium alloy. Its
chemical composition is listed in Table 1. The main chemical compositions of the material
are 3 wt.% aluminum and 1 wt.% zinc. The yield strength, tensile strength, elongation and
Young's modulus of the material were found to be 200 MPa, 275 MPa, 11.0% and 45 GPa,
respectively. Specimens were machined into a round bar shape with a minimum diameter of
5.6 mm, as shown in Fig. 1.

Wt.(%)
Al Zn Mn Fe Ni Si Pb Ca Mg
2.98 0.97 0.004 0.007 0.005 0.02 0.01 0.04 Bal.

Table 1. Chemical compositions of the material used
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Table 2. Conditions used for electroless Ni-plating

Blasting pressure[MPa] Blasting distance[m] Blasting material
0.39 0.1 Glass beads, 150 pm in diameter

Table 3. Conditions employed for glass bead-blasting in the present study

The as-machined specimens were blasted with glass beads, followed by electroless Ni
plating prior to the fatigue tests. Tables 2 and 3 show the conditions for the electroless Ni
plating and blasting treatments, respectively. Machine-polished specimens were also
prepared by polishing the as-machined specimen with emery papers and diamond pastes.
Fatigue tests of the glass bead-blasted and machine-polished specimens were conducted for
comparison with the electroless Ni plated specimens.

2.1.2 Experimental methods

Fatigue tests were conducted using a cantilever type rotating bending fatigue machine. The
tests were conducted at a frequency of 30 Hz, and at an R ratio of — 1. 30 Hz was chosen as a
typical frequency, since no significant effect of frequency was observed on the corrosion
fatigue behavior within the range of 1-60 Hz. Fatigue tests in laboratory air were conducted
at room temperature with humidity of 63-73%.

Corrosion fatigue tests were performed by dripping 3% sodium chloride solution in ion
exchanged water onto the specimen surface at a constant rate using a metering pump. The
corrosive solution was maintained at a temperature of 298 K. The replica method was used
for the successive observations of the specimen surfaces during the fatigue process.

Fatigue tests were interrupted at constant intervals for taking replicas. The collected replicas
were examined using an optical microscope with a magnification of 400 times, in order to
obtain information regarding crack size and shape during the fatigue process. A part of each
specimen was observed directly with an optical microscope to study how cracks propagate
and interact with the microstructure of the material. The specimen hardness was measured
with a microhardness testing machine under experimental conditions of a 100 g load for 30 s
of load time.
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2.2 Experimental results

2.2.1 Characterization of the electroless Ni-plated film

Fig. 2(a) shows the cross section of an electroless Ni plated specimen. Good adhesion
between the Ni plating film and the magnesium alloy (substrate) is observed, because no
abruption was observed along the interface between the plating and substrate, both before
and after the fatigue tests. However, sedulous investigation of the interface revealed that
local defects are present in the plating film, as shown in Fig. 2(b). The defect density within
the plating film was 0.2 per mm. The average thickness of the plated Ni film was 24 pm. The
hardness of the plating film was HV1g0 = 487, while that of the magnesium alloy (substrate)
was HVig = 57. The latter possesses only 1/8 hardness of the former, indicating a large
difference in hardness. Electron probe micro-analysis (EPMA) determined that the chemical
composition of the plating film was 92 wt.% Ni and 8 wt.% P.

Mg alloy Mgalloy
., Ni Plating
Ni Plating
25 um 25 um F

(a) Cross section of the plated specimen (b) Defects in the plating film

Fig. 2. Cross sections of the electroless Ni plated specimen. (a) Cross section of the plated
specimen, (b) Defects in the plating film.

2.2.2 Effects of the surface treatments on the fatigue lives

Fig. 3 shows S-N data in laboratory air for the three types of surface treated specimens,
polished, blasted, and electroless Ni plated specimens. The solid curve in the figure
indicates the approximated S-N curve for the three types of specimens. The dashed line in
the figure represents the S-N curve previously reported by the present authors [8] using
similar AZ31 magnesium specimens with polished surfaces. The curve was added to make
up for limited experimental data of the polished specimen. The dashed line agrees well with
the present S-N curve (solid curve) of the specimens with three different surface treatments.
Therefore, we can conclude that the S-N data measured in laboratory air are not affected by
the surface treatments under the present experimental conditions.

The value of the fatigue limit ranged from 120 to 130 MPa, regardless of the different surface
treatments.

Fig. 4 shows S-N curves for the three different type specimens, machine-polished, glass
bead-blasted and electroless Ni plated specimens in 3% sodium chloride solution. The solid
line in the figure indicates the S-N curve in laboratory air that is shown in Fig. 3.

The corrosion fatigue lives for the polished specimens are equal to those of the blasted
specimens. The dashed line in the figure shows the S-N curve for the both polished and
blasted specimens. On the other hand, the corrosion fatigue lives for the electroless Ni
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Fig. 3. S-N curves of the plated, polished and blasted specimens in laboratory air. Effect of
the surface treatments on fatigue life was minimal in laboratory air.
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Fig. 4. S-N curves of the plated, polished and blasted specimens in 3% sodium chloride
solution. The corrosion fatigue lives of the plated specimens were shorter than the blasted
and polished specimens.

plated specimens were shorter than those of the polished and blasted specimens at constant
stress amplitudes.

As expected with corrosion fatigue, the fatigue limit disappeared, and significant decreases
in the corrosion fatigue lives were observed with the decrease in stress amplitude,
regardless of the specimen surface treatment. This observation is common with that of
previous studies of other materials, such as steel and aluminum alloy [9, 10].

2.2.3 Successive observations during fatigue process

Fig. 5 shows successive observations for the electroless Ni plated specimen tested in
laboratory air at 150 MPa and failed at Nf = 2.9 x 104 In these figures, crack initiation is
indicated by a solid curve, as it is not so conspicuous due to the rough surface of the plated
specimen. Surface irregularities are preeminent in the electroless Ni plated specimen, as a
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result of plating particles and surface roughening by the blasting. Fig. 5(b) at N = 6160
cycles, a crack 60 pm in length can be seen on the plated specimen surface. This crack
propagated to 240 pm in length at N = 12,320 cycles, as shown in Fig. 5(c). In laboratory air,
specimen surface damage such as depressions of the plated surface, which will be later
explained in the section on corrosion fatigue, were not observed in these figures.

Fig. 6 shows the results of successive observations of the electroless Ni plated specimen in
3% sodium chloride solution, which was tested at 100 MPa and failed at Nt = 4.6 x 104. In
Fig. 6(b) at N = 10560 cycles, a 150 pm crack was observed to propagate on the plated
specimen surface. This crack propagated to 345 pm in length at N = 15,840 cycles, as shown
in Fig. 6(c). During the corrosion fatigue process, a depression of the plated specimen

(a)N=0 (b)N=6160. 60 pm (C)N=12320, 243 ym

Fig. 5. Successive observations of the electroless Ni plated specimen during the fatigue
process in laboratory air tested at stress amplitude 150 MPa (N¢ = 2.9 x 104). The crack
initiated at the specimen surface, as indicated by the arrows.

a)N=0 b) N=10560, 149 C) N=15840, 345
pm pm

Fig. 6. Successive observations of the electroless Ni plated specimen during the fatigue
process in 3% sodium chloride solution tested at stress amplitude 100 MPa (N; = 4.6 x 104). A
depressed portion appeared on the specimen surface, and a crack initiated within the
depressed area.
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surface (ca. 270 pm diameter) was observed as indicated in the figures. The mechanism for
the depression of the plated specimen surface is discussed later.

2.2.4 Crack propagation behavior

Fig. 7(a) shows the crack propagation curves in laboratory air at a stress amplitude of 150
MPa for both the electroless Ni plated and the polished specimens. There is little difference
observed between the crack propagation curves of both specimens. Fig. 7(b) shows the crack
propagation curves in sodium chloride solution at a stress amplitude of 100 MPa for both
the electroless Ni plated and the polished specimens. A crack is initiated earlier in the
electroless Ni plated specimen than in the polished specimen. This shortening in the crack
initiation corresponds well with the experimental finding that the corrosion fatigue lives of
the electroless Ni plated specimens became shorter than those of the polished specimens.
Figs. 8(a) and (b) show the relations between the crack propagation rate da/dN (m/cycle)
and the stress intensity factor range AK (MPa m!/2) in laboratory air and sodium chloride
solution, respectively. AK was calculated as 1,04><0,73ga\/% , where o, is the stress
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Fig. 7. Crack growth curves (2a-N) in corrosive environments, where 2a is the crack length
and N is the number of loading cycles. (a) In laboratory air. (b) In sodium chloride solution.
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amplitude, a is a half crack length, 1.04 is the stress concentration factor for the notch
introduced in the specimen. 0.73 is a modification factor for assuming a crack shape as a half
circular one. As can be seen from these figures, no differences in the relations of da/dN-AK
between the electroless Ni plated and the polished specimens are seen for either conditions
of laboratory air or sodium chloride solution. The solid curves shown in these figures
indicate the approximated curves of the da/dN-AK relation.

2.2.5 Fractography
Fig. 9 shows the fracture surface of an electroless Ni plated specimen failed at 2.22 x 105

cycles and a stress amplitude of 135 MPa in laboratory air. The semi-circular shaped fatigue
crack, as indicated by the dotted line in the figure, which may have started from the
specimen surface, can be seen on the fracture surface of the plated specimen. In the polished

(a) In laboratory air
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Fig. 8. Relationship between the crack propagation rate da/dN and the stress intensity factor
range AK for the electroless Ni plated and polished specimens. (a) In laboratory air. (b) In
3% sodium chloride solution.
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specimen, a similar semi-circular shaped fatigue crack initiated from the specimen surface
was also observed on the fracture surface. Other plating damage, such as the depression or
detachment of the plating film was not observed. This indicates that good cohesion was
maintained during the fatigue process in laboratory air. The above observation corresponds
well with the fact that plating depressions were not seen during the successive observations
in laboratory air (Fig. 5).

Fig. 10 shows a fracture surface of the electroless Ni plated specimen that failed in sodium
chloride solution at 9 x 104 cycles and a stress amplitude of 100 MPa. Unlike with laboratory
air, a corrosion pit was initiated in sodium chloride solution at the interface between the
plating film and the substrate, as indicated in the figure. The corrosion pit diameter was
estimated as 300 pm. This estimated diameter is almost equivalent to the diameter of the
plating depression shown in Fig. 6. The fatigue crack initiated from the bottom of the
corrosion pit as indicated in the figure, and then caused the final failure of the specimen.

In laboratory air . Plating
Fatigue crack

Fig. 9. Fracture surface of the electroless Ni plated specimen, failed at 2.23 x 105 cycles and
stress amplitude of 135 MPa in laboratory air.

Corrosion pit

Fig. 10. Fracture surface of the electroless Ni plated specimen, failed at 9 x 104 cycles and
stress amplitude of 100 MPa in sodium chloride solution.
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2.3 Discussion

2.3.1 Comparison between the fatigue lives in laboratory air and those in sodium
chloride solution

As shown in Fig. 4, the corrosion fatigue lives in sodium chloride solution were shortened
compared with those in laboratory air. This shortening of the corrosion fatigue lives was
observed regardless of the specimen treatment; polished, blasted or electroless Ni plated.
However, the worst case was the electroless Ni plated specimens.

During the corrosion fatigue process, corrosion pits were initiated at the specimen surface
(polished and blasted specimens) or the interface between the plating and the Mg alloy
(electroless Ni plated specimen). A crack was initiated from the bottom of the corrosion pit
that reached a critical depth for crack initiation, as shown in Fig. 10, then propagated and
was followed by final failure of the specimen.

On the other hand, in laboratory air, cracks were initiated from the surface defects, for
example, from nonmetallic inclusions or slip lines on the specimen surface of the polished
and blasted specimens. This might also be true for the case of the electroless Ni plated
specimen, because differences in the crack initiation and propagation behavior were not
observed between the electroless Ni plated and the polished specimens, as shown in Fig.
7(a). The fatigue crack may initiate from the surface of the plating film.

With regard to crack propagation behavior, comparison of the da/dN-AK relation in
laboratory air (Fig. 8(a)) and in 3% sodium chloride solution (Fig. 8(b)) revealed no
differences in crack propagation.

Therefore, the corrosion fatigue lives of the three different specimens were shortened in
sodium chloride solution compared to laboratory air, because the crack initiation processes
were hastened due to the initiation and growth of corrosion pits.

2.3.2 Corrosion fatigue lives of the electroless Ni plated specimens

The corrosion fatigue lives of the electroless Ni plated specimens became shorter than those
of the polished and blasted specimens.

In general, compressive residual stresses are introduced to the specimen surface by
electroless Ni plating or blasting treatment [11-13] Roughening of the specimen surface is
also induced by the blasting treatment. Compressive residual stresses are known to improve
the fatigue strength. On the other hand, surface roughening has a negative effect on the
fatigue strength, because it hastens crack initiation.

As can be seen from Fig. 3, the S-N curves in laboratory air were not affected by the
specimen surface treatments of electroless Ni plating, polishing or blasting. This indicates
that the compressive residual stresses and surface roughening, which might be introduced
into the specimens by plating and blasting, were not sufficiently large to affect the fatigue
lives of both types of specimens.

Therefore, another mechanism, other than compressive residual stresses and surface
roughening, is required to explain the lower corrosion fatigue strength of the electroless Ni
plated specimens compared with those of the blasted and polished specimens.

Fig. 11 shows an SEM (scanning electron microscopy) photograph of the electroless Ni
plated specimen surface. Small plural pores are seen to be initiated on the specimen surface
as indicated by the arrows in the figure. Fig. 12 shows a cross section of the electroless Ni
plated specimen in sodium chloride solution, which was tested and interrupted at half of the
fatigue life. A corrosion pit initiates at the interface between the plating film and the
substrate as indicated in the figure. During the corrosion fatigue process, it is considered
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Fig. 11. SEM photograph indicating the specimen surface morphology of the electroless Ni
plated specimen.

Ni plating

Corrosion pit

Mg alloy

Fig. 12. Cross section of the electroless Ni plated specimen, which was tested and
interrupted during fatigue in sodium chloride solution. The corrosion pit is found to be
initiated at the interface between the plating and the matrix.

Corrosive liquid

Abruption

Plating

‘-—-.._\

Substrate

Corrosion pit

Fig. 13. Schematic illustration showing the mechanism for abruption of the plating
membrane in sodium chloride solution.
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that the corrosive solution infiltrates to the interface through the small pores indicated in
Fig. 12, and this leads to local corrosive reactions.

Fig. 13 shows a schematic illustration of the mechanism for the depression and abruption of
the plating film during the corrosion fatigue process. Firstly, corrosive solution infiltrates to
the interface through the small pores during the corrosion fatigue process. Then, the pH
value decreases and leads to local corrosive reaction at the interface, followed by the
initiation and growth of the corrosion pit. A crack

The results, as validated by Fig. 7(b), indicate that the corrosion fatigue lives of the initiates
at the bottom of the corrosion pit and leads to the final failure of the specimen. The
depression and abruption of the plating film might be induced at the location where the
corrosion pit initiated and grew. With regard to the crack propagation behavior, no
significant differences were observed, for the various surface treatments, in either laboratory
air or sodium chloride solution, as shown in Fig. 8, electroless Ni plated specimens became
shorter than those of the polished and blasted specimens primarily due to the acceleration of
the crack initiation process in the electroless Ni plated specimens.

3. Corrosion fatigue resistance of an electrolytically-plated Mg alloy [3]

Surface treatments, such as coating or plating of the material surface have been examined for
enhancement of the corrosion fatigue resistance of magnesium alloys, and in general they have
not been successful. For example, Khan et al. [14, 15] found no effect on the fatigue properties
of anodized AM60 Mg alloy tested in 55% humidity and 80% humidity environments. Eifert
and Thomas [16] also investigated the effect of anodizing on the fatigue performance of
WE43A-T6 Mg alloy in laboratory air and found that anodizing decreased the fatigue strength
by 10% in the high cycle regime. Such results are not surprising since anodized coatings are
not impervious to moisture. In addition, Ishihara et al. [2] found that an electroless-nickel
plating had no beneficial effect on the corrosion fatigue behavior of AZ31 magnesium alloy.
There have been a few investigations involving the surface treatment of base materials other
than magnesium which have been successful in improving resistance to corrosion fatigue.
For example, Puchi-Cabrera et al. [5] found the fatigue life of 7075-T6 aluminum alloy plated
with electroless-nickel and tested in a 3% NaCl solution to be 60-70% higher relative to the
unplated condition. Asquith et al. [17] studied the aluminum alloy 2024 which had been
subjected to both a coating developed by plasma electrolytic oxidation (PEO) and shot
peening. The surface treated alloy was tested in laboratory air. They reported that the
double surface treatment resulted in an improvement in fatigue life.

On the other hand, Contreras et al. [6] found the fatigue life of AISI-1045 carbon steel coated
with an electroless-nickel plating and tested in an ambient atmosphere to be significantly
reduced. A similar result was reported by Saeid et al. [7] for CK45 carbon steel plated with
an electroless-Ni coating. In this case the reduction in fatigue life was attributed to early
crack initiation at the interface between the matrix and the plating. Cirik and Genel [18]
studied the effect of varying thickness of an anodic coating on 7075 aluminum alloy in
laboratory air, and found that the anodic coating reduced the fatigue strength.

As reviewed above, a number of investigations of surface-coating methods for the
improvement of fatigue strength have been conducted, and in particular case of magnesium
alloys none of approaches cited above has been shown to be beneficial. In addition, the
fatigue crack initiation and propagation behavior of surface treated specimens have not
been examined in any detail.
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In the present investigation the influence of a protective barrier coating of nickel, which is
electrochemically much more noble than magnesium, on the corrosion fatigue properties of
a magnesium alloy, AZ31B, will be examined. In addition, the fatigue crack initiation and
crack growth processes will be studied using a replica technique.

3.1 Specimens and experimental procedures

3.1.1 Specimens

a. Materials

The chemical composition and mechanical properties of the commercially-available
extruded AZ31B magnesium alloy used in the present study are listed in Table 1 and Table
2, respectively. The main chemical components of the alloy are Al (3 wt.%) and Zn (1 wt.%).
The balance is Mg together with trace amounts of other elements.
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Fig. 14. Optical micrographs of the plated film.
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b. Unplated specimens

Round bar rotating bending fatigue specimens with a minimum diameter of 5.6 mm were
machined from the as-received round bar (¢15 mm). Prior to testing the as-machined
specimen surfaces of the gauge section of specimens were polished with 400-2000 emery-
papers and then with diamond paste with grit size of 1 pm to obtain a mirror-like finish
(roughness: 0.07 pm). The stress amplitude applied to the specimen was calculated by
multiplying the nominal stress by a stress concentration factor of 1.02.

c. Plated specimens

The plated specimens were prepared by cleaning the as-machined specimens in alkali
solution, followed by the application of a 20 pm - thick multilayer-electrolytic coating. The
plating was conducted at conditions, pH: 4-5, temperature: 318-328 K, and current density:
3-5 A/dm?. The detailed plating procedures were as follows:

1.  Bath compositions: nickel sulfate, nickel chloride, and acidum boricum.

2. Plating times: total 30 min including degreasing.

3. Additive: the brightening agent (gloss agent) was added to improve the plating quality.
Fig. 14a shows a cross section through the multi-layered coating which consists of an inner
7-8 pm layer of copper, two 4-5 pm intermediate layers of nickel (semi-gloss and gloss
nickel) and an outer 3 pm layer of chromium. The outer chromium layer on the specimen
surface was applied for the purpose of improving the surface finish and for providing
additional corrosion protection. The gloss and semi-gloss nickel layers are applied to
improve a surface finish, and to get a good adhesiveness to the substrate, respectively. The
inner copper layer on the substrate was applied for the purpose of improving adhesiveness
of the film to the substrate.

Fig. 14b shows the specimen surface of a plated film. Many circular depressions (a real density:
28 mm?) with diameters from 10 to 100 pm are present on the plated surface. These
depressions are assumed to have been generated by hydrogen gas evolution during the
plating process; however, the detailed mechanism of depression formation is unknown at
present. In addition to depressions, small bumps (protuberances) were also formed, Fig. 14A.

3.1.2 Experimental procedures

Rotating bending fatigue tests were conducted in the frequency range of 10-30 Hz in
laboratory air at room temperature and with a relative humidity of 68%. Fatigue tests of
unplated specimens were carried out in air and in 3% NaCl solution. Fatigue tests on plated
specimens were carried out in these two environments plus additional tests in purified water.
Prior studies [19] have shown that a dripping process of the NaCl solution onto the specimen
surface was more detrimental to corrosion fatigue properties than was a total immersion
process, due to the greater supply of oxygen which in turn increases the rate of the cathodic
reduction. This dripping process was used in the present investigation. The solution was
dripped onto the specimen surface during cyclic loading at a constant rate of 3.67 g/min.

The replica method was used for the successive (continuous) observations of the specimen
surface during the fatigue processes of the unplated and plated specimens. Fatigue tests
were interrupted periodically to obtain replicas of the specimen surfaces at a constant
interval of cycles, AN. The interval was usually 5-7% of the total fatigue life Ny. Thus, a total
of 15-20 replicas were collected for one fatigue test. The replicas enable measurement of the
crack length during the fatigue crack growth process. It is considered that the replication did
not affect the corrosion fatigue behavior or mechanism, since the corrosion fatigue lives
were not changed so much with or without employing the replica.
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An optical microscope (Olympus-BX51 M) was used to examine the replicas. When a fatigue
crack was clearly identified on one of the later replicas, the earlier replicas were re-examined
to determine the earliest fraction of life at which a fatigue crack could be identified.
Micrographs of the cracks were obtained using a camera system (Olympus-DP12). A crack
propagation curve was constructed by plotting the crack lengths 24, measured as a function
of the number of cycles N. In addition, the fracture surfaces were observed using a scanning
electron microscope (SEM; Hitachi High-Technologies, TM-1000).

3.2 Experimental results

3.2.1 Effect of electrolytic coating on the fatigue life in laboratory air and in corrosive
environments

Fig. 15(a) shows stress-cycle (S-N) curves of the unplated specimens in laboratory air and in
a corrosive environment (3% NaCl solution). The solid and broken lines in the figure have
been approximately fitted to the experimental results. As can be seen from the figure, the
corrosion fatigue lives of unplated specimens are significantly decreased in 3% NaCl,
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Fig. 15. Effect of environment on the S-N curves for both (a) unplated specimens and (b)
plated specimens.
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especially in the low stress amplitude region. In air, fatigue cracks initiated at surface
inclusions; in 3% NaCl, fatigue cracks initiated at corrosion pits which were responsible for
the large decrease in fatigue strength relative to air [20]. Fig. 15(b) shows S-N curves of the
electrolytically-plated specimens in laboratory air and in the purified water and the in the
3.5% NaCl environments. It is noted that for the plated specimens no significant effect of
environment was found, a demonstration of the protective behavior of the coating.
However, in comparison with Fig. 15(a), the fatigue strength of the plated specimens in air is
less than of the unplated specimens.

3.2.2 Successive observations during the fatigue processes

Fig. 16A shows the results of successive observations of the plated specimen surface during
the fatigue process in laboratory air at a stress amplitude of 140 MPa as obtained by the
replica technique. The fatigue life, Ny, at this stress amplitude was 38,700 cycles. Fig. 16A-a
shows that the specimen surface prior to fatigue loading (N = 0) contained a semi-spherical
depression which was 54 pm in diameter and 15 pm in depth. After cyclic stress loading at
N = 6000 cycles (15% of life), a crack had already initiated from at the bottom of the
depression, as indicated by the arrow in Fig. 16A-b. At 10,000 cycles, the crack had
propagated to a length of 250 pm (Fig. 16A-c). The fracture surface of this specimen in the
area of crack initiation is shown in Fig. 17b, and some debonding between the outer
chromium and the nickel layer can be seen.

Fig. 16B shows the results of successive observations of the plated specimen surface during
the corrosion fatigue process in purified water at a stress amplitude of 140 MPa. In this case
the fatigue life was Ny = 17,911 cycles. An elliptically-shaped bump was present on the
specimen surface, and is indicated by the dashed curves in the figure. This bump is believed
to have been created during the plating process. As revealed by subsequent examination, an

Depression

A B
(@) N=0 (b) N=6000 (c) N=10000  (a) N=0 (b) N=1500 (c) N=3000

Fig. 16. Successive observations of the plated surface during the fatigue process in [A]
laboratory air and [B] in purified water, at a stress amplitude of 140 MPa.
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Fig. 17. Fracture surface of the plated specimen (in laboratory air, o, = 140 MPa, Ny= 38,700
cycles).
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[A] In laboratory air, 0,=100 MPa, N¢=177049 cycles. Arrows indicate crack tips.

100 um

10 um

[B] Magnification of the bump shown in Fig. 18[A].

Fig. 18. Fracture surface of the plated specimen (in laboratory air, o, = 100 MPa, Ny = 177,049
cycles).
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irregularly-shaped depression was found below this bump, at the interface between the
copper and the substrate. At 1500 cycles, no crack was observed at the surface at the bump,
Fig. 16B-b. However, at 3000 cycles, a crack of a length of 300 pm appeared suddenly on the
specimen surface at the location of the bump, Fig. 16B-c.

In all of the fatigue tests of plated specimens, fatigue cracks were found to initiate either at a
depression (SN-type) or at a bump (IN-type), regardless of the environment.

Fig. 17a shows a crack initiated at a depression at 16% of life. Fig. 17b shows the subsequent
fracture surface at this location.

Fig. 18 shows combined micrographs of the surface and fracture surface of the plated
specimen which had been tested in laboratory air. The specimen had been cyclically loaded
at a stress amplitude of 100 MPa until failure at 177,049 cycles.

A crack initiated from the bottom of the depression located along the interface between the
copper layer and the substrate, and then propagated along the surface and into the
specimen. The depression is located just beneath a bump. Fig. 18B shows a magnified
micrograph of Fig. 18a indicating the appearance and size of the depression (100 pm long
and 8 pm deep). The stress concentration due to the geometry may have promoted crack
initiation at the bottom of the depression.

3.2.3 Crack propagation behavior
Fig. 19a and b shows the relations between crack length (2a) vs. the number of stress cycles
(N) and 2a vs. fatigue life ratio (N/Nj), respectively, where Ny is the total fatigue life. The
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Fig. 19. Crack propagation behavior for plated specimens at a stress amplitude of 140 MPa.
Crack length (24) as a function of (a) the number of stress cycles (N), and (b) the fatigue life
ratio (N/Nj).
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fatigue processes of plated specimens were measured in laboratory air and in purified water
at a constant stress amplitude of 140 MPa. When several cracks initiated during the fatigue
process, the crack length for the main crack which led to final failure of the specimen was
plotted.

For the plated specimen, the crack (SN-type) was initiated early at 10% of the fatigue life
during the fatigue process, which indicates that the total fatigue life of the plated specimen
is almost equal to the crack propagation life. However, for the IN-type plated specimen, a
crack with a length of 200 pm suddenly appeared on the specimen surface at N/ Nyequal to
20%. The crack in the IN-type specimen is also expected to initiate early during the fatigue
process, as for the SN-type specimen, because the crack propagation curves and fatigue lives
of both specimens are almost the same.

Three-dimensional finite element analysis was conducted using commercial software,
Ansys, to study stress distribution around the depression. The analysis revealed that stress
concentration factor for the present depression was 2.1, and the distance over which the
dominant stress falls off to nil stress concentration was about 90 pm from the center of the
depression. The value of the stress concentration factor was also estimated as, k = 2.13 [21]
by considering the notch shape and sizes appearing in Fig. 17. These results suggest that in
the SN-type specimen, the rate of crack propagation accelerated in the region of 24 < 180 pm,
due to the effect of stress concentration at the semi-spherical notch (SN-type), while in the
region 2a > 180 pm, no acceleration in the rate of crack propagation occurred, because the
location of the crack tip deviated from the area influenced by the stress concentration. In
addition to the above notch effect, effect of crack geometry (a depression) on crack closure
and local chemistry is also considered to be important factors influencing the above crack
propagation behavior. Further study is needed to clarify these issues.

Fig. 20 shows log-log plot of the rate of crack propagation da/dN (m/cycle) and the stress
intensity factor range AK (MPa m1/2) for the plated specimens in laboratory air and purified
water. Eq. (1) was used to calculate AK, where the value of 0.73 was introduced with the
assumption that the crack shape is a semi-circular [22]. In Fig. 20, the stress concentration at
the notch, as discussed in Fig. 19, was not taken into a consideration in the calculation of AK,
since an exact solution for stress intensity factor (SIF) of the crack emanating from the
depression is not available at present. The relationships of da/dN vs. AK in laboratory air
and in purified water are almost the same, in other words, the environmental effects have no
influence on the relationship at the rate of the crack propagation, above 10 m/cycle.
Environmental effect is expected to exist at the region of the lower rate of the crack
propagation. Nan et al. [20] investigated the rate of crack growth of the extruded AZ31 Mg
alloy in laboratory air and 3% sodium chloride solution. They reported that in the rate of the
crack growth, above 109 m/cycle, there is no acceleration due to the corrosive environment.
A similar result was also reported by Khan et al. [14, 15] in the study of Mg alloy. They
studied the rate of crack propagation under the low (55%) and the high (80%) humidity in
laboratory air. At the rate of crack growth above 102 m/cycle, effect of the atmosphere
humidity on the rate of crack propagation was not observed.

AK =0.730 N 7a )
The relationship between da/dN and AK is expressed by Eq. (2):

da / AN =6.5x107°(AK —0.45)? )
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Fig. 20. Relationship between the crack propagation rate da/dN, and the stress intensity
factor range AK, for the Ni-plated specimen.

3.3 Discussion

3.3.1 Fatigue mechanism of the Ni-plated specimen

Experimental observations revealed that two types of crack initiation mechanism occur in
the plated specimens, as schematically illustrated in Figs. 21a (SN-type) and b (IN-type). In
both cases, under repeated loading, a crack initiates at the bottom of the depression, where
stress concentration occurs. The crack then propagates in the direction of the substrate,
which leads to the final failure of the specimen.

These semi-spherical depressions and cavities were observed to be present prior to fatigue
loading, and therefore they are assumed to be introduced into the specimen by hydrogen
gas evolution during the plating process. For investigating effect of hydrogen gas on the
fatigue life of the material, the following experiment was conducted. After plating, the

Depression Bump

o 0

’ Plated Plated
Crack propagation ==
Substrate | |Crack propagation gypstrate
(a) SN-type (b) IN-type

Fig. 21. Schematic illustration of the fatigue mechanism for the Ni-plated specimens: (a) SN-
type and (b) IN-type.
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specimens were heated in a furnace at 523 K for 2 h, to eject atomic hydrogen stored inside
of the specimen. Then the fatigue life of the heated specimen was compared with the one for
the unheated specimen. The comparison showed no effect of the heating. So, it is considered
that the effect of the atomic hydrogen on the fatigue life is not pronounced enough to affect
the fatigue life.

The fatigue mechanisms of the plated specimens are expected to be the same, regardless of
the environment, because the fatigue life in laboratory air and in 3% NaCl solution (or in
purified water) are in good agreement with each other, as shown in Fig. 15b. The fatigue
limit for the plated specimen is slightly decreased compared with that for the unplated
specimen in laboratory air, Fig. 15. This is because depressions or cavities act as crack
initiators during the fatigue process. The fatigue life of the Ni-plated specimen will be
improved by the elimination of surface or interface depressions.

3.3.2 Corrosion fatigue resistance of the electrolytically-plated magnesium alloy

In the case of the electroless plated specimen reported by Ishihara et al. [2], small holes were
introduced in the plating-film during the plating process. In the corrosive environment,
corrosive liquid reached the substrate through these small holes, and generated the
corrosion pit at the interface between the plating-film and the substrate. Early crack
initiation and shorter fatigue life were induced by the corrosion pit formation. However, in
the present Ni-based electrolytic plated specimen, the plating-film is thought to prevent
direct contact between Mg substrate and corrosive liquid during the corrosion fatigue
process, due to dense and sound plating-film, Fig. 14. A measurement of polarization curve
revealed that corrosion current density for the present Ni-based electrolytic plated specimen
was 0.18 A/m?, which is lower than 0.73 A/m?2 for the electroless plated specimen. The
result indicates that the corrosion resistance of the former is superior to the latter. This is the
main reason why the fatigue lives of the Ni-based electrolytically-plated specimen were not
affected by the corrosive environment, as shown in Fig. 15b.

4. Conclusions

Fatigue tests were performed in laboratory air and in corrosive environments using Mg
alloy AZ31 specimens with two types of plating, i.e. electroless Ni-plating and electrically
Ni-plating. The following conclusions were obtained:

[A] Electroless Ni-Plating:

Fatigue tests were conducted in laboratory air and 3% sodium chloride solution using three
types of surface treated specimens, machine-polished, glass bead-blasted and electroless Ni
plated Mg alloy specimens. The following conclusions were reached.

1. In sodium chloride solution, fatigue lives were significantly lowered compared with
those in laboratory air, regardless of the three types of specimen treatment.

2. Inlaboratory air, the S-N curves were not affected by the specimen surface treatments.
On the other hand, the corrosion fatigue lives for the electroless Ni plated specimens
became shorter than those for the polished and blasted specimens at constant stress
amplitudes. The corrosion fatigue lives for the polished specimens were almost the
same as those for the blasted specimens.
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3. No significant differences in crack propagation behavior due to the different surface
treatments were observed in either laboratory air or sodium chloride solution. The rates
of crack propagation were almost the same for measurements in both laboratory air and
sodium chloride solution.

4. Corrosive solution infiltrated to the interface through the small pores within the plating
film during the corrosion fatigue process. This led to local corrosive reactions at the
interface, and corrosion pits were initiated. Cracks were initiated at the bottom of the
corrosion pits and propagated, leading to the final failure of the specimen. The
corrosion fatigue lives of the electroless Ni plated specimens became shorter than those
of the polished and blasted specimens, primarily because of the acceleration of the crack
initiation process in the electroless Ni plated specimens.

[B] Electrolytically Ni-Plating:

1. The corrosion fatigue lives of the Ni-plated specimens were almost the same as those
measured in laboratory air, which indicated a beneficial effect of electrolytic Ni-plating
to protect Mg alloys from damage due to corrosion fatigue.

2. Two types of crack initiation sites were found in the Ni-plated specimens, regardless of
the test environment. Cracks were initiated from depressions on the specimen surface
(SN-type), or from depressions located along the interface between the substrate and
plate, i.e., between magnesium alloy and copper (IN-type).

3. The SN-type crack was initiated early during the fatigue process in the Ni-plated
specimen, at 10% of the fatigue life. For the IN-type Ni-plated specimen, a crack with a
length of 200 pm suddenly appeared on the specimen surface at N/Nrequal to 20%.

4. The fatigue life of the Ni-plated specimen will be improved by the elimination of
surface or interface depressions which are introduced during the plating process.
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1. Introduction

Magnesium and its alloys have excellent physical and mechanical properties such as low
density, good electromagnetic shielding, and high strength/weight ratio (Gray & Luan,
2002; Yong et al., 2008). Thus, they are expected to be applied to various industries such as
the aerospace, automobile, and railway industries (Mordike & Ebert, 2001; Phani et al., 2006;
Ha & Kim, 2006). Their poor corrosion resistance, however, hinders their use on a larger
scale. The corrosion of magnesium and magnesium alloys occurs via the following reaction
(Baril et al., 2007; Song el al., 1997):

2Mg — 2Mg+ + 2e- 1)
2Mg* + 2H,0 —2Mg2+ + 20H- + H, )
2H,0 + 2e- — H, + 20H- ®)
2Mg2+ + 40H- — 2Mg(OH), )

According to equations (1), (2), (3) and (4), the contact of magnesium alloy with water
triggers the corrosion reaction. Thus, it is important to prevent the contact of magnesium
alloy with water to suppress the progress of corrosion. In order to realize this, various
methods such as chemical conversion, electroplating, and anodic oxidization have been
developed (Barchiche et al., 2007; Lian et al., 2006; Liu & Gao, 2006; Montemor & Ferreira,
(2007). The films prepared by these surface treatments always contain pores, pine-holes,
cracks etc. The porosity and defect density are critically important to the quality of a film. In
addition, the film thickness and film density are important factors from the viewpoint of
anticorrosion performance. However, the advantage offered by the lightweight properties of
magnesium alloy might be lost if the thickness and density of the applied coating are
increased. Thus, it is crucial to develop a coating technology to improve anticorrosion
performance, while maintaining the advantage offered by the lightweight properties of
magnesium alloys. A corrosion resistant hydrophobic film formed on AZ91D Mg alloy
through a simple dipping process has recently been reported (Song, 2010). This hydrophobic
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film improved the corrosion resistance of magnesium alloy AZ91. Thus, a
superhydrophobic coating would be also a promising technology for improving
anticorrosion performance because it would inhibit the contact of a surface with water and
environmental humidity. A superhydrophobic surface would be of great importance to
many industrial applications and could present a solution to the long-standing problems of
environmental contamination and corrosion of metals and metal alloys (Liu et al., 2009;
Roach et al., 2008; Xu et al., 2008).

The superhydrophobic phenomenon can be commonly observed in many plants in nature
such as lotus leaf and it is known as the Lotus effect (Barthlott & Neinhuis, 1997). The
superhydrophobic surfaces on many plants are created by a cooperation of binary structures
at nano- and micrometers scales and coverage of wax-like materials on them. The special
micro-nano-binary structures increase the surface roughness and minimize the contact area
between the leaf and liquid, which can endow the leaf with self-cleaning
superhydrophobicity. The development of various fabrication techniques for
superhydrophobic surface by mimicking the surface of the lotus leaves has been a hot
subject. The artificial superhydrophobic surfaces have been fabricated mostly by controlling
the surface roughness and topography, followed by surface modification using organic
monolayers with hydrophobic functional groups (Guo et al., 2005; Qian & Shen, 2005). The
controls of the surface roughness and topography have been accomplished through various
techniques such as anodic oxidation (Thieme et al., 2001), electrodeposition and chemical
etching (Shi et al., 2005; Shirtcliffe et al., 2005; Zhang et al., 2004), plasma etching (Lejeune et
al.,, 2006), laser treating (Khorasani et al., 2005), chemical vapour deposition (Huang et al.,
2005), sol-gel processing (Shirtcliffe et al., 2003), electrospinning (Acatay et al., 2004; Singh et
al., 2005), and so on.

Recently, superhydrophobic treatments have been applied to various engineering material
surfaces such as steel, copper, zinc, and aluminum, to improve their corrosion performances
(He et al., 2009; Qian & Shen, 2005; Qu et al., 2007; Thieme & Worch, 2006; Wang et al.,
2006). Liu et al. demonstrated the preparation of a superhydrophobic surface on copper by
chemical etching and surface modification with n-tetradecanoic acid and investigated the
corrosion resistant performance in seawater by electrochemical measurements (Liu et al.,
2007). They concluded that the superhydrophobic surface considerably reduced the
corrosion rate of copper due to its special morphology. He et al. fabricated a
superhydrophobic surface on anodized aluminum by modifying myristic acid and
estimated the corrosion resistant performance by electrochemical impedance spectroscopy
(He et al., 2009). The superhydrophobic surface greatly improved the corrosion resistance of
aluminum. In this way, a superhydrophobic surface has been shown to be effective for
improving the corrosion resistance of engineering materials. However, it was widely
assumed that the advantages of a superhydrophobic surface would disappear if it was
completely immersed in a solution; thus, there was little attention paid to the application of
superhydrophobic surfaces equipped with anticorrosion performances to metal surfaces. As
a consequence, there are few reports on the application of a superhydrophobic surface to
magnesium alloys. Jiang et al. reported the fabrication of a bioinspired superhydrophobic
surface on Mg-Li alloy (Liu et al., 2008). The superhydrophobic surface was fabricated by
chemical etching and surface modification with a CFs-terminated self-assembled monolayer
(fluoroalkyl silane self-assembled monolayer: FAS-SAM). They estimated the corrosion
resistant performance by investigating the relationship between the time of exposure to air
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and the change in static water contact angles on the superhydrophobic surface of the Mg-Li
alloy. The surface showed stably superhydrophobic properties for over three months.
However, the surface was not exposed to a corrosive environment such as diluted NaCl
aqueous solution, so it is difficult to conclude that the superhydrophobic property provides
high corrosion resistance to the magnesium alloy.

In this chapter, we introduce some experimental results on the fabrication and corrosion
resistant performance of superhydrophobic surface formed on magnesium alloy. At first, we
present an example of the formation of nanosheets on magnesium alloy surface. The
crystalline nanosheets were successfully formed on magnesium alloy AZ31 by a facile
surfactant-free hydrothermal treatment using aqueous solution. The nanosheets formed
surface had hierarchical structures at micro- and nanometer scales so they could be used as
a template of superhydrophobic surface. Next, we show superhydrophobic surface on
magnesium alloy fabricated by microwave plasma-enhanced chemical vapor deposition
(MPECVD) process. Here, the anticorrosion resistance and the chemical stability of the
superhydrophobic film were described based on the results of electrochemical impedance
spectroscopy (EIS) and water contact angle measurements. Finally, we describe a facile,
simple, and time-saving method to create superhydrophobic surface on magnesium alloy by
a simple immersion process at room temperature. The superhydrophobic surface was
fabricated through the following two steps. First, crystalline CeO. film was vertically
formed on the magnesium alloy by immersion in cerium nitrate aqueous solution within 20
min. Next, the film were covered with fluoroalkylsilane molecules (FAS) within 30 min by
immersing in toluene solution containing FAS and tetrakis(trimethylsiloxy)titanium (TTST).
The FAS coated CeO; film showed a static contact angle of more than 150°, that is,
superhydrophobic property. The chemical stability of the superhydrophobic surface on
magnesium alloy AZ31 would be also discussed.

2. Formation of nanosheets on magnesium alloy surface

In this section, we report a facile surfactant-free synthesis of vertically self-aligned Mg.
XAIX(OH)Q(NO3)X'1’ZHQO, Mg1_XA1X(OH)2(NO3)X'1’leo and Mg(OH)z, and Mg(OH)z
nanosheets on a magnesium alloy substrate (AZ31); these nanosheets were fabricated on
magnesium alloy AZ31 as a hierarchical structure at micro- and nanometer scales by a
simple hydrothermal synthesis using aqueous solutions. The hierarchical structures could
be used as a template of superhydrophobic surface.

Aqueous ammonium solution containing NH4yNO3 and NaOH was used for the fabrication
of Mg(OH), nanosheets. This ammonium solution was obtained by dissolving 0.1 M
NH4NO; and then adding 1 ml of 0.1 M NaOH. The dissolution process was carried out at
room temperature by stirring the solution mixture for a few minutes. All chemicals were of
regent grade and used without any pretreatment. Magnesium alloy AZ31 (composition:
2.98% Al, 0.88% Zn, 0.38% Mn, 0.0135% Si, 0.001% Cu, 0.002% Ni, 0.0027% Fe, and the rest is
Mg) with a thickness of 1.5 mm was used as the substrate. The substrates were ultrasonically
cleaned in ethanol for 10 min. After the cleaning, the substrates were dried with inert Ar gas.
The cleaned magnesium alloy substrates were introduced in a Teflon-lined autoclave with a
50 ml capacity. The autoclave was filled with the aqueous ammonium solution mixture to
fill 40% of its capacity. The autoclave was maintained at temperatures of 120-180 °C for 1-24
h and subsequently left to cool to room temperature. After the samples were subjected to the
treatments, the substrate was ultrasonically cleaned in ethanol for 10 min and dried with Ar gas.
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Figures 1(a), 1(b), 1(c), and 1(d) show FE-SEM images of the sample surfaces after
hydrothermal treatment at 150 °C for 1, 3, 6, and 12 h, respectively. All the samples exhibit
nanosheets that are aligned at fairly inclined angles with respect to the surface. When the
treatment time was less than 3 h, the nanosheets were locally formed on the surfaces. In
contrast, after treatment for over 12 h, the nanosheets were observed to be vertically aligned
over the entire substrate surface and appeared to be partly in the form of multi-layers
(Figures 1(c) and (d)). Figures 1(e)-(h) show the enlarged versions of the FE-SEM images
shown in Figures 1(a)-(d), respectively. The vertically aligned nanosheets became dense as
the treatment time increased. The nanosheets exhibit an edge length in the range of
approximately 50-750 nm and a thickness of 20-50 nm. It was difficult to determine the
height of the fabricated nanosheets because of the flake-like morphology of the crystallites;
moreover, several individual crystals were found to have a length of approximately 1 um.

Synthesis time (h)

£500mm
S 5o

Fig. 1. FE-SEM images of sample surfaces after hydrothermal treatment at 150 °C for (a) 1 h,
(b) 3h, (c) 6 h, and (d) 12 h. (e), (f), (g), and (h) are the enlarged FE-SEM images of (a), (b),
(c), and (d), respectively. [Reproduced by permission of The Royal Society of Chemistry,
CrystEngComm., 2009, 11, 2338.]

Figures 2(a), 2(b), and 2(c) show FE-SEM images of the samples surfaces hydrothermally
treated for 6 h at 120, 150, and 180 °C, respectively. These images show that the sheets are
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predominantly perpendicular to the substrate. At the treatment temperature of 120 °C, we
clearly observe a rosette-like structure formed by the curved nanosheets. The nanosheets
with sizes of 0.5-1 um are densely formed in the rosette-like structure. The rosette-like
structures somewhat appear to be laid on a carpet of vertically aligned nanosheets. An
increase in the treatment temperature to 150 °C was found to result in the formation of
compact and continuous nanosheets due to an increase in nucleation and growth rates.
When the treatment temperature reaches 180 °C, dense hexagonal nanosheets were
observed. The edges of these hexagonal formations are clearly observed. This indicates that
the crystalline quality of these nanosheets is very high. The size and thickness of the
nanosheets obtained at 180 °C are larger than those of the nanosheets treated at 150 °C.

(a) (b)

120°C 150°C

Temperature (°C)

Fig. 2. FE-SEM images of sample surfaces after hydrothermal treatment for 6 h at (a) 120 °C,
(b) 150 °C, and (c) 180 °C. [Reproduced by permission of The Royal Society of Chemistry,
CrystEngComm., 2009, 11, 2338.]

Figure 3 shows the XRD patterns of the obtained samples after their hydrothermal treatment
at 150 °C for 3-24 h. In the case of all samples, some peaks attributable to the hydrotalcite
(HT)-like = structure were clearly observed, which were assigned to Mg;.
xAL(OH)2(NO3),'nH>O intercalated with nitrate anions (Xu & Zeng, 2001). The diffraction
peaks are indexed according to the 3R symmetry (Cavani et al., 1991; Kuma et al., 1989;
Rives & Ulibarri, 1999). The intensity of the diffraction peak corresponding to the [003] plane
is almost the same, irrespective of the treatment time. This indicates that the crystal growth
of the Mg AlL(OH)>(NOs),'nHO in the [003] plane occurs within 3 h of initiating the
hydrothermal treatment at 150 °C. The XRD pattern of the vertically aligned nanosheets on
the AZ31 substrate is distinctly different from that of the randomly oriented HT
microcrystalline powder due to the observation of several rational orders of (00!) reflections
(Yates & West, 1983). Such an arrangement of the hexagonal nanosheets with the c-axis
parallel to and the ab-face perpendicular to the geometrically untreated substrate has not
been observed in HT films thus far. Chen et al. have reported that the hexagonal nanosheets
with c-axis parallel to the porous anodic alumina/aluminium (POA) substrate, which was
fabricated by anodizing an aluminium metal sheet, were formed on the POA substrate
(Chen et al.,, 2006). This might be due to the change in the surface energy with changing
surface roughness because of the porous nature of the substrate surface. In addition to the
peaks attributable to Mg Al(OH)2(NOs),'nH>O, a few peaks attributable to hexagonal
Mg(OH), are also clearly observed. A diffraction peak of [101] reflection, which has the
highest intensity according to the JCPDS file number 44-1482, become stronger with
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Fig. 3. XRD patterns of sample surfaces after hydrothermal treatment at 150 °C for (a) 3 h,
(b) 6 h, (c) 12 h, and (d) 24 h. [Reproduced by permission of The Royal Society of Chemistry,
CrystEngComm., 20019, 11, 2338.]

increasing treatment time; this observation implies the formation of hexagonal Mg(OH),. It
should be noted that the intensity of the diffraction peak of [001] plane increased with
increasing treatment time. According to JCPDS file number 44-1482, the intensity ratio of
Ioo1/ i1 is 0.53. However, the intensity ratio of Ipoi/lin for the fabricated Mg(OH),
nanosheets increased from 0.44 to 0.63 with treatment time. This indicates that the Mg(OH)»
crystallite dimensions are preferentially restricted along the crystallographic c-axis. This
result is in good agreement with the SEM observations. Figures 4(a), 4(b), and 4(c) show the
XRD patterns of the samples after hydrothermal treatment for 6 h at 120, 150, and 180 °C,
respectively. At the treatment temperature of 120 °C, two peaks originating from the HT-like
structure and assignable to Mg xAl(OH)2(NO3), nH2O are clearly observed. The two peaks
at 260 = 104° and 20.8° are assigned to the [003] and [006] reflections of Mgi.
AL(OH)2(NOs)'nHO, respectively. This means that the treated surfaces were well
crystallized with a preferential hexagonal orientation along the [003] plane, which is a
characteristic feature of the spontaneous texture axis of Mg Al (OH)2(NOs)x nHO.
Crystalline Mg(OH), phases were not formed at the treatment temperature of 120 °C. This
indicates that the rosette-like structure formed by the curved nanosheets and the vertically
aligned nanosheets beneath the rosette-like structure are crystalline Mg
AL(OH)2(NO3s),'nH;O. The XRD pattern in Figure 4(b) shows some peaks that are



High Functionalization of Magnesium Alloy Surface by Superhydrophobic Treatment 267

8 ==
®:Mg(OH),

A:Mg, AL(OH)(NO,))nH O
W:AZ31 substrate

3p 003
S
@101
@10

[ ]

[ ]

(a) 120°C

Intensity (a.u.)

(b) 150°C

(c)180°C

20 40 60 80

20 (degrees)

Fig. 4. XRD patterns of sample surfaces after hydrothermal treated for 6 h at (a) 120 °C, (b)
150 °C, and (c) 180 °C. [Reproduced by permission of The Royal Society of Chemistry,
CrystEngComm., 2009, 11, 2338.]

attributable to crystalline hexagonal Mg xAl(OH)2(NOs)x nH>O and Mg(OH),. An increase
in the treatment temperature led to the formation of crystalline Mg(OH),. The XRD pattern
of the sample surface treated at 180 °C shows only some peaks assignable to Mg(OH). The
degree of orientation was roughly estimated from the ratio of the peak intensities arising
from [001] and [101] planes, i.e., Ioo1/ 101, which is 0.53 for the powder diffraction standard of
Mg(OH),. The degree of orientation was estimated to be 1.49 for the sample treated at 180
°C, indicating the high degree of crystallographic orientation in this sample. This result is in
agreement with the SEM observations. At this temperature, the crystallites exhibited a clear
plate-like shape with the edges preferentially directed out of the AZ31 substrate. This
indicates that the strong preference of crystallographic orientation observed can be regarded
as an increase in the growth rate of the crystallites due to an increase in the treatment
temperature.

Figure 5 shows the FT-IR spectra of the powder samples hydrothermally treated at 150 °C in
the region of 400-4000 cm-1. The most predominant spectral feature is the intense sharp
peak observed at 3696.9 cm-1. It has been known that pure Mg(OH), exhibits a single band
at 3698 cm-1, owing to the high basicity of its O-H groups (Bensi, 1959; Xu & Zeng, 2000).
Another sharp peak at around 1384.6 cm-1 is attributable to the v3 vibrational mode of NO3-
in the interlayer with D3, symmetry (Yates & West, 1983). A weak shoulder band at around
830 cm-! appears due to the v vibrational mode of the same anion (Chisem & Jones, 1994;
Qian & Zeng, 1997; Xu & Zeng, 1999). A weak broad band in the region of 1630-1650 cm-! is
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attributed to the hydroxyl-deformation mode of water (Kloprogge et al., 2005). The lattice
vibrations of metal-oxygen bonds (M-O) are also observed at around 550 cm-! (Kannan et
al., 1995; Labajos et al., 1992). It is possible that some of these bands overlap with the broad
band due to the d-mode of O-H or that the vibrations occur in the wavenumber region
below the measured range. The XPS spectra of the sample treated at 150 °C revealed that the
Mg 1s peak arising from the formed nanosheets can be separated into two peaks. The two
peaks centred at 1302.7 and 1303.8 eV are assigned to Mg(OH), and metal Mg, respectively
(Haycock et al., 1978; Yates & West, 1983). Trace amount of aluminium with a concentration
of less than 5 at% was detected in the nanosheets at the vicinity of the surface. This supports
the fact that the nanosheets comprised of Mgi.«Al,(OH)2(NO3)x'nH>O and Mg(OH)..

(a) 24h
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(b) 12h

(c) 6h
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Fig. 5. FT-IR spectra of sample surfaces after hydrothermal treatment at 150 °C for (a) 6 h, (b)
12 h, and (c) 24 h. [Reproduced by permission of The Royal Society of Chemistry,
CrystEngComm., 2009, 11, 2338.]

Figure 6 shows the representative TEM images of the powder sample for the nanosheets
formed on the magnesium alloy substrate that was hydrothermally treated at 150 °C for 24
h. Two main morphologies are observed: the vertically and horizontally aligned nanosheets
and the nanoneedles. In Figures 6(b) and 6(c), several vertically aligned nanosheets with a
thickness of 10-30 nm and nanoneedles with diameters of ca. 3-10 nm can be observed. The
selected area electron diffraction (SAED) patterns exhibit rings corresponding to the [001],
[101], and [102] planes of Mg(OH),. These patterns are consistent with the XRD patterns. In
the higher magnification TEM image shown in Figures 6(b) and 6(c), the horizontally
aligned nanosheets were also observed; these nanosheets were thin with large areas. Figure
6(d) shows the high-resolution TEM (HRTEM) image of the nanosheet. Three types of lattice
fringes (L., Lv, and Lc) originating from the single domain are clearly observed. All the
lattice-fringe spacings are found to be equal to those of the 101 plane of hexagonal Mg(OH)..
The prominence of the lattice fringe of dipn among the observed nanocrystallites suggests
that the aggregative growth of the nanosheets is concentrated in the [101] direction. In
addition,two types of Moire fringes (R; and Ry) are clearly observed in the HRTEM image.
The Moire fringes are attributed to the rotation of the lattice planes having equal lattice
spacing. According to previous studies, the nanoneedles could be the vertically aligned
nanosheets or the nanosheets that are rolled up (Chen & Gao, 2004; Chen & Gao, 2005). The
nanosheets would aggregate vertically by driving forces arising from the local stress and the
decrease in the surface-free energy of the nanosheets. It is believed that the thin nanosheets
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Fig. 6. (a) TEM image of powder sample of nanosheets hydrothermally treated at 150 °C for
24 h; (b) enlarged TEM image of (a); and (c) enlarged TEM image of (b). The inset shows the
ED pattern of the nanosheet; (d) shows the HRTEM image of the nanosheet. [Reproduced by
permission of The Royal Society of Chemistry, CrystEngComm., 2009, 11, 2338.]

specific surface energy, Liete et al. suggested that the surface energy of the 001 facet of
hexagonal SiO,, which is comparable to the hexagonal Mg(OH)s, is higher than that of the
other facets (Leite et al., 2003). In our system, the ammonium ion may preferentially get
adsorbed on the 001 surface of hexagonal Mg(OH), to lower the high potential energy of the
system. This might hinder the growth of nanocrystals in the [001] direction.

The growth behaviours of the nanosheets, comprising of crystalline Mg
<AL(OH)2(NOs), nH20O, Mg Al (OH)2(NOs)x nH,O and Mg(OH),, and Mg(OH),, depend
on the experimental conditions; the single most important factor influencing the growth
behaviour was found to be the treatment temperature. At 120 °C, the rosette-like structure
formed by the curved nanosheets of crystalline Mg;.<Al,(OH)2(NO3)x'nH>O was observed. It
is worth noting that some previously reported LDH intercalated compounds showed a
curved plate-like or sheet morphology (Ogawa & Asai, 2000; Xu & Braterman, 2003); these
morphologies are formed by the cooperative organization of the intercalated anions and the
cationic metal hydroxide layers. In our study, the unique morphology observed is
considered to be induced by the interaction extrusion stress between nanocrystals. On
increasing the treatment temperature to 150 °C, the shapes of the nanosheets are changed.
The sample contains two types of crystalline structures, Mg «Al(OH)2(NOs), nHO and
Mg(OH)y; thus, no traces of curved nanosheets are observed in the sample treated at 150 °C.
This might be due to the fact that on formation of Mg(OH), the interaction extrusion stress
between the nanocrystals was relaxed. As a result, the interaction extrusion stress during the
cooperative organization of the intercalated anions and the cationic metal hydroxide layers
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could produce the curved structures. As shown in Figure 2(c), further increase in treatment
temperature to 180 °C yielded larger crystals with sharp edges. The crystal structure in the
crystallites corresponded to Mg(OH),. At this temperature, the crystallites exhibited a
distinct plate-like shape with the edges preferentially directed out of the AZ31 substrate. It
is likely that this layer grows via a dissolution-precipitation mechanism. Nordlien et al. have
supposed that amorphous platelets of Mg(OH), were initially formed by the precipitation of
Mg?2* or other soluble magnesium species (Nordlien et al., 1997). These nanosheets appeared
to be formed by the mechanical rupture of the outer layer of the amorphous Mg(OH); film
rather than the precipitation of soluble magnesium hydroxide; this is because the
nanosheets were locally formed on the surface, as shown in Figure 1(a). The film rupture can
be attributed to the internal stress generated in the formed amorphous Mg(OH), film
(Schultze & Lohrengel, 2000). With an increase in treatment time, the crystalline Mg(OH),
nanosheeets could be formed by the precipitation of magnesium hydroxide and the
subsequent formation of the amorphous Mg(OH), film.

Crystalline nanosheets were successfully formed on magnesium alloy AZ31 by carrying out
a facile surfactant-free hydrothermal treatment. The crystal structures and shapes of the
nanosheets changed with the treatment temperature. We found that on treatment at 120 °C,
rosette-like  structure made from curved nanosheets of crystalline Mg
<Al (OH)2(NO3),'nH;O was formed. An increase in treatment temperature to 150 °C led to
the formation of plate-like nanosheets of crystalline Mg Al(OH)2(NO3),'nH>O and
Mg(OH),. Further increase in temperature to 180 °C yielded larger crystals with sharp
edges. The crystallites were crystalline Mg(OH), with a distinct hexagonal shape with the
edges preferentially directed out of the magnesium alloy. In this study, the substrates
themselves were used as the source of magnesium and aluminium to form the nanosheets.
This facile and inexpensive approach as a uniform large-scale treatment for the fabrication
of nanosheets can be an interesting tool for a variety of applications.

3. Superhydrophobic surface on magnesium alloy fabricated by microwave
plasma-enhanced chemical vapor deposition (MPECVD) and its corrosion
resistance

In this section, we report fabrication and corrosion resistant performance of the
superhydrophobic film deposited on magnesium alloy AZ31 by electrochemical
measurements. The superhydrophobic film was deposited on magnesium alloy AZ31 by
microwave plasma-enhanced chemical vapor deposition (MPECVD). In addition, the
chemical stabilities of a superhydrophobic surface on magnesium alloy AZ31 in aqueous
solutions of various pHs were also demonstrated.

Magnesium alloy AZ31 (composition: 2.98% Al, 0.88% Zn, 0.38% Mn, 0.0135% Si, 0.001% Cu,
0.002% Ni, 0.0027% Fe, and the rest is Mg) with a size of 10 X 10 X 1.5 mm was used as the
substrate. The substrates were ultrasonically cleaned in absolute ethanol for 10 min. Each
cleaned substrate was placed on the substrate stage in the MPECVD system. The MPECVD
system consisted of a Vycor glass discharge tube attached with a microwave cavity and a
deposition chamber made of stainless steel. Superhydrophobic films were then deposited on
the substrates using the MPECVD system (Ishizaki et al., 2007; Wu et al., 2002). The chamber
of the MPECVD system was evacuated to 5.0 Pa prior to the deposition. A 2.45-GHz
generator supplied microwave power of 250 W, and the raw materials were a gas mixture of
trimethylmethoxysilane (TMMOS; (CH3)3SiOCH3) and Ar. Ar gas was required for
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maintaining the microwave discharge. The partial pressures of TMMOS and Ar were kept
constant at 35 and 60 Pa, respectively. The deposition time was changed from 10 to 30 min.
The substrate temperature remained below 333 K during the deposition.

20 min

10 min

10

Fig. 1. FE-SEM images of a film on magnesium alloy AZ31 surfaces deposited for (a) 10, (b)
20, and (c) 30 min by the MPECVD process; (d) enlarged FE-SEM image of (a); (e) enlarged
FE-SEM image of (b); (f) enlarged FE-SEM image of (c); (g) enlarged FE-SEM image of (e);
and (h) enlarged FE-SEM image of (f).topography is important for fabricating a
superhydrophobic surface. [Electrochimica Acta., 10.1016/j.electacta.2010.06.064. Copyright
@ELSEVIER (2010)]

Figure 1(a), (b), and (c) shows FE-SEM images of the film on magnesium alloy AZ31
surfaces deposited for 10, 20, and 30 min, respectively, by MPECVD. Figure 1 (d), (e), and (f)
shows enlarged images of fig. 1 (a), (b), and (c), respectively. The film coverage increases
with an increase in preparation time. When the deposition time was less than 10 min, the
surface coverage of the film was low and the film surface was smooth compared to those
deposited for 20 and 30 min. When the preparation time was prolonged to more than 20
min, the surfaces were covered with the films. The film coverage became higher with an
increase in the preparation time. Figure 1 (g) and (h) shows enlarged images of fig. 1 (e) and
(f), respectively. In the high magnification FE-SEM images (fig. 1 (g) and 1 (h)), aggregated
particles were clearly observed. The particles were composed of nanoparticles with sizes of
20-150 nm. Most of these particles would be prepared in a clustering process in the gas
phase and condensed on the substrate. The clusters deposited on the magnesium alloy
surface, leading to an irregular surface topography composed of granular particles and
minute pores with a few hundred nanometers in diameter.

Figure 2 (a), (b), and (c) shows topographic images of the film surface deposited for 10, 20,
and 30 min, respectively. As clearly seen in fig. 2, the root mean square roughness of the
film-deposited surface increased from 13.7 to 153.5 nm with an increase in preparation time.
These results agree with the results of the FE-SEM images. The increase in the surface
roughness would form a porous structure in the film. The porous structures in the film
would permit an enhancement of the surface air fraction in the pores and reduce the actual
area of rough surface in contact with the water. Thus, such topography provides high water
repellency to the surface if the surface were covered with hydrophobic functional groups.
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RMS:13.7nm  §)]  RMS: 62.3 nm RMS: 153.5 nm

Fig. 2. Topographic images of the film surface deposited for (a) 10, (b) 20, and (c) 30 min.
RMS means root mean square roughness of each surface. [Electrochimica Acta., 2010, 55,
7094. Copyright @ELSEVIER (2010)]

Information on the chemical bonding states, chemical composition, and surface functional
groups of the film deposited for 30 min were investigated with FT-IR and XPS. XPS
measurements revealed that the film surface consisted of Si, O, and C atoms with atomic
concentrations of 24.5, 32.9, and 42.6 at%, respectively. The FT-IR analyses provided
information that all the films mainly consisted of SiOx and -CHj; thus indicating that the
surfaces were covered with hydrophobic -CHs groups. The XPS and FT-IR results agree
well with our previous results (Ishizaki et al., 2007; Wu et al., 2004). Next, we estimated the
surface wettability of the film deposited by water contact angles measurements.

Figure 3 shows the relationship between water contact angles onto the film surface
deposited on magnesium alloy AZ31 and the deposition time. The water contact angles
increased with an increase in preparation time. The surface of the film deposited for 10 min
had a water contact angle of c.a. 105° and was shown to be hydrophobic. In contrast, when
the preparation time was over 20 min, the water contact angles of the surfaces were more
than 150°, resulting in the superhydrophobic surface. This result indicates that the increase
in the static water contact angles has a close relationship with the increase in the surface
roughness of the deposited film. In addition, the film coverage also increased with an
increase in deposition time. Due to these effects, the wettability of the film coated surface
increased greatly, resulting in the superhydrophobic surface.
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Fig. 3. Relationship between water contact angles on the film surface deposited on
magnesium alloy AZ31 and the deposition time. [Electrochimica Acta., 2010, 55, 7094.
Copyright @ELSEVIER (2010)]
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All electrochemical measurements were performed in 5.0 wt% NaCl aqueous solution, pH
6.2, at room temperature, using a computer-controlled potentiostat under open circuit
conditions. The superhydrophobic film coated magnesium alloy AZ31 and a platinum plate
were used as the working and counter electrodes, respectively. A saturated calomel
electrode (SCE) was used as the reference electrode. The reference electrode was set in the
close vicinity of the circular window. The superhydrophobic film coated AZ31 substrate was
immersed in the NaCl solution for 30 min, allowing the system to be stabilized, and
potentiodynamic polarization curves were subsequently measured with respect to the OCP
at a scanning rate of 0.5 mV/s from -400 to +800 mV. EIS measurements were conducted in
the frequency ranges between 0.1 Hz and 100 kHz, with a sinusoidal signal perturbation of
10 mV and five points per decade. All the samples were immersed for 30 min before all the
impedance measurements. The experimental EIS spectra were interpreted based on
equivalent electrical analogues using the program Zplot2.0 to obtain the fitting parameters.

Figure 4 shows the potentiodynamic polarization curves of the superhydrophobic film
coated and bare AZ31. The deposition time of the superhydrophobic film was 30 min. As
compared to the corrosion current density (jeorr) Of the bare AZ31 substrate (9.25 x 10-5
A/cm?), that of the coated AZ31 substrate (7.41 x 10-8 A/cm?) decreased by more than three
orders of magnitude. The corrosion potential (Ecorr) of the AZ31 was ca. -1507 mV.
Hydrogen evolution dominates at more negative potentials than Ecor, resulting in an
increase in the cathodic currents. On the other hand, E o+ of the coated AZ31 substrate is ca.
-1487 mV and is slightly more positive than that of the bare AZ31. A substantial change in
Ecorr was not detected by the superhydrophobic film. It was reported that silica or zirconia
film did not shifted clearly E.or to positive direction (Tamar & Mandler, 2008). Our
superhydrophobic film consisted of silica and -CHs groups. Thus, the E.o:r would hardly
change compared to the bare AZ31. However, the coating of superhydrophobic film
decreased significantly both the anodic and cathodic current density. This indicates that the
AZ31 substrate coated with the superhydrophobic film has a higher anticorrosion
performance than the bare AZ31. The corrosion resistances of the film deposited on
magnesium alloy AZ31 and bare AZ31 were estimated by electrochemical impedance
spectroscopy. The Nyquist plots obtained from superhydrophobic films (deposition time: 20
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Fig. 4. Potentiodynamic curves of (a) untreated and (b) super-hydrophobic film coated
magnesium alloy AZ31. The deposition time of the super-hydrophobic film was 30 min. The
scanning rate was 0.5 mV / s. [Electrochimica Acta., 2010, 55, 7094. Copyright @ELSEVIER
(2010)]
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and 30 min), hydrophobic film (deposition time: 10 min), and bare AZ31 after immersion in
5wt% NaCl solution are presented in fig. 5. The inset of fig. 5 shows the enlarged Nyquist
plot. All three surfaces behave quite differently, so we applied different equivalent circuits
to fit the Nyquist plots. Three types of equivalent circuits are shown in fig.6.

As shown in fig. 5, the capacitive loops are not perfect semicircles. This phenomenon is known
as the dispersing effect (Wu et al., 1999). When the dispersing effect is observed in impedance
behavior, the double-layer does not behave as an ideal capacitor. In this case, a constant phase
element (CPE) is often used as a substitute for the capacitor in the equivalent circuit to fit the
impedance behavior of the electrical double layer more accurately. The CPE is a special
element whose value is a function of the angular frequency ® and whose phase is independent
of the frequency. Its admittance (Y) and impedance (Z) are described as follows:

Ycpg = Yo(iO))” (5)
ZcPE = 1/ Yo(i()))'” (6)

where Y is the magnitude of the CPE,  is the angular frequency, and # is the exponential
term of the CPE.
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Fig. 5. Nyquist plots obtained from super-hydrophobic films (deposition time: 20 and 30
min), hydrophobic film (deposition time: 10 min), and bare AZ31 after immersion in 5wt%
NaCl solution. The inset shows enlarged Nyquist plots. [Electrochimica Acta., 2010, 55, 7094.
Copyright @ELSEVIER (2010)]

Figure 6 (a) shows the equivalent circuit model representing the electrochemical behavior of
the bare AZ31 surface, which shows one time constant. In this circuit, Rt means the charge
transfer resistance, CPEq is the constant phase element of the electrical double layer, and R;
is the solution resistance. Figure 6 (b) shows the equivalent circuit model representing the
electrochemical behavior of the film surface deposited for 10 min. This surface does not
show a superhydrophobic property but a hydrophobic property, as shown in fig. 4. R. is
film resistance. The capacitive loop at high frequency can be interpreted as the electrical
double layer capacitance CPEq in parallel with a charge transfer resistance R.. An
inductance behavior can be seen at the low frequency region. L and Ry are often used to
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explain the inductive loop at low frequency, which originates from adsorbed/desorbed
intermediates or other species on the electrode surface (Liu et al., 2007). In the case of the
electrode protected with the superhydrophobic film, the equivalent circuit model should
consider two time constants in the corresponding impedance spectrum, as shown in fig. 6
(c), since the film has a rough surface with many minute pores. C. would normally be
assigned to the capacitance of a surface film, which is based on various factors such as film
with the interface reaction between the film and substrate. The parallel combination of R.,
which is based on various factors such as film thickness and defect structure. The R | | Cai
elements in Fig. 6 (c) represent the impedance and C. shows impedance with the interface
reaction between the electrolytic solution and the film. R.;r and Cjr are typically associated
with the resistance and capacitance of air within a minute pore, respectively. The Rai| | Cair
elements were arranged in parallel to above-mentioned these two elements with considering
that the many minute pores would be filled with air. By applying this equivalence circuit
model in Fig.6 (c) to the Nyquist plots for superhydrophobic film deposited for 20 and 30
min, we obtained better fitting results.

CPEa CPEa

(a) Ry ) m—

Rct

Rct

Fig. 6. Equivalent circuits of the studied system (a) bare AZ31 surface, (b) hydrophobic
surface (deposition time: 10 min), and (c) super-hydrophobic surface (deposition time: 20
and 30 min). [Electrochimica Acta., 2010, 55, 7094. Copyright @ ELSEVIER (2010)]

As clearly seen in fig. 5, Rt values of the samples estimated in the 5 wt% NaCl solution
rapidly increased with an increase in the hydrophobicity. This indicates that the
hydrophobicity plays an important role in improving the anticorrosion performance of the
magnesium alloy. With an increase of the deposition duration the corrosion current density
(jeorr) decreases, whereas the resistance R increases. The double layer capacitances decrease
with an increase in the hydrophobicity. The inhibition efficiency (IE%) can be calculated
from the charge transfer resistance as follows (Ma et al., 2002):

IE = (R - Ry) / R¢ X100 @)

where R; is the charge transfer resistance of the film-deposited AZ31 and Ry is the resistance
of the bare AZ31. The IE of the film deposited for 10, 20, and 30 min were estimated to be
714, 98.3, and 99.1%, respectively. The IE considerably increased with an increase in the
hydrophobicity of the film surface. This indicates that our superhydrophobic film effectively
suppressed the progress of the corrosion reaction. Figure 7 presents the evolution of the
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impedance spectra of the superhydrophobic film coated AZ31 after different times of
immersion in 5 wt% NaCl solution. As clearly seen in fig. 7, the capacitive loops at high and
medium frequencies and tail at low frequencies are observed. The capacitive loops can be
attributed to the charge transfer of the corrosion process and the tail might be associated with
a diffusion process across the corrosion layer (Feliu et al., 1990). The capacitive loops decreased
gradually with an increase in the immersion time. This indicates that the anticorrosion
performance of the superhydrophobic film is lowered gradually with immersion time. The
lowering of the anticorrosion performance might be due to the localized corrosion. Once local
corrosion begins at the film surface, the hydroxide ions are produced in the NaCl solution. As
a result, the pH in the vicinity of superhydrophobic film increases locally. Due to the local pH
change, the superhydrophobic film might dissolve locally because SiOx components in our
superhydrophobic film could be dissolved as HSiOs- ion species in the solution at pH ranging
from 10 to 12 (Pourbaix, 1974). Thus, the diameter of the capacitive loops that is closely related
to the corrosion rate could decrease. However, the charge transfer of the superhydrophobic
film coated AZ31 after immersion in 5 wt% NaCl solution for 24 h is much greater than that of
uncoated AZ31. This indicates that the superhydrophobic film can improve the anticorrosion
of magnesium alloy in the NaCl solution.
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Fig. 7. Evolution of Nyquist plots of the super-hydrophobic film coated magnesium alloy
AZ31after immersion in 5 wt% NaCl aqueous solution for (a) 1 h, (b) 6 h, and (c) 24 h.
[Electrochimica Acta., 2010, 55, 7094. Copyright @ ELSEVIER (2010)]

From a theoretical point of view, to inhibit corrosion, it would be very effective to minimize
the wetted area on a solid surface immersed in the NaCl aqueous solution. A
superhydrophobic surface would be a means to achieve this since the superhydrophobic
surface has many roughness structures that could trap air at the solid-liquid interface.
Minimizing the wetted area on a solid surface might be achieved if an air layer formed on
the superhydrophobic surface could be stabilized within the roughness grooves. Quéré et al.
demonstrated that the air entrapment state would be metastable for the following conditions
(Bico et al., 2002):
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cosd <(fi-1)/ (v-f) ®)
where f; is the fraction of the solid/liquid interface below the drop in contact with the solid,
v is the roughness ratio of the surface, and 6 is the contact angle. According to equation (8), if
0 is higher than 90°, the air would be trapped below the liquid (within the surface). After EIS
measurement, the water contact angle of superhydrophobic surface was still c.a. 141°. This
proves that the air layer was stabilized within the roughness grooves in the process of the
whole experiment. Our superhydrophobic treatment could reduce considerably the
probability of adsorption of aggressive ion species (Cl) to the superhydrophobic film
deposited magnesium alloy AZ31, and the AZ31 surface was thus protected. Moreover, our
superhydrophobic film has great roughness structures, as shown in figs. 1 and 2. Such
roughness structures had many minute spaces and thus can easily trap air within the minute
spaces between the roughness structures, preventing the most part of the Cl- ions from
reaching the bare AZ31 surface.
We successfully deposited a superhydrophobic film on magnesium alloy AZ31 through the
MPECVD process. The film surface showed a water contact angle of more than 150°, that is,
superhydrophobicity. The anticorrosion resistance of the deposited film was estimated by
potentiodynamic and EIS measurement.

4. Rapid formation of superhydrophobic surface on magnesium alloy coated
with cerium oxide film and its chemical stability

In this section, we report a simple immersion process at room temperature for the
fabrication of superhydrophobic surface on magnesium alloy. The chemical stabilities of the
superhydrophobic surfaces on magnesium alloy were also examined from view points of
durability and corrosion resistance.

Magnesium alloy AZ31 (composition: 2.98% Al, 0.88% Zn, 0.38% Mn, 0.0135% Si, 0.001% Cu,
0.002% Ni, 0.0027% Fe, and the rest is Mg) with a thickness of 1.5 mm was used as the
substrate. The substrates were ultrasonically cleaned in absolute ethanol for 10 min. After
the cleaning, the substrates were dried with inert Ar gas. The cleaned magnesium alloy
substrates were immersed in an acidic solution containing 0.05 M cerium nitrate (Ce(NO3),)
with pH experimentally measured to be c.a. 4.5 at room temperature. The solution was
agitated with magnetic stirrer at a rotation of 100 rpm during the immersion. The immersion
time was changed from 0.5 to 20 min. After immersion, the samples were thoroughly
washed in absolute ethanol. Finally, the washed samples were immersed in 40 ml of toluene
solution containing 400 pl of FAS (CF3(CF2);CH,CH:Si(OCH3)s) and 40 pl of
tetrakis(trimethylsiloxy)titanium ((CH3)35i0)4Ti) (TTST) for 30 min. The TTST molecules
were used as catalysis to promote hydrolysis and/or polymerization of FAS molecules.
Figure 1 shows FE-SEM images of the sample surfaces after immersion in cerium nitrate
aqueous solution for (a) 0.5, (b) 1, (c) 3 (d) 5, (e) 10, and (f) 20 min. After 0.5 min of
immersion, the surface of the magnesium alloy was covered with a coating film with island-
like particles. However, the coverage was not complete. After 1 min of immersion, the
substrate surface was covered with almost complete coating on which some microcracks
were formed (Fig. 1(b)). When the immersion time was prolonged to more than 3 min, the
coating became thick enough to cover the substrate. On the other hand, cracks with larger
crack-width were also formed (Fig. 1(c)). These cracks divided whole coating into pieces
separated by relatively large cracks. Several relatively small microcracks were observed
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within each piece, as can be seen in Fig. 1 (d)-(f). These cracks in the coating film could be
formed after withdrawing the sample from the solution due to the shrinkage in volume.
This shrinkage occurred by the evaporation of the water molecules containing in the coating
film, allowing cracks to form. Figure 1 (g), (h), and (i) shows the enlarged versions of the FE-
SEM images shown in Fig. 1(b), (d), and (f), respectively. All the samples exhibit nanosheets
that are aligned at fairly inclined angles with respect to the surface. When the treatment time
was less than 1 min, the nanosheets were locally formed on the surfaces. In contrast, after
treatment for over 3 min, the nanosheets were observed to be vertically aligned over the
entire substrate surface. The vertically aligned nanosheets became dense as the treatment
time increased. The nanosheets exhibit an edge length in the range of approximately 200-
1000 nm and a thickness of 20-50 nm. The aggregation of the nanosheets could lead to an
irregular surface topography with nanoscale pores composed of valleys and hills. Such
surface texture is suitable for fabricating a superhydrophobic surface. An increase in the
immersion time to 20 min was found to result in the formation of compact and continuous
nanosheets due to an increase in nucleation and growth periods. Figure 2 shows XRD
pattern of the obtained sample after immersion in cerium nitrate aqueous solution for 20
min. Some broad and sharp peaks were clearly observed. The sharp peaks were attributed to
magnesium alloy substrate, while the broad peaks were assigned to cerium oxide with cubic
system, which are indexed based on the JCPDS data (Card No. 43-1002). The five broad
peaks at approximately 26 = 28.5, 33.1, 47.5, 56.3 and 76.7° were assigned to the 111, 200, 220,
311, and 331 diffraction peaks of cerium oxide with the cubic phase. These broad peaks also
confirm the existence of nanosized grains in the major overlay. This agrees well with results
of FE-SEM observation.

20 pm > 2041

Fig. 1. FE-SEM images of the sample surfaces after immersing in cerium nitrate aqueous
solutions at room temperature for (a) 0.5, (b) 1, (c) 3, (d) 5, (e) 10, and (f) 20 min. (g) Enlarged
versions (b). (h) Enlarged versions in (d). (i) Enlarged versions in (f). [Reprinted with
permission, Langmuir. 26, 9749, 2010. Copyright @American Chemical Society (2010)]
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Fig. 2. XRD pattern of the obtained sample after immersion in cerium nitrate aqueous
solution for 20 min. [Reprinted with permission, Langmuir. 26, 9749, 2010. Copyright
@American Chemical Society (2010)]

Figure 3 (a) shows a cross sectional TEM image of the sample after immersion in cerium
nitrate aqueous solution for 20 min. It is known that the magnesium alloy AZ31 surface had
an oxide layer with a thickness of c.a. 50 nm (Liu & Fang, 2005). The existence of the oxide
layer supports that the magnesium alloy is active when exposed to atmosphere. Our film
fabricated had a thickness of c.a. 2 um and exhibited a three layered structure with a slightly
porous layer (marked as 1 in Fig. 3 (a)) as an under layer intimately in contact with the
magnesium alloy substrate and a compact layer (marked as 2 in Fig. 3 (a)) as an intermediate
layer, and a fibrous layer (marked as 3 in Fig. 3 (a)) as the major top layer. The composition
of the each layer was measured by EDAX analyses. The slightly porous layer showed that
the atomic concentration of Mg, O, Al, and Zn was 81.14, 14.03, 3.72, and 1.11 at%,
respectively, suggesting that this layer was primarily a mixture of magnesium and

Mg alloy
2 um
—

Fig. 3. (a) Cross-sectional TEM image of the sample after immersion in cerium nitrate
aqueous solution for 20 min. (b) TEM image of the tip of the fibrous layer. The inset shows
the SAED pattern. (c) High-resolution TEM image of the CeO; nanosheet. [Reprinted with
permission, Langmuir. 26, 9749, 2010. Copyright @American Chemical Society (2010)]
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aluminum hydroxides and oxides. On the other hand, except for magnesium, zinc and
oxide, cerium was detected in both the compact and fibrous layer. Both layers could be
mixtures of cerium and magnesium hydroxides and oxides. It should be noted that the
fibrous layer greatly contributed to the greater coating thickness, although this layer was
formed discontinuously. The discontinuity of the fibrous layer correlated well with the
results of the SEM observation. Figure 3 (b) shows the high magnified TEM image of the tip
of the fibrous layer. The high magnified TEM image revealed that the nanosheet comprised
of many minute nanosized crystallinity. The selected area electron diffraction (SAED)
patterns exhibit some rings corresponding to the [111], [200], [220], [311] and [331] planes of
CeOz.

These patterns are consistent with the XRD patterns. The discrete spots on the rings suggest
that the crystals were of good crystallinity. Figure 3 (c) shows high-resolution TEM image of
the nanosheet. Lattice fringes with interplanar spacings, di11 = 0.31 and dago = 0.27 nm can be
clearly observed and are consistent with the cubic phase.

The control of the microstructures was achieved by varying the immersion time. To fabricate
superhydrophobic surface, FAS coating was performed on the CeO, nanosheets by
immersing it in the toluene solution containing FAS and TTST molecules for 30 min. The
wetting properties were evaluated by water contact angle measurements of the samples
surfaces fabricated by immersion in cerium nitrate aqueous solution for 20 min and the
samples obtained after FAS coating. Figure 4 (a) shows a shape of water droplet on the as-
prepared surface composed of CeO; nanosheets. When a water droplet was dropped on the
as-prepared surface, it spreaded onto the sample surface very quickly, indicating the
superior super-hydrophilic property of the sample surface. This is in line with the very low
contact angle, 3+2°, of the as-prepared sample surface composed of CeO nanosheets. Such a
small contact angle is attributed to the presence of -OH groups on the surface of the CeO>
nanosheets, leading to superhydrophilicity. However, the sample surface became
superhydrophobic after simply immersing the sample in toluene solution containing FAS
and TTST for 30 min. Figure 4 (b) shows a water droplet behavior on the CeO; nanosheets
surface after FAS coating. The static water contact angle of these modified sample surface
was found to be 155+2°, clearly revealing that the surface changed from superhydrophilicity
to superhydrophobicity. Figure 4 (c) shows a digital photograph image of a shape of water
droplets on the superhydrophobic surface. The digital photograph image of water droplets
with uniform size on the surface of the FAS modified CeO, nanosheets gives a direct
demonstration of superhydrophobicity of the treated surface. From these results, we

(a) ' (b) (©)

Fig. 4. (a) Shape of water droplet on the as-prepared surface composed of CeO; nanosheets.
(b) Water droplet behavior on the CeO, nanosheets surface after FAS coating. (c) Digital
photograph image of a shape of water droplets on the super-hydrophobic surface.
[Reprinted with permission, Langmuir. 26, 9749, 2010. Copyright @ American Chemical
Society (2010)]
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concluded that the FAS coating by catalyst-assisted immersion process was successfully
achieved and the process of FAS coating was completed within 30 min. Moreover, the
effects of the microstructures based on CeO, nanosheets on wetting properties were
investigated by dynamic contact angle measurements. Figure 5 shows the relationship
between advancing and receding water contact angles and immersion time in cerium nitrate
aqueous solutions. All the samples for dynamic contact angle measurements were
separately prepared as follows. First, they were immersed in the cerium nitrate aqueous
solution for set time. Next, the CeO; coated samples were modified with FAS molecules. As
clearly seen in Fig. 5, the advancing and receding contact angles gradually increased with an
increase in the immersion time. The water contact angles hysteresis (the difference between
the advancing and receding water contact angles) also become small with an increase in the
immersion time. It is known that the surface wettability is controlled by the chemical
composition and surface roughness of solids (Liu & Fang, 2005). The water contact angle of
a smooth surface can reach to c.a. 120°, but on the micropatterned surface or hierarchical
structures, the water contact angles can reach to maximum value of c.a. 178° (Hosono et al.,
2005). This suggests that the fabrication of the hierarchical structures is a crucial factor for
the fabrication of superhydrophobic surface (Zhu et al., 2006). Our surface fabricated by the
CeO;, film has hierarchical structures. The rough surface can trap a large fraction of air
within the micro- and nanotextured surfaces created between the nanosheets. The trapped
air can greatly increase the air-liquid interface, which prevents the water droplets from
penetrating into the grooves of the surfaces. Our surface fabricated showed the advancing
water contact angle of more than 150° and the contact angle hysteresis of less than 10°. These
results support that the water droplets do not penetrate into the grooves. Thus, the micro-
and nanostructures based on the CeO; nanosheets not only enhance the surface
hydrophobicity but also reduce the contact angle hysteresis by decreasing the contact area
between solid and liquid at their interface and the continuity of the three-phase contact line
at the solid-liquid interface.
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Fig. 5. Advancing and receding water contact angles of the sample surfaces after FAS
coating as a function of immersion time in cerium nitrate aqueous solutions. [Reprinted with
permission, Langmuir. 26, 9749, 2010. Copyright @American Chemical Society (2010)]
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To apply the superhydrophobic surface to industrial fields, it is very important to reveal the
chemical stability of the superhydrophobic film in the aqueous solution. Chemical stability
of superhydrophobic surface on magnesium alloy AZ31 was estimated by measuring static
water contact angles of the superhydrophobic surfaces after immersing in aqueous solutions
at various pHs for constant times. Figure 6 shows changes in static contact angles of the
sample surface fabricated by immersion in cerium nitrate aqueous solution for 20 min and
FAS coating for 30 min as a function of immersion time in aqueous solutions at pH = 4.0, 7.0,
and 10.0, that is, acidic, neutral, and alkaline solutions. All the plots in fig. 6 show the
averaged values of water contact angles measured at different five points. The error bars for
each plot mean maximum and minimum water contact angles, which were measured at
different points on same sample. For all the solutions, the static water contact angles of the
superhydrophobic surfaces gradually decreased with time evolution. This indicates that the
density of the hydrophobic functional groups on the surface could be reduced by immersing
the samples in each pH solution. The static water contact angles decreased to be in the
ranges of c.a. 140+2 to 150+2° within 60 min after immersion in each pH’s solution.
However, the static water contact angles after the immersion for 60 to 360 min hardly
changed. The averaged static water contact angles of the superhydrophobic surfaces after
the immersion in the solutions at pH = 4, 7, and 10 for 24 h were estimated to be 139.7+2°,
140.04£2°, and 145.7+2°, respectively.

160F pH 4 —f pH7

=
=
T

i
=)
]

‘Water contact angles (°)
2
el
,::ﬂ__.
-
D—i-—fl
—
' e
a—
—_—
-
I—‘-—l
—
e
[
.|

120 Boaanans o e T e s oS T Lo~ e Lo Een S O S s~ ] s = AT S STUE FVTTE RS VR AR VY AT FTVET S 1o
o 100 200 300 1440 0 100 200 300 1440 0 100 200 300 1440

Immersion time (min)
Fig. 6. Changes in static contact angles of the sample surfaces as a function of immersion
time in aqueous solutions at pH = 4.0, 7.0, and 10.0. The super-hydrophobic surfaces were
fabricated by immersion in cerium nitrate aqueous solution for 20 min and FAS coating for
30 min. All the plots show the averaged values of water contact angles measured at different
five points on same samples. The error bars for each plot mean maximum and minimum
water contact angles. [Reprinted with permission, Langmuir. 26, 9749, 2010. Copyright
@American Chemical Society (2010)]

Figure 7 shows potentiodynamic curves of (a) bare magnesium alloy and (b)
superhydrophobic surface on magnesium alloy. The corrosion potential, Ecom, of the
superhydrophobic surface was more positive than that of bare magnesium alloy. The shift of
the Ecorr in the positive direction could be linked to an improvement of the protective
properties of the superhydrophobic film formed on the AZ31 magnesium alloy. The
corrosion current density, jeorr, of the superhydrophobic film coated AZ31 (8.11 x 107
A/cm?) decreased by more than one order of magnitude as compared to that of the
uncoated one (6.71 x 10¢ A/cm?). These results indicate that the superhydrophobic film has
good corrosion resistance.



High Functionalization of Magnesium Alloy Surface by Superhydrophobic Treatment 283

-0.8F (a): Bare magnesium alloy <

10 (b): Super-hydrophobic surface (b) jii;

-1.2

V vs. SCE)

<14

E

= -1.6

1a

-1.8

Potent;

-2.0

TT T T T[T T[T A T[T [T I [ Tor[Ty

-ZAZL 1 ||||\||I 11 |||||\| 11 \l”lll 1 |||||||I 11 HH”I 1 |||||||| 1 |||||||| 1 |||||||‘
10°  10* 1w’ 1wt 1wt 1wt 1wt 1wt 1!
Current density, log i, (A/ cm?)

Fig. 7. Potentiodynamic curves of (a) bare magnesium alloy and (b) super-hydrophobic
surface on magnesium alloy. The scanning rate was 0.5 mV/s. [Reprinted with permission,
Langmuir. 26, 9749, 2010. Copyright @American Chemical Society (2010)]

We have developed a facile, simple, and time-saving method to create superhydrophobic
surface on magnesium alloy by a simple immersion process. The FAS modified CeO,
nanosheets surface showed a static contact angle of more than 150°, resulting in the
formation of superhydrophobic surface. The contact angles hysteresis decreased with an
increase in the immersion time in the cerium nitrate aqueous solution. The shortest
processing time for the fabrication of the superhydrophobic surface was within 40 min.
Chemical stability of the superhydrophobic surface on magnesium alloy AZ31 was
investigated. In addition, the chemical stability of the superhydrophobic surface in the
solutions at pH ranging from 1 to 14 was also examined. Moreover, the corrosion resistance
of the superhydrophobic surface on the magnesium alloy was investigated using
electrochemical measurements.

5. Conclusion and outlook

In this chapter, we showed experimental studies on the formation of hierarchical structures
composed of crystalline nanosheets and two types of superhydrophobic surfaces by surface
treatment. The hierarchical structures formed on magnesium alloy could be used as a
template of superhydrophobic surface. All electrochemical measurements revealed that the
superhydrophobic treatments by MPECVD process greatly improved the corrosion
resistance of magnesium alloy. Water contact angle measurements showed that the
superhydrophobic film had highly chemical stability to acidic and neutral aqueous solution.
Finally, we reported a facile, simple, and time-saving method to create superhydrophobic
surface on magnesium alloy by a simple immersion process at room temperature. The
superhydrophobic surface showed highly chemical stability to the solution at pH ranging
from 1 to 14. The electrochemical potentiodynamic measurements revealed that the
superhydrophobic film have good corrosion resistance. These results suggest that
superhydrophobic treatments would be a promising mean for improving greatly the
corrosion resistance of magnesium and its alloys.

Magnesium and its alloys are one of the most promising materials for reducing vehicle
weight, lowering fuel consumption and reducing CO, emission. An extremely low corrosion
resistant property of the magnesium alloys, however, restricts larger scale use toward the
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various applications. At present, though a great deal of work of academic and commercial
interest on surface treatments of magnesium alloys has been carried out, still more remains
to be done in order to improve considerably their corrosion resistances. In the future, we
believe work on the development of surface treatments to improve considerably their
corrosion resistances will continue to expand rapidly.
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1. Introduction

Interaction of sliding bodies is an important aspect of numerous applications and subject of
many studies (Solecki, 1989). Generally, when two surfaces are loaded together the true
contact area is much smaller than the apparent one. The true contact is only at high points or
asperities of the surfaces where the interactions in the atomic scale take place. Relative
movement between the surfaces leads to friction and wear processes. The rate of wear is
controlled by the load, the relative velocity and the behaviour of the material near asperities.
The region of asperities can be plastically deformed and the stress is transported to the
deeper laying region that becomes elastically deformed (Fig. 1).
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Fig. 1. Schematic diagram of the contact of two metal surfaces. The SZ is denoted as a dark
grey area.

A composition and physical properties of the subsurface zones are substantially modified in
comparison to those of the bulk (Wert, 1989), (Rice et al., 1989). The outermost zone contains
original specimen material but also chemical species from the counterface and from the
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environment, e.g. adsorbed polar particles, water, gases and oxides. Usually, it appears
homogeneous and has very fine structure. Its boundaries may be confirmed by elemental
analysis. In case of metals this zone is from 10 nm to 20 nm thick. Underneath, there lays the
zone consisting entirely of the original specimen material but it is heavily plastically
deformed. The zone acquired new structure and properties due to the repetitive
tribocontact, e.g., it may become usually harder than the original material. Usually, there are
the reorientation and disintegration of crystallites in it. The next zone represents the original
specimen material in an undisturbed state. This zone experiences elastic deformation.
However, its structure and properties are identical to those prior to the tribotest. It is
accepted to call the region below the worn surface the subsurface zone (SZ), which was
induced by the friction process. It seems that this zone reflects all the processes which occur
at the worn surface and can be a key to the understanding of the wear process.

The SZ can be studied by different methods. The residual stress depth distribution or the
microhardness profiles are the common engineering methods. For detail studies the electron
microscopy techniques or XRD techniques are applied. The positron annihilation
spectroscopy is also used for studies of the SZ. It offers a possibility of detecting and
distinguishing between open-structure crystal defects such as dislocations, vacancies, and
voids in metals. All they are induced by any deformation of the material.

2. Brief review of positron techniques

The positron is an antiparticle of the electron; their interaction may cause the transformation
of their mass into the electromagnetic radiation called annihilation rays. The main process
(99.8% probability) is emission of two photons. Their detection is the base of the positron
annihilation spectroscopy. The sources of positrons are mainly isotopes emitting positrons
via p* decay, 2Na and 6Ge\%Ga are commonly used in the solid state studies. Positrons
emitted in B+ decay have a continuous energy spectrum what means that its energy can be in
a range limited by a maximum energy characteristic for the isotope. Positrons from the
radioactive source cannot be implanted into a solid at a strictly defined depth. Typical
implantation ranges characterized by linear-absorption coefficient are of the order of a few
tenths of millimeter and depend on the density of the solid and the atomic number (Dryzek,
Singleton, 2006). (The reciprocal of the so called linear-absorption coefficient for magnesium
is equal to 144 pm for positrons emitted from 2Na, and this quantity can be treated as the
implantation range.) Hence, the positron as a probe penetrates certain, relatively large
volume in the atomic scale. It should be noted that the positron beam technique allowing to
implant positrons of low energy into a defined depth at the range of micrometers are in use
(Krause-Rehberg & Leipner, 1999).

As a charged particle, a positron injected into a solid interacts inelastically and elastically
with other charged objects, i.e., electrons and nuclei, and loses rapidly its kinetic energy
until it becomes thermalized. Being in a thermodynamic equilibrium with the host, the
positron is scattered by phonons and walks randomly. The random walk lasts much longer
than the thermalization process, i.e. between 100 ps and 500 ps. It is sufficient for a positron
to penetrate the volume occupied by ca. 107 atoms, mainly interstitial regions in the host
lattice, before it annihilates with the emission of two almost collinear photons in opposite
directions with of energy about 511 keV, Fig. 2. The positive charge of the positron causes
that it annihilates mainly with the valence or conduction electron. The probability of the
annihilation with the core electrons is much lower.
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Fig. 2. The positron paths in a metal crystal lattice. Positron moves across interstitial regions
between the ions or atoms (big grey spheres) and finally finds an electron (small grey
spheres). In some cases it can be trapped at a vacancy or other open volume defect of
crystalline lattice. (AE=p,c/2, ®=pyy/(moc), where pyy,. are the components of the electron
momentum, mypis the electron rest mass and c is the speed of light.)

The positron during its diffusion can be trapped in regions of lower than average electron
density like vacancies, vacancy agglomerates, dislocations, microvoids or small pores if they
exist. They are defects of the crystalline lattice. The localization in such regions is due to the
repulsion between the positron and the positive atomic cores. It is easy to distinguish where
the annihilation takes place. Electrons in the interstitial regions have higher momentum than
those in the vacancy-type defects, thus the total momentum of the emitted photons tags these
annihilation places. Due to the thermalization the momentum of the positron can be neglected
but the electron momentum cannot. The measurement of the deviation from the co-linearity of
the two photons, the angle 6 in Fig.2, is the simplest way to deduce the total momentum of the
annihilating pair, it means the electron. Another method is the measurement of the Doppler
broadening of the annihilation line which is also sensitive to the momentum of the
annihilating electron. The vacancy-type defect, which traps positrons, contains fewer electrons
than the interstitial regions; it causes the significant change in the annihilation rate. In other
words, the annihilation in the lower-electron density region induces the increases of the
positron lifetime. Indeed, the positron lifetime, i.e. the time interval between the “birth” of a
positron and its annihilation, is larger for positrons localized in defects than in the interstitial.
As it was stated above the time of implantation is much smaller than the time of random walk.
The theoretical calculations supported by numerous of experimental results show additionally
that the average lifetime of positrons localized in small vacancy clusters is very sensitive to
their size. Hence, the identification of the kind of the trap: single vacancy or a multiple vacancy
is possible. In magnesium, the mean bulk lifetime of positrons is equal to 225 ps, while the
lifetime of positrons trapped at vacancies in this metal is 253 ps. For the measurement of the
positron lifetime, the isotope 22Na is usually used as a positron source. After emission of the
positron, the gamma photon of energy 1275 keV is emitted from the excited state of the 22Ne.
This photon tags the “birth” of the positron and the emission of the annihilation ray tags its
“death”. The time between both events is simple to measure using a typical spectrometer and
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it is equal to the positron lifetime in the implanted sample. The positron lifetime spectroscopy
is a powerful tool for studies of condensed matter at atomic level (Brandt & Dupasquier, 1983).

3. Studies of the SZ by positron techniques

There are several advantages of this technique in comparison with the transmission electron
microscopy. The positron as a probe can be implanted from external source into a sample
which does not need any special treatment. The measurements are non-destructive using
samples as they are. Only a pair of relatively flat samples treated in the same way is
required to sandwich a positron source. The examples of the use of this technique for
studies of vacancies, dislocations, fatigue damage, hydrogen trapping, and SZ do not
exhaust the list of possible applications (Dupasquier & Mills, 2004). The disadvantage is the
fact that positrons are mobile particles and scan relatively large volume of the sample before
annihilation. For that reason positron annihilation can be used for studies of the whole SZ.

subsurface
< Zone »!
lworn
sample Isurface
Ipefore
|etching

positron
annihilation source,
ray “Na

Fig. 3. A positron path in the sample. The positron is emitted from the 22Na isotope which is
located on the surface. The depth marked in the figure, represents the thickness of the layer
etched from the worn surface. (In the typical experiment the identical sample is located also
on the right side of the positron source. It is not shown in the figure for simplicity.)

It is known that after dry sliding of a ductile sample against a harder counterpart the
plastically deformed layers occur below the surface. According to some models and
a transmission electron microscopic studies that layers contain mainly dislocations and
dislocation cells (Hirth & Rigney, 1976). Motion of dislocations induced by plastic deformation
accompanying sliding contact generates large amount of point defects. Thus, dislocations can
be associated with the point defects, like vacancies or interstitial atoms (Hull, 1975). Vacancies,
due to their mobility at room temperature or temperature induced by sliding treatments, can
join together and form vacancy clusters. The dislocation network can be studied directly by
TEM. In general, detection of vacancies and small vacancy clusters using this method is more
challenging task. Similarly, the microhardness profile measured in the SZ gives information on
work hardening connected to a large extent with increase of dislocation density. As was
mentioned above positrons are very sensitive and unique probes for point defects such as
vacancies and vacancy clusters, and also dislocations. (It should be mentioned that interstitial
atoms are not detected by positron techniques.) Additionally, detection of the depth profile of
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the defect concentration and hence the detection of the SZ induced by the surface treatment
may be performed. A great amount of points defects like vacancies associated with
dislocations (in aluminum) (Dryzek & Dryzek, 2004) or vacancy clusters (in copper) (Dryzek &
Polak, 1999) was found below the worn surface using this method. Their concentration
decreased with depth and reached the bulk value at a depth of hundreds of micrometers. The
limited implantation range of positrons from 2Na gives the opportunity to determine the total
range of the crystal lattice changes induced by friction and wear. In order to do it, the
technique based on the sequenced etching of the layers from the worn surface and
measurements for instance the positron lifetime was proposed, Fig. 3 (Dryzek et al., 1997). It
allows us to scan the depth of the sample from the worn surface. That technique is very
efficient, because due to the great sensitivity of the positrons to the open volume defects it
allows us to detect the total range of the SZ even the regions where only elastic deformation
took place. The relatively simple experimental procedures and high sensitivity exceed the
electron microscopy techniques, XRD and another engineering technique, i.e., microhardenss
measurements.

As it was mentioned already the thermalized positrons penetrate the large volume of the
sample. Additionally, the implantation profile of energetic positrons exhibits the
exponential decay with the maximal value at the surface (Dryzek & Singleton, 2006). In case
of magnesium the depth of implantation range of the positrons emitted from the 22Na
isotope is about 144 um, it means that about 63% of the positrons are located in the layer of
such a thickness. From that reason it is difficult to define the exact current depth where the
positrons are implanted. In our measurement procedures we trace the dependencies of the
positron lifetime as the function of the etched layer thickness, called “depth”, Fig. 3.

4. Studies of the SZ in pure magnesium

The success of the positron annihilation techniques in studies of the SZ in pure copper and
aluminium encourages us to extend their application for studies of the SZ generated during
friction in pure magnesium and its selected alloy. It is commonly accepted that the micro-
structural parameters, the crystal structure, degree of chemical order, the grain boundaries,
stacking faults and the precipitations influence the plastic deformation and fractures.

4.1 The SZ detected by conventional positron technique

Magnesium has a close-packed hexagonal crystalline structure, low strength and high
damping due to the easy motion of dislocations at room temperature. As a hexagonal metal
with ¢/a>1.633 magnesium has only three independent slip systems which may occur on
either non close packed planes or in non close-packed direction. The main deformation
mode is a basal slip, i.e. a slip on the (0001) plane with a (1120) Burgers vector. Because this
vector lies in the basal plane, no plastic strain parallel to the c-axis is present. However, such
a strain can be produced by twinning; the easiest and most common is {1012} (Tenckhoff,
1968). Also, a prismatic slip {1010}(1120) and a pyramidal slip {1011}(1120) were
observed, but their critical resolved shear stress at room temperature was one hundred-
times greater than that for basal plane (Kelley & Hosford, 1968). This can be not sufficient to
accommodate an arbitrary change in the shape as it is in the case of copper or aluminium
which possess at least 12 independent slip systems.
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Polycrystalline magnesium samples of purity 99.9 % were annealed at a temperature of
400 °C during 3 hr in the flow of N> gas. This ensures that initially the samples contain only
residual defects which do not affect the positron characteristics. The measurement of the
positron lifetime spectra for such virgin samples revealed only one lifetime component
equal to 226+1 ps. As it was reported, this value corresponds to the bulk value for
magnesium.

The surface of such a sample was sliding in a tribotester against a rotated disc made from
the martensitic steel (steel SW18 hardness about 670 HV0.1) of diameter 50 mm with
a certain load. The treatment was performed in air, no oxidation was observed. The velocity
of the disc relative to the surface of the sample was equal to 5 cm/s. During this test we
obtained the value of the friction coefficient equal to 0.24 and the specific wear rate, defined
as worn volume per unit sliding distance per unit load, equal to (8.0+0.8)x10-1> m3/N m.

The measurements of the positron lifetime spectra in the sequenced procedure reveal only
one lifetime component. This was a surprise, because usually in deformed metals or alloys,
due to the existence of several kinds of defects, two or three components are observed. The
values of the positron lifetime ranged from about 248 ps to the bulk value equal to 226 ps.
The former value is slightly lower than the value of the lifetime for the positron trapped in
the single vacancy in magnesium host, i.e. 253 ps (Schaefer, 1987). Thus the detected values
did not originate from this defect. We can argue that this is due to dislocations decorated by
vacancies, or jogs. Such defects located near a dislocation are deformed due to a stress field,
and the positron lifetime becomes lower than that in the single vacancy. It can be concluded
by analogy to other metals, i.e., aluminium (Hakkinen et al., 1989), nickel and iron (Onitsuka
et al., 2001) and zinc (Campillo et al., 2000) because no theoretical data reported yet. The net
dislocation line is a weak trap for positrons, but it is accompanied by jogs, vacancies or
interstitial atoms produced during its motion caused by plastic deformation. The positrons
annihilating in all of those defects and in the bulk contribute to the lifetime spectrum but
due to the finite time resolution of the spectrometer one can resolve only the average value.
Thus, the positron lifetime obtained from the deconvolution procedure may be treated as
the mean lifetime.

Fig. 4 presents the dependency of the measured positron lifetime depth profile for four
values of the applied load during the sliding treatment of the magnesium samples. The
samples were exposed to the friction treatment at the distance of 9 m in all cases. A common
feature of the dependencies is a gradual decrease of the positron lifetime with depth down
to the bulk value at a certain depth. It tags the total range of the SZ, which depends on the
applied load. For the lower value of the load, 25 N, it is about 150 um, and for the highest,
150 N, it is 440 pm (see Table 1). As in our former studies concerning the SZ in pure
aluminium the experimental dependencies can be well described by a simple exponential
decay function (Dryzek & Dryzek 2004),

t(z)=ry+aexp(-z/dy), @

where z is the depth or the thickness of the material etched away =, a and dy are the fitted
parameters. The solid line in Fig.4 presents the best fit of relation (1) to the experimental
points obtained for the highest applied load of 150 N. The fitted parameters obtained for all
samples are gathered in Table 1. The parameter dy characterizes the SZ. It is worth noticing
that its value increases when the load increases (Table 1).
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Fig. 4. Depth profile of the positron lifetime measured for pure magnesium samples after
sliding against a rotated martensitic steel disc during 3 min (sliding distance 9 m) with

different applied loads. The solid line presents the best fit of relation (1) to the experimental
points obtained for the load of 150 N. The dashed line corresponds to the estimated
dislocation density depth profile (load 150 N) obtained from relation (2) taking into account
relation (1). The shaded region represents the bulk positron lifetime in pure magnesium

(Dryzek et al., 2005).

Surface Treatment Total range

Sliding ) . oy | e
Load (N) distance (m) (um)

25 9 225.9+0.6 18.5+1.3 4016 150£30

50 9 226.2+1.5 16.6+1.5 82420 200£30

100 9 225.3+1.7 19.441.7 98423 240+30

150 9 227.0+1.8 19.0+1.4 137428 440430

25 45 230.1+1.0 18.441.3 50.849.0 >270 +30

Table 1. Values of the parameters from relation (1) fitted to the experimental points
presented in Figs 4 and 5 obtained for well annealed magnesium samples after dry sliding
against martensitic steel; the sliding conditions are stated in the first column.

If we treat the measured positron lifetime as the mean positron lifetime and assume that
dislocations are the traps localizing positrons, dislocation density can be estimated.
According to the trapping model, the mean positron lifetime is related to the dislocation
density, pq4, as follows:

T =Tpy

1+Tsatvpd /b
kK 47
1+t ves /b

@)

where 7,u=226 ps and 7 is the lifetime for a dislocation saturated sample; in our case we
assume it is equal to 248 ps. Further, b is the Burgers vector and v is the trapping efficiency;
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in the case of a dislocation in magnesium it is equal to 3.23x10¢ s-lcm? (Mehta et al., 2004).
Putting relation (1) into relation (2) as the mean positron lifetime, we can estimate the
dislocation density profile. In Fig. 4 the dashed line follows such a profile for a sample
exposed to sliding with a load of 150 N. It indicates a strong gradient of the dislocation
concentration in the SZ. This gradient slightly decreases with the increase of the sliding
distance but the value of the positron lifetime at the worn surface does not change, as it is
visible in Fig. 5. In this figure the positron lifetime profiles obtained for two samples
exposed to the sliding treatment with the same load of 100 N but for different sliding
distances are depicted.
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Fig. 5. Depth profile of the positron lifetime measured for the pure magnesium samples
exposed to the dry sliding against a martensitic steel disc with a load of 25 N at the sliding
distances 9 m and 45 m, respectively. The shaded region represents the bulk positron
lifetime in pure magnesium (Dryzek et al., 2005)

4.2 Microhardenss profile in the SZ

The microhardness profiles measured using the commercially available Micro-Combi-
Tester (CSEM) for the samples after sliding with different loads exhibit different shapes. In
this measurement the Vickers indenter with the maximum load of 20 mN was applied. The
velocity of the load increase was equal to 40 mN/min. The profile is depicted in the Fig. 6
for two selected samples. It is interesting to notice that the microhardness initially increases
with the depth from the worn surface and at a certain depth reaches the maximum and then
decays to the bulk value. The total depth of the microhardness profile is about 120 um,
which is lower than that detected by the positron technique (see Table 1). We have also
observed a similar fact for the aluminium alloys (Dryzek & Dryzek, 2006). The discrepancy
between the microhardenss profile and positron lifetime profile can be explained by the fact
that only positron technique is sensitive to point defects created in a great amount during
plastic deformation while the microhardenss is not.

4.3 The SZ in pure magnesium detected by slow positron beam

The conventional techniques where positrons are emitted from the radioactive source, i.e.
22Na are not suitable to detect the region close to the worn surface. The convenient tool for
this purpose is the positron beam technique where monoenergetic positrons forming a beam
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Fig. 6. Depth profiles of the microhardenss measured for pure magnesium samples after dry
sliding against a rotated martensitic steel disc during 3 min (sliding distance 9 m) with
different applied loads (Dryzek et al., 2005)

are implanted in the sample at a desired depth. In our experiment the positron energy was
ranged from 0.1 keV to 25 keV. This allows us to scan a magnesium sample to the depth up
to 4 um from the top surface, which previously was exposed to dry sliding. In this case the
so called S-parameter was measured as the function of positron energy instead of positron
lifetime. The so-called S-parameter defined as the ratio of the area under the fixed center
part of the annihilation line to the area under the whole annihilation line is a suitable line
shape parameter that characterizes the annihilation line broadening. If the annihilation with
electrons having lower momentum increases, the value of the S-parameter also increases.
This takes place when positrons annihilate from the localized state, e.g. trapped in vacancies
or vacancy clusters where the electron density is lower in comparison to the interstitial
region. Similarly to the positron lifetime, the value of the S-parameter can tag the change in
the vacancy or vacancy cluster concentration.

Fig. 7 presents the obtained dependence for the well annealed reference sample and samples
whose surfaces were exposed to dry sliding. The value of the S-parameter on the surface is
significantly lower than in bulk at the depth of 4 um. This indicates that on the surface there
is present a layer different from the bulk, i.e. the magnesium oxide layer. The change in the
slope of the dependencies at the depth of c.a. 100 nm indicates that this is the thickness of
the magnesium oxide layer. Using the VEPFIT (Veen et al., 1990) program, we were able to
describe the experimental data for the well annealed sample assuming existence of two
regions, the first at the surface and second inside. The thickness of the outer layer evaluated
from the fit was equal to 107 + 1 nm and the positron diffusion length was equal to
70 £ 1 nm. This value in the interior equals to 780 + 150 nm which seems to be extremely
large in comparison to other materials. The latter would correspond to the positron
diffusion in the polycrystalline bulk magnesium. For the sample whose surface was exposed
to sliding with the highest load of 100 N the outer layer thickness increased to 150+10 nm.
This is connected with the fact that during sliding the mixed layer containing the
magnesium oxide is created on the surface. Its thickness increases with increase of the
applied load. The increase of the sliding time does not affect the thickness of the mixed layer
as it can be seen in Fig. 8. The etching of the samples in the in a 5% water solution of acetic
acid reduced the thickness of the oxide layer but did not remove it.
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Fig. 7. The S-parameter vs. positron beam energy for the reference sample and samples after
dry sliding with different loads for the sliding distance of 9 m. The solid line represents the
theoretical dependence obtained using VEPFIT program for the well annealed magnesium
sample (Dryzek et al., 2007).
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Fig. 8. The S-parameter vs. positron beam energy for reference sample and samples after dry

sliding for different sliding times corresponding to sliding distances 9 m and 45 m for the
load of 25 N (Dryzek et al., 2007).

Concluding, it can be stated that on and under the worn surface in pure magnesium after
dry sliding mainly dislocations with accompanying defects, like vacancies and jogs, are
created. Their concentration decays exponentially with increase of depth. The total range of
the SZ is more than one hundred micrometers and depends on the applied load and sliding
distance. Thus the type of the crystal structure and lack of the well developed slip systems
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has minor effect on the total range of the SZ in magnesium. The mixed layer containing the
magnesium oxide created on the worn surface has the thickness of about 150 nm.

5. The SZ in magnesium alloy AZ31

In technical applications the pure magnesium is not in use then we performed similar
studies for magnesium-based alloy Mg96Al13Zn1 (Goodfellow), temper as drawn, analogous
to the commercial AZ31 alloy. The Mg-Al-Zn alloy system is well known. The addition of
Al, Zn or both these elements results in increase in the strength and decrease in the ductility
of the magnesium alloy. Al and Zn both act as solid solution strengtheners. Both alloying
elements form precipitates with Mg in alloy matrix, e.g. MgiyAl;> discontinuous
intermetallic phase (Bowles et al., 2007). However, XRD measurements did not reveal the
existence of such a phase in our sample.
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Fig. 9. Weight loss of the magnesium alloy and pure magnesium pins as functions of sliding
distance against the rotated steel disk at the velocity of 5 cm/s and the applied load of 100 N
(Dryzek & Dryzek 2007).

We compared the specific wear rates calculated from the weight loss measured for different
sliding distances for the alloy and pure magnesium (99.9% purity) in Fig. 9. The specific
wear rate for the alloy is equal to (1.11+0.10)x10-12 m3/Nm and is about 40% higher than for
pure magnesium. The measured values of the friction coefficient of the alloy and
magnesium against the steel disc, equal to 0.20 and 0.24, respectively, are comparable.

The measurement of the positron lifetime spectrum for the virgin, reference sample of the
alloy reveals only one lifetime component equal to 226+1 ps. This value is the same as the
value of positron lifetime in bulk in pure magnesium and will be treated as the bulk lifetime
in the alloy. After dry sliding, similarly to pure magnesium in all measured lifetime spectra
only one lifetime component was resolved. Its value ranged from the bulk value, equal to
226+1 ps, to about 240 ps. Nevertheless, on closer inspection a second, long-lived component
equal c.a. 1450 ps was found but its intensity was close to 1 %.

The sequenced measurement of the positron lifetime spectrum after etching away a certain
thickness of the alloy samples after sliding at the same distance of 36 m with different loads
applied: 50 N, 100 N and 150 N reveals well defined depth profiles. In Fig. 10, the value of
the main lifetime component and the intensity of the long-lived component are depicted as
functions of depth. The striking feature of the results obtained is the short range of of the SZ,
which is additionally hardly affected by the applied load. The total range is about 100 um
and it is much lower than in pure magnesium. (For comparison the depth profile of the
positron lifetime measured for pure magnesium after sliding in similar conditions is
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presented in this figure as well.) As above the equation (1) describes well the decay of the
positron lifetime as the function of depth.
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Fig. 10. The main positron lifetime a) and the intensity of the long-lived component b) as
functions of depth or etched layer thickness measured for the alloy samples after sliding at
the same distance of 36 m with different loads applied: 50 N, 100 N and 150 N. For
comparison, the value of the main positron lifetime component for the pure magnesium
sample which was exposed to sliding with the normal load of 150 N at a sliding distance of
9 m is also presented a). The solid line represents the best fit of equation (1) to the
experimental points measured for the alloy sample exposed to sliding with the normal load
of 100 N. The reference bulk positron lifetime in the alloy is also indicated (hatched area)
(Dryzek & Dryzek 2007).

It is interesting that in opposition to the results for pure magnesium the dy parameter
decreases with the increase of the applied load - for the load of 50 N it is equal to 38.0£1 um
for the load of 100 N it is equal to 23.0+4 pm and for 150 N it is equal to 12.6+3 pm. The solid
line in Fig. 10 a represents an example of the best fit of the equation (1) to the experimental
points. The intensity of the long-lived component, Fig. 10 b, decays quickly and at the depth
of about 30 pm disappears.

In Fig. 11 a, we depicted the profiles of the main lifetime component for the alloy samples
after sliding with the same load of 100 N for three different sliding distances. The
exponential decay of the t; value with depth is clearly visible and the total depth of the SZ is
about 50 um. The dy parameter in all cases is about 15+2 um and does not depend on sliding
distance within the accuracy of the measurement. In Fig. 11 b, the decay of the intensity of
the long-lived component is clearly visible and at the depth of about 30 um it also
disappears.

The Vickers microhardness profile was measured for two selected samples whose surfaces
were exposed to sliding. The obtained results are depicted in Fig. 12. The microhardness
value decreases quickly with depth and the dependency can be described by an exponential
decay function, similar to that given by equation (1). The best fit is presented as the solid
line in Fig. 12. The value of the parameter dy was equal to 26.2+7 um for the sample exposed
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to sliding with the applied load of 100 N and the sliding distance of 54 m and 16.2+2 pum for
another sample with the applied load of 50 N and the sliding distance of 18 m. These values
correspond well with those obtained from the positron lifetime measurement (Fig. 10a, 11a)
and they confirm the short range of the SZ created in the alloy.
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Fig. 11. The main positron lifetime a) and the intensity of the long-lived component b) as
functions of depth or etched layer thickness measured for the alloy sample after sliding at
different distances with the normal load of 100 N. The reference bulk positron lifetime in the
alloy is also indicated (hatched area) (Dryzek & Dryzek 2007).
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Fig. 12. The Vickers microhardness profile for the alloy samples after sliding at the distance
of 18 m with the normal load of 50 N (open square) and at the distance of 54 m with normal
load of 100 N (filled circles). The solid line (a) is the best fit of the exponential function
HV=89.4+779exp(-d[um]/16.2) to the open square points (Dryzek & Dryzek 2007).
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The short range of the SZ in the alloy in comparison to the pure magnesium indicates the
great role of alloying in the process of its creation. Adding other atoms into this structure we
can effectively obstruct the slip system, thus a depth expansion of deformation induced on
the worn surface is hindered. A similar phenomenon was observed in aluminium alloys for
which the range of the SZ was shortened in comparison to pure aluminium (Dryzek &
Dryzek, 2004). This supports the role of dislocations in forming of the SZ which originated
on or just below the worn surface and can move into the interior of the damaged sample.
Adding atoms, precipitates or other structural elements which inhibit movement of
dislocations in the alloy host influences also the depth expansion of the SZ. As we have
found, the total range of the SZ reflects the range of the plastic deformation. It is worth
noticing that the range of the SZ correlates inversely with the wear rate. Above we marked
that for the alloy the wear rate is higher than for pure magnesium. Similar correlations were
observed also for aluminium alloys. During sliding energy dissipates causing creation of
structural defects, vacancies, dislocations and others. The short range of the SZ implies that
this energy is deposited in a narrow region near the surface. Thus one could expect more
defects there than would be in a wider range. If structural defects are responsible for wear
thus more defects should imply higher wear rate. Our experimental observations are
focused rather on the microscopic origin of the wear induced by crystalline defects.
Nevertheless, their distribution and total depth of plastic deformation underneath the worn
surface is the macroscopic parameter, which is omitted in other wear models.

The detection of the lifetime component equal to c.a. 1450100 ps in the measured spectra is
a surprise. Such a weak long-lived component between 1000 and 5000 ps was reported in
nanocrystalline metals like iron, nickel and was attributed the to formation of ortho-
positronium at the surface of voids. Positronium is the positron-electron bound state similar
to hydrogen and can be created for instance in molecular solids, where the empty volume
allows to create it. The minimal radius of such a volume which is suitable for creation of
such a bound state is about 0.19 nm. We believe that voids of radius bigger than this can be
located in the SZ at the depth less than 30 pm. More detail calculation allows us to estimate
their radius 0.23+0.01 nm. It is quite possible that the voids can be produced on special
dislocation arrangements created during plastic deformation at large strains. They could
nucleate cracks. It is not excluded that presence of oxide in the surface layer favors
formation of positronium.

Concluding the result obtained for alloy AZ31 we can state that the total range of the SZ
detected is about 100 pm and it is much lower than that detected for the pure magnesium
which was between 150 pm and 440 pm. This can affect the wear process on the surface. The
specific wear rate for this alloy has a higher value than for pure magnesium. Thus the
alloying of magnesium has the significant role for the SZ constitution.
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1. Introduction

Magnesium (Mg) alloy has been attracting great attention as a promising light-metal
material which has various potential applications because of its various unique and great
properties. They are, for example, a smaller density, about two-thirds of Al, the greatest
specific strength among all the metals, superior machining property, shielding of
electromagnetic wave, and vibration absorbability. Taking advantage of them, Mg is
expected to be used as structural components for automobile, lap-top computer, cell phone,
and you name it, and it could replace aluminum in many areas. In general, the weight of
any products with Mg body would be reduced which enables us to handle the products
easier. More specifically, for example, Mg body could increase the gas mileage of
automobile and protect computers and cell phones from unexpected vibration or
electromagnetic waves.

In spite of the numerous advantages, however, Mg materials have not been used widely up
to now. It is because there is a drawback to the workability in Mg. In the metal forming
process, in general, press forming is popular, which increases the productivity and
decreases the manufacturing cost and environmental load. However, since seizing of Mg in
press forming is easily happened, forming of Mg is often processed by forging and die-
casting. The formability of Mg alloys is especially poor at room temperature because of their
hexagonal close-packed structure. Hence, there are few slip planes in the case of a pyramid
surface or cylinder surface at room temperature. Furthermore, these slip planes are easily
activated at elevated temperatures. Therefore, the deep-drawing process of Mg alloy sheets
is generally conducted at high temperatures (approximately 200 °C). During the deep-
drawing process, even at an elevated temperature, it is necessary to use a lubricant, such as
molybdenum disulfide (MoS;) based grease, which can maintain the performance.
However, such lubricants have disadvantages such as a high cost, difficulty in degreasing
and poor workability. Moreover, the large amount of lubricant waste raises has an adverse
effect on the environment. Therefore, new techniques of lubrication that have less impact on
the environment are immediately required.

In recent years, various studies on dry press forming, which does not involve the use of any
lubricants during plastic processing, have been performed (Kataoka, 2006).

Dry press forming is also attractive as a forming technique with zero emissions. However, it
is difficult to apply this method to the forming of metal sheets.



306 Magnesium Alloys - Corrosion and Surface Treatments

The feasibility of deep-drawing has been studied using ceramic dies (Kataoka et al., 2004).
Ceramic dies have been successfully applied to the deep drawing of mild steel and pure
copper sheets but not to the deep-drawing of titanium sheets. In the deep-drawing of metal
alloy sheets, a pretreatment, in which an adhesive tribological coating is formed, is effective for
improving workability when using alumina and zirconia dies. Adapting the design of the
ceramic die to each material is indispensable for realizing dry forming. However, the
workability of ceramic tools is poor for complicated shapes, which is limited to simple shapes.
Thus, the use of electroconductive ceramic tools has been proposed (Tamaoki et al., 2006).
Electroconductive ceramic tools can be formed by electrical discharge machining methods.
Using an electroconductive ceramic as a plastic-forming tool, high drawability was confirmed
and the dry deep-drawing of what was successfully performed up to 10,000 times.

We have also tried to increase formability of Mg alloy sheet, and obtained some good results
by local heating-cooling technique (Yoshihara et al., 2003) and the control of blank holder
force (Yoshihara et al., 2005) in deep-drawing process.

Diamond-like carbon (DLC) thin film could be a promising alternative to the wet lubricant.
DLC is a general term of amorphous carbon or hydrocarbon, expressed as a-C or a-C:H,
which is stable in chemically and physically and has a low friction coefficient. DLC is
usually prepared by plasma CVD using hydrocarbon monomer gases such as methane. This
dry process has been reevaluated as an environmentally friendly system in recent years
since it exhausts little hazardous and toxic compounds and it does not require drying
process, which can save energy and time. Similarly, DLC coating is not a new technique, but
it has been regaining more expectation recently and many applications have been proposed.
DLC coating on Mg is one of them, of which research have been reported on not only
lubrication but also corrosion protection (Yamauchi et al., 2005; Konca et al., 2006; Yamauchi
et al., 2007; Choi et al., 2007a; Choi et al., 2007b; Wu et al., 2010; Dai et al., 2010).

The use of a die coated with DLC for deep-drawing has been proposed owing to the
excellent tribological properties of DLC (Kataoka et al., 2005). The use of a DLC coating has
been found to eliminate the need for any lubricants to prevent the adhesion of aluminum to
the die material. Also, the DLC coating prolongs the die lifetime to up to 10,000 deep-
drawing operations.

Similarly, the use of a die coated with a chemical vapor deposition (CVD) diamond film has
also been proposed, because the film has superior tribological properties to a DLC film
(Tamaoki et al., 2007). It was confirmed that CVD-diamond-coated dies could perform for
100,000 deep-drawing operations on a stainless-steel sheet (SUS304) without the use of
lubricants.

On the other hand, a thin hard film coating such as a DLC coated can also be used to
improve the lifetime and dimensional accuracy of tools (D’Errico et al., 1998). For instance,
thin PVD layers can be coated on a mold to increase the lifetime of tools (Reisal et al., 2003;
Tillmann et al., 2009).

The surface of tools is easily damaged upon coming into contact with hard materials and by
repeated scratching. For the prolongation of the tool lifetime, thin layers deposited by PVD
have been employed. It was confirmed that the tool lifetime was increased when the friction
between the tool and hard materials was reduced by the PVD layer. Many studies of coating
technique for tools in press forming have been practiced.

In our research, we coated DLC film on Mg alloy sheet using low-temperature plasma in
order to reduce the surface friction, which enables the Mg alloy sheet to be press-formable
without lubricant. We mainly introduce and present our original experimental results on
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this subject. And in the last section, we added some data of DLC coated Al alloy sheet. The
formability of Al is superior to Mg, but it still requires lubricant even at an elevated
temperature.

2. Nomenclature

BHF : Blank holder force

CVD : Chemical vapor deposition

D : Blank diameter

Dy : Die diameter

D, : Punch diameter

DLC : Diamond-like carbon

DR= (D/ Dy) : Drawing ratio

LDR= (Dyus/ Dp) : Limiting drawing ratio

Ry : Punch shoulder radius

Ry : Die shoulder radius

RF : Radio frequency

Ra : Average of surface roughness
R, : Maximum height of surface roughness
RD : Rolling direction

TD : Transverse direction

TEOS : Tetraethoxysilane

3. Experimental procedure and evaluation methods

3.1 Materials

Used Mg alloy sheet was 0.5-mm thick AZ31B-O, which was purchased from Osaka Fuji
Corp. The composition of AZ31B-O is listed in Table 1. As shown in this table, the Mg alloy
contains about 3% of Al, 1% of Zn, and small amounts of Mn and Si. The Mg alloy sheet was
cut into suitable sizes for each testing and characterizing method, and cleaned ultrasonically
in distilled ethanol before use.

Al 35 Ca <0.01
Zn 0.9 Ni <0.001
Mn 0.64 Fe 0.002

Si 0.01 Mg balance
Cu <0.01

Table 1. Composition (%) of Mg alloy sheet, AZ31B-O

As gases for plasma CVD of DLC, methane and hydrogen were used. As for plasma
deposition of silicon layer, tetraethoxysilane (Si(OCoHs)4) was used.

As lubricants for deep drawing, MoS; and GM100 (Nihon Kohsakuyu Co., v = 38.38 mm?/s
at 40 °C) were used.
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3.2 DLC coating

DLC coating and silicon-layer coating were carried out with a plasma polymerization
apparatus (Samco International, PD-510) shown in Figure 1. Most of the cases, silicon layer
was coated first on Mg alloy sheet, then DLC was coated continuously without breaking the
vacuum. A capacitively coupled radio-frequency (13.56 MHz) plasma was created between a
pair of stainless-steel electrodes (160-mm d., 60-mm gap). Mg alloy sheet samples were placed
underneath of the top electrode, to which the power was supplied. The electrode was not
heated intentionally. The flow rate of TEOS was controlled with a needle valve while methane
and hydrogen were introduced into the reactor through a mass flow controller (Tylan FC-
770A). The pressure of the system was monitored with an absolute pressure gauge (MKS
Baratron 122AA). During the plasma coating, deposition rate and total thickness were
monitored with a deposition monitor (Leybold Inficon, XTM/2) that had a quartz oscillator
sensor coated with gold, which was placed beside the bottom and ground electrode.

The deposition was conducted at the plasma power of 150 W and various flow rates and
durations. The standard plasma condition for TEOS coating was 150 W, 3 sccm, 3 min, and
that for DLC coating was 150 W, 10 min, 25 sccm of the mixture of CHy and H,.

Matching 13.56 MHz
system generator

Electrodes

Mass-flow
controller

Deposition
monitor

Vacuum Pressure
pump gauge

CH4/H>

Fig. 1. Low-temperature plasma reactor used for DLC and silicon layer coatings (Iriyama et
al., 2008)

3.3 Surface analysis

In addition to the thickness measurement with a deposition monitor placed beside the
bottom electrode, we measured the thickness directly on the sample with a surface profile
measuring system (ULVAC, Dektak3 ST).

Surface chemical composition of DLC coated Mg alloy sheets were analyzed with X-ray
photoelectron spectroscopy (XPS, JEOL, JPS-9200).

In compensation for the data of XPS, glow discharge spectroscopy (GDS, Rigaku GDA750)
was used for the analysis of surface concentration of hydrogen.

Surfaces of DLC coated Mg alloy sheets were observed with scanning electron microscope
(SEM, Elionix, EXM-3500).
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The surface roughness was measured in the direction of the TD cross section. The sliding
speed was 0.1 mm/s, the sliding distance was 3-5 mm and surface roughness was measured
at regular intervals of 0.002 mm. The reference length was 0.8 mm.

3.4 Adhesion test

For the evaluation of the adhesivity of the DLC coatings on Mg alloy sheet, cross-cut test
was carried out. In the test, the surface layer of DLC coated Mg alloy sheet was cut straight
with 1-mm interval for X- and Y-axes to make one-hundred 1-mm squares in a 10-mm
square. An adhesive tape (Nichiban, Serotepu) was placed on it with a good contact. Then
the tape was pulled back toward 180° angle. The adhesivity was evaluated from the number
of unpeeled squares out of 100.

3.5 Friction test

Friction tests were carried out using a ball-on-disc type friction-testing machine (tribometer).
Figure 2 shows a schematic illustration of the friction testing machine and Table 2 shows the
conditions of the friction tests. The 0.5 N of vertical load was applied to Mg alloy sheet (30-
mm d.) on the turntable. The friction coefficient was measured while the turntable was
rotated at a circumferential velocity of 10 mm/s.

Radius of rotation
; .

Mg alloy sheet : I __— Vertical load
Abrasion tra&' ! J Ball (6-mm d.)
: -
\ | 5 .

Turntable\\ -

Fig. 2. Schematic illustration of friction test machine (Tsuji et al., 2009)

Vertical load (N) 0.5
Circumferential velocity (mm/s) 10
Rotation frequency (rpm) 30
Radius of rotation (mm) 10
Ball material SuUJ2

Table 2. Experimental condition of friction test (Tsuji et al., 2009)

3.6 Circular-cup deep-drawing test

Figure 3 is a schematic illustration of the deep-drawing apparatus and Table 3 shows typical
conditions in the deep-drawing test. The compact press-forming machine with the capability
of providing a punch thrust force of 5 kN was used in this experiment. This machine can
generate an arbitrary blank-holding force and punch speed.
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Punch force
[ |

Fig. 3. Schematic illustration of deep-drawing equipment (Tsuji et al., 2009)

Punch speed (mm/s) 0.5
50, 100, 150, 200,
BHE (N) 250, 300
Temperature (°C) 200
Drawing ratio (DR=D/ D)) 2.0,21,22,23
Punch Diameter: D, .(mm] 9.5
Shoulder radius: R, (mm) 1.5
Die Diameter: Dy (mm) 11.1
Shoulder radius: Ry (mm) 1.0

Table 3. Experimental conditions in deep drawing test (Tsuji et al., 2009)

The effect of the DLC coating on the LDR of the Mg alloy sheet was also investigated, and
DLC coated blanks were compared with blanks coated with the other lubricants in terms of
the maximum punch load and the drawn-cup height. Moreover, it was determined whether
the DLC coated blanks were suitable for plastic processing.

4. DLC coating and its fundamental properties

4.1 DLC coating

DLC is a general term of amorphous carbon or hydrocarbon, and there is no strict definition
in chemical structure. Therefore, many kinds of hydrocarbon are used as starting material
and many kinds of DLC have been prepared. In this research, we used a mixture of CH4 and
H; as a monomer gas for DLC coating. Figure 4 is a photograph of the original Mg alloy
sheet and DLC coated Mg alloy sheet. DLC coating exhibited gold color.

Figure 5 shows deposition rate of DLC measured with the deposition monitor beside the
bottom electrode, as shown in Figure 1, when the concentration of CHy in the gas mixture
varied in total flow rate of 25 sccm. The deposition rate monotonously increased with CHy
concentration, which is naturally expected because methane supplies main chain of DLC.
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Fig. 4. Photograph of the original Mg alloy sheet (left) and DLC coated Mg alloy sheet (right)

However, the deposition rate is dependent on position in a reactor. In our research, from our
previous study on the position of Mg alloy sheet for DLC coating in the reactor, underneath
of the top powered electrode was found to be better than the bottom ground electrode in
view of deposition efficiency and coating properties. Therefore, we placed the Mg samples
underneath of the top electrode.

Since the thickness monitor is not placed near the top electrode, we measured the coating
thickness directly with the surface profile system. Figure 6 shows the relationship between

[o)}

"~

N
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Deposition rate (nm/min)

o

Fig. 5. Deposition rate of DLC coating as a function of CH4 concentration in CHs/H>
mixture. Plasma power, 150 W; total flow rate, 25 sccm. (Iriyama et al., 2008)
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Fig. 6. Relationship of coating thicknesses between deposition-monitor readings and
measured values in a surface profile system (Iriyama et al., 2008)
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thicknesses measured with the deposition monitor and the surface profile measuring
system. This relation is a simple proportion with the slope of 11. Therefore, we regard the
actual thickness as the product of the readings of the deposition monitor multiplied by 11.

4.2 Chemical surface analysis and adhesion of DLC

In general, the adhesion between organic and inorganic materials is poor. Since DLC is
categorized into an organic material, the adhesion between DLC and metal (Mg) is naturally
expected to be poor. Therefore, usually, Si containing intermediate layer is inserted between
them. Also in our preliminary study, most of the DLC coatings we prepared in various
conditions directly on Mg alloy sheet were found to fail the peeling test. In our research,
therefore, we used TEOS plasma coating for the intermediate layer. TEOS was used as a
monomer and deposited on Mg alloy sheet directly before DLC coating, which is expected
to improve the adhesivity.

In order to examine the chemical structure and chemical composition of the TEOS- and DLC
coated Mg alloy surfaces, we analyzed them with XPS. Figure 7 shows XPS wide spectra of
the surfaces of Mg alloy sheet: (a) non-coated, (b) silicon-layer coated, (c) silicon-layer and
DLC coated, (d) after peeling test of (c), in which the DLC coating was intentionally
removed.

(c) DLC coated

(b) Silicon-
coated

(a) Non-coated

Mg
M
800 600 400 200 0

Binding energy (eV)

(a) Non-coated; (b) silicon-layer coated; (c) silicon layer and DLC coated; (d) after surface peeling of (c).
Silicon layer: 150 W, 3 min. DLC: CH4 60%, 150 W, 10 min.

Fig. 7. XPS wide spectra of Mg alloy sheet surfaces. (Iriyama et al., 2008)
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There are naturally Mg 2s and 2p peaks at 50-100 eV on the original Mg alloy sheet. After
silicon-layer coating, Mg peaks disappeared and Si 2s and 2p peaks appeared instead at 110-
160 eV. After successive DLC coating, Cls peak (280-290 eV) with great intensity was found
while Si signals were disappeared. Then, when the DLC coating was peeled off, Cls peak
was drastically reduced and Si and Mg peaks were recovered. Since the intensity of Si and
Mg signals in Fig.7d are not very strong, it is difficult to identify which interface or layer is
responsible for the failure, Mg/ silicon or silicon/DLC.

One of the reasons we expect the adhesivity improvement is a formation of Si-C covalent
bond (Capote et al., 2008). Figure 8 shows Si2p XPS spectra of (a) TEOS coated and (b) TEOS
and DLC coated Mg alloy sheet surfaces. In this particular sample for XPS, DLC was coated
for only 5 nm in order for the interface to be analyzed. In TEOS coated surface (a), only Si-O
peak was found, while in DLC coated surface on TEOS coating (b), Si-C peak was newly
found, which is effective in the adhesivity.

Most of the cases, the adhesion is improved by the Si containing intermediate layer. But
based on all the XPS results presented above, if the coating is to be peeled off, we suppose
the locus of failure is the cohesive failure of silicon layer. Since silicon layer has a brittle
nature, the coating conditions should be carefully selected.

In XPS analysis, deconvolution of narrow spectra could provide precise chemical structure
of surfaces. Even for a hydrocarbon peak, the deconvolution enables us to distinguish sp3
and sp? carbons, in which the peaks for sp® and sp2 are located at around 285.2 and 284.3 eV,
respectively (Mizokawa et al.,1987; ]. Diaz et al., 1996). Figure 9 is an example of

(a) TEOS
coated

(b) TEOS and
DLC coated

106 104 102 100 98
Binding energy (eV)

Fig. 8. Si2p XPS spectra of (a) TEOS coated and (b) TEOS and DLC coated Mg alloy sheet
surfaces. 1, Si-O bond; 2, Si-C bond. (b) DLC: CHy 60%, ca. 5-nm thick. (Iriyama et al., 2009)
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Fig. 9. C1s XPS spectrum of TEOS and DLC coated Mg alloy sheet surface. 1, sp% 2, sp3; 3, C-
O. DLC, CH4 60%. (Iriyama et al., 2009)
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Fig. 10. Ratio of sp3/sp? on the surface of DLC coated Mg alloy sheet estimated by deconvoluted
Cl1s XPS spectra as a function of CH4 concentration in DLC coating. (Iriyama et al., 2009)

deconvoluted Cls XPS spectrum of DLC coating. 1 and 2 in the figure represent sp2? and sp?,
respectively. The relationship between sp3/sp?2 and CHy concentration in DLC coating is
shown in Figure 10. As is expected, sp?® decreases as the CH; concentration increases.

When we deal with organic materials, we are always reminded of the defect of XPS:
hydrogen cannot be detected. Along with XPS, ATR-FTIR is often used for the analysis of
surface chemical structure, but glow discharge spectrometry (GDS) may be the easiest
technique to compensate XPS analysis. In GDS measurement, by subjecting a sample to
plasma, relative contents of all the elements including H that constitute the surface of the
sample are obtained by the analysis of emission in plasma. Figure 11 shows the relationship
between H content and CHj concentration in DLC coating. The results can be naturally
explained that the relative content of H found in the DLC coating was inversely
proportional to CHy concentration in plasma gas.

Most of the cases, the silicon layer improved the adhesion of DLC on Mg alloy sheet. We
measured the adhesivity of TEOS and DLC coatings deposited at various conditions on Mg
alloy sheets by cross-cut test. Figure 12 shows the results of the cross-cut test for the samples
coated with various TEOS flow rates (1 to 4.5 sccm) and various CH,y concentrations (10% to
80%) in the total flow rate of 25 sccm with Hy. The greater number of unpeeled square
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Fig. 11. Surface H concentration on DLC coated Mg alloy sheet measured by GDS as a
function of CHj concentration in DLC coating. (Iriyama et al., 2009)
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Fig. 12. The number of unpeeled squares in the adhesion test of TEOS- and DLC coated Mg alloy
sheet. Percentages in the figure denote CH, concentration in DLC coating. (Iriyama et al., 2009)

shows greater adhesivity. As far as the deposition rate is concerned, which is dependent on
the monomer concentration, higher TEOS flow rate and higher fraction of CH; shows
greater values. Therefore, since the other plasma parameters are fixed, the thicknesses of the
layers for the tested samples were varied.

From this figure, for any given CHy concentration, the higher TEOS flow rates show better
adhesivity. Regarding the CHjy concentration, it is interesting that the lower concentration
showed better adhesivity although the coating layer is thinner. Probably, at a low deposition
rate, DLC coating with good interaction with silicon layer was obtained.

Through the cross-cut test, the relatively high adhesion was found to be obtained under
following conditions: TEOS, 150 W, 3-5 sccm, 1-3 min; CHy/H,, 150 W, 25 scem (CHy 60-
80%), 10 min. The thicknesses of silicon layer and DLC coating prepared under those
conditions were estimated to be 50-200 and 400-600 nm, respectively.

4.3 Surface morphology and surface roughness of DLC coated Mg alloy sheet
The surface morphology of DLC coated Mg alloy sheets was observed with SEM. Figure 13
shows SEM photographs of the surfaces of Mg alloy sheet coated by different manner. When
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DLC was coated directly on Mg (Fig.13b), oriented long flakes are found, which are
obviously ready to come out. When only TEOS was coated on Mg (Fig.13c), on the other
hand, a regular dense waving pattern was found, which looked tight and rigid and seems to
have good adhesion and might be favorable in lowering the surface friction coefficient. This
pattern was found on the most of TEOS coated Mg alloy sheets but not on the direct DLC
coating on Mg regardless of the CH, concentration. The adhesivity could be judged by the
close look of those photographs. Then, when DLC was coated after TEOS coating (Fig.13d),
the appearance did not change from TEOS coating (Fig.13c), keeping the waving pattern,
and the adhesivity seems to be good. When DLC was coated thicker (30 min) after TEOS
coating (Fig.13e), a high internal stress caused peeling, but it is interesting to refer that the
waving pattern of TEOS coating has been inherited.

¥

¢) TEOS and DLC
(d) TEOS and DLC coated (30 min) coated

Fig. 13. SEM photographs of (a) non-coated, (b) TEOS coated, (c) DLC coated, and (d, e) Si and
DLC coated Mg alloy sheet surfaces. (d, e) DLC, CH; 60%; (e) DLC, 30 min. (Iriyama et al., 2009)

Figure 14 shows the surface roughness curves of the non-coated and DLC coated Mg alloy
sheets. As shown in the figure, R, and R, for non-coated Mg alloy sheet were 1.65 and 0.24
um, respectively, while those of DLC coated Mg alloy sheet were 1.78 and 0.21 pm,
respectively. Those values were comparable, and it is confirmed that the surface roughness
remains almost unchanged by DLC coating.
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4.4 Surface friction of DLC coated Mg alloy sheet

Figure 15 shows approximate friction coefficient-sliding distance curves of various Mg alloy
sheets. They are, three DLC coated (different plasma condition) and two lubricant-coated
(MoS; and GM100) Mg alloy sheets along with non-coated one. The average friction
coefficient for each specimen calculated based on this figure is shown in Table 4. It is
possible to reduce the surface friction coefficient of DLC to less than 0.1 if you want to, but
our objective was to obtain the friction coefficient comparable to MoS,.

The friction coefficient of DLC coated Mg alloy sheet was reduced significantly from 0.42 to
0.16-0.18, which is the same level to MoS; lubricated one. For a DLC coating in general, the
friction coefficient of 0.16-0.17 is not very low, but it is low enough for the present
application, and other factors may be contributed to the formability of the Mg alloy sheet.
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Fig. 14. Surface roughness curves of (a) non-coated and (b) DLC coated Mg alloy sheets
(Tsuji et al., 2009)
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Fig. 15. Friction coefficient of DLC- and lubricant-coated Mg alloy sheets (Tsuji et al., 2009)
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Type of lubricant Friction coefficient
DLC1 0.16
DLC2 0.17
DLC3 0.18
MoS; 0.17
GM100 0.26
Non-lubricated 0.42

Table 4. Friction coefficient of DLC- and lubricant-coated Mg alloy sheets (Tsuji et al., 2009)
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Fig. 16. Punch load-punch stroke curves for DLC- and lubricant-coated Mg alloy sheets at
various temperatures, and photographs of the drawn cups. (Tsuda et al., 2008)
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4.5 Circular-cup deep-drawing test

The ultimate objective of this research “better formability” comes to press forming and deep
drawing. For the circular-cup deep-drawing test, we used DLC coatings with small friction
coefficient because there is a clear correlation between friction coefficient and formability.
Figure 16 depicts punch load-punch stroke curves and the photographs of the drawn cup at
100, 200 and 300 °C for DLC and other lubricant-coated Mg alloy sheets. Table 5 shows the
maximum punch load and punch stroke at the maximum punch load point under various
conditions and temperatures.

At 100 °C, the height of the drawn cup of DLC coating was the same as the height of the
drawn cup of MoS; and GM100. These results were superior to those obtained in the case of
non-coating at the maximum punch load and punch stroke. At this temperature, little effect
of lubrication including DLC coating observed: difference of deep drawability among the
lubricated Mg alloy sheets was not ascertained.

At 200 °C, in case of DLC coating, MoS,, and GM100, samples survived the complete deep-
drawing process without fracture. Moreover, the maximum punch load of the DLC coating
and MoS; was 5.39 and 5.47 kN, respectively: 5.39 kN for DLC coated Mg alloy sheet was
the lowest in any other conditions. Non-coated one immediately fractured. DLC coated Mg
alloy sheet had good deep drawability comparable to that for MoS; lubricated one.

At 300 °C, in case of DLC coating the punch stroke was the longest of any other conditions.
It was observed that the DLC coating reduces the punch load and affects deep drawability.
It was confirmed that the DLC coating has a distinct lubrication capability which is as good
as the lubricant for the plastic processing of a Mg alloy sheet. Furthermore, it was made
clear that DLC coating improves the deep drawability of Mg alloy sheet.

Max. punch load (kN) Punch stroke (mm)

Conditions of lubricant (Max. punch load point)
100°C | 200°C | 300°C 100 °C 200°C | 300°C
DLC coating 5.84 5.39 294 453 11.44 9.08
MoS, 6.21 5.47 3.20 5.27 13.10 8.35
GM100 6.39 6.72 2.70 478 12.16 6.71
Non coating 6.21 7.14 2.67 4.03 8.12 5.32

Table 5. Maximum punch load and punch stroke (Tsuda et al., 2008)

Figure 17 is the success-fail diagram of circular-cup deep-drawing for DLC coated and GM100
lubricated Mg alloy sheets. In this figure, circle mark “O” indicates successful of deep-
drawing, “X” the fracture at the punch shoulder, and triangle mark the fracture at the wall.
The LDRs for the deep-drawing of DLC coated and GM100 lubricated Mg alloy sheets were
predicted from the intersection of the two thick lines in the figure. For the determination of
the LDR, deep-drawing tests were carried out under conditions similar to those at the
intersection. As results, Mg alloy sheet was possible to deform up to LDR= 2.23 for DLC
coated and LDR= 2.20 for GM100 lubricated.
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In general, the LDR for circular-cup deep-drawing is obtained from fracture of the punch
shoulder. However, in these tests, the fracture occurred at the side wall section area where
the surface was subjected to reasonably tensile stress generation because the die shoulder

was heated.
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Fig. 17. Limiting drawing ratio (LDR) of (a) DLC coated and (b) GM100 lubricated Mg alloy
sheets (Tsuji et al., 2009)

Table 6 shows the circular-cup deep-drawability with the blank holder force of 150 N at 200
°C. As explained in Fig.18, the LDR for DLC and GM100 was 2.23 and 2.20. On the other hand,
the LDR for MoS; lubricated Mg alloy sheet was 2.3 and that for non-coated one was 1.9.
Although the surface friction coefficient of DLC coated and MoS; lubricated Mg alloy sheet
was comparable level in the friction test, the LDR was difference between DLC and MoS,. It is
considered that DLC film was exfoliated due to effect on the frictional resistance at the die
shoulder part, and the frictional force was increased by exfoliation of the DLC film.

DR 1.9 2.0 2.1 2.2 2.3 24
Type
DLC coated - o o LDR2.23 -
MoS; - o o o o X
GM100 - o o LDR2.20 -
Non-
o x - - - -
lubricated
o: Success x: Fracture -: Untested

Table 6. Deep drawability under several friction conditions
(BHF: 150 N, T: 200 °C) (Tsuji et al., 2009)
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Figure 18 shows the distribution of the wall thickness from the bottom to the edge of the
drawn-cup with a DLC coated in the directions of RD- and TD-cross-sections. The wall
thickness was the same as the initial thickness at the bottom of the drawn-cup. The
reduction of the wall thickness and tensile elongation at the punch shoulder were confirmed
in both directions and the thickness increased at the side wall. On the other hand, the
reduction in thickness of the punch shoulder and the deformation in the RD-cross-section
direction were inhibited in comparison with that in the TD-cross-section direction. The
reason was the effect of the anisotropy (r value) of the Mg alloy sheet. For the evaluation of
the lubricating performance of the DLC coating, three wall thickness distribution points at
the punch shoulder, at the side wall part, and at the brim of the cup were compared with
those for GM100 lubricated Mg alloy sheets. The reduction of the wall thickness for DLC
coated was less than that for GM100 lubricated. As a result, it was confirmed that the DLC
coating has good lubricating performance compared with GM100.
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Fig. 18. Wall thickness distribution of drawn cup of DLC coated Mg alloy sheet.
BHF, 150 N; temperature, 200 °C; DR, 2.1. (Tsuji et al., 2009)

5. DLC Coating on aluminum alloy sheet

As a comparison to Mg alloy sheet, DLC was coated on aluminium (Al) alloy sheet, another
versatile light metal. Also in the press forming of Al alloys, lubricating oil is used to prevent
the adhesion of Al alloys to the forming tools. Therefore, new lubricating techniques,
preferably dry system, are an urgent necessity.

Al alloy sheet used in this experiment was A5052-O (0.5-mm thick). Disk of the Al alloy
sheet (18.05-mm d.) was used for both friction test and deep drawing.

DLC was coated in the same manner as that on Mg alloy sheet. Also, the conventional
lubricant GM100 was used for a comparison.
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Figure 19 shows the results of peeling test, which depicts the adhesivity of DLC on Al alloy
sheet. If you compare this figure with Fig.12, which corresponds to Mg alloy sheet, you will
see that Al has less dependency on TEOS flow rate: Al alloy sheet can achieve good
adhesivity at wide plasma deposition condition.
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Fig. 19. The number of unpeeled squares in the adhesion test of TEOS- and DLC-coated Al
alloy sheet. Percentages in the figure denote CHjy concentration in DLC coating,.

Figure 20 shows approximate friction coefficient-sliding distance curves at (a) room
temperature and (b) 200 °C.

At room temperature, the average friction coefficient of non-coated Al alloy sheet was 0.60,
which was reduced to 0.43 by GM100 lubrication. Further, much lower values, 0.16-0.2, were
marked by DLC coated ones, which exhibited good lubricating performance.

At 200 °C, extremely low friction coefficient, 0.03, was obtained by two of three DLC coated
ones, while that of GM100 lubricated one was reduced somewhat. On the contrary, that of
non-coated one was increased, because the adhesivity of the aluminum alloy increased with
temperature. From these results, DLC coating is expected to have a good property for deep
drawing, too.

Figure 21 shows the punch load curves in deep drawing of (a) DLC coated and (b) GM100
lubricated Al alloy sheets at 200 °C. The deep-drawing apparatus used for Al alloy sheet
was a compact press-forming machine, which is different from the one used for Mg alloy
sheet. The deep-drawing test was conducted at a punch thrust force of 5 kN and three
punch speeds, 0.05, 0.5, and 5.0mm/s, for the investigation of the effect of the strain ratio on
deep-drawability.

From this figure, it was found that the maximum punch load of DLC coated Al alloy sheet
was about 40% less than that of GM100 lubricated one at each punch speed. The deep-
drawing of DLC coated Al alloy sheet was also completed at room temperature, but the
maximum punch load exceeded 2 kN for all punch speeds.
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Fig. 20. Friction coefficient-friction time curves of DLC coated and GM100 lubricated Al
alloy sheets at (a) room temperature and (b) 200 °C (Horiuchi et al., 2010)

As for the relationship between the punch load and the maximum punch speed, there is a
regular correlation as shown in Fig. 21: the punch load increased with the punch speed. On
the contrary, in the deep-drawing of DLC coated Al alloy sheet at room temperature, an
inverse correlation was found: the punch load decreased with increasing punch speed.
These phenomena can be explained by the strain rate sensitivity (m value) of A5052. The m
value is positive at 200 °C, but it is negative at room temperature. From these results, the
maximum punch load is affected by the dependence of the punch speed on temperature.

6. Conclusion

DLC coating on Mg alloy sheet had a good adhesion by the support of the intermediate
silicon layer, which have not increased or induced exfoliation. DLC coating on Mg alloy
sheet, which had a high lubricating capability, reduced the surface friction coefficient to the
same level for MoS; lubricant. The deep-drawing of DLC coated Mg alloy sheet was
successful at 200 °C. It was confirmed that the LDR of DLC coated Mg alloy sheet was 2.23,
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Fig. 21. Punch load-punch stroke curves for (a) DLC coated and GM100 lubricated Al alloy
sheets at varied punch speeds. (Horiuchi et al., 2010)

while those of MoS, and GM100 lubricated Mg alloy sheet were 2.30 and 2.20, respectively.
The punch load of DLC coated Mg alloy sheet was lower than those of MoS; and GM100
lubricated ones. It is concluded that the use of the DLC coating improved the formability of
Mg alloy sheet compared with the use of other lubricants. Similar results were also found on
the DLC coated Al alloy sheet. The formability will be further improved by the optimization
of DLC coating conditions.

This technique, coating on forming material rather than die, is useful for complex-shaped
press forming. It is necessary for DLC coating to have a good adhesivity for better
formability, but one of the ultimate goals is self-removal after press forming.
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1. Introduction

Magnesium is the lightest of all the commonly used metals. It is one of the most abundant
elements in the earth's surface, amounting to a mass fraction of c.a. 2.5 %. It has been prepared
for industry as metal and alloy ingots; the latter are most often made with aluminum. Various
magnesium-based alloys have been developed and mainly applied to transport facilities and
mobile electric devices because they have the best strength-to-weight ratio of any of the
commonly used structural alloys. Practically, they are used for housing of laptop computers,
mobile phones, and digital cameras, moreover, materials for acoustic diaphragm, units of
vehicles, nursing-care equipments, anode for sacrificial protection, etc. Some special alloys
with rare earth metals, which show high strength properties at elevated temperatures
(Rokhlin, 2003), have been recently applied to aircraft and space machinery, automobile and
railcar products. Accordingly, the chemical composition of magnesium and its alloys have
already been standardized from major to trace quantities. International Organization for
Standardization (ISO 8287, 2000; ISO 16220, 2005), American Society for Testing and Materials
(ASTM B92/B92M-07, 2007; ASTM B93/B93M-07, 2007), and Japan Industrial Standard (JIS
H2150, 2006; JIS H2221, 2006; JIS H2222, 2006) provide the standards of metal ingots, wrought
alloys, and casting alloys separately, where vast kinds of designation, chemical constituents
with permissible ranges, and chemical impurity with maximal allowable limits are denoted
therein. Moreover, the wrought alloys with extruded or forged shapes to make sheets, bars,
pipes, tubes, wires, etc have been specialized in ISO (ISO 3116, 2007), ASTM (ASTM
B107/B107-07, 2007), and JIS as several particular standards. Table 1 shows the chemical
composition of unalloyed magnesium with different purities denoted in ISO 8287.

However, standardization of analytical methods to determine metal elements therein is
quite insufficient. In 2006, ISO confirmed five old standards for minor analyses with
gravimetry and titrimetry, and eleven ones for trace analyses with photometry and atomic
absorption spectrometry, all of which were established in the 1970s and 1981. On the
contrary, in 2008 ASTM withdrew the standard test methods for chemical analysis in view
of a lack of information on reliability therein (ASTM E35-88, 2002), where a chill cast
specimen can only be affordable to be analyzed with the ASTM test method using spark
source atomic emission spectrometry (ASTM B95435-07, 2007). JIS denotes most plentiful
standard methods that feature classical wet techniques and instrumental analyses
corresponding with concentrations in the materials and accuracy needed, but they are
standardized mostly in 1990’s with flame atomic absorption spectrometry for trace analyses.
Consequently in all cases, there existed no methods for the determination of trace amounts
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of metals with inductively coupled plasma atomic emission spectrometry (ICP-AES), which is
nowadays one of the most conventional de facto standard instrumental methods for the trace
analysis of metal elements. Table 2 shows a list of the analytical methods made up from ISO
and JIS standards. In this Table, some new standards of JIS by the author and his members
using ICP-AES are also shown in the last four lines, details of which are described below.

Material designation Chemical Comp§sition
% mass fraction
In accordance | In accordance |min. or Others
with ISO 2092 |with EN 12421| max. Al Mn Si  Fe Cu Ni Pb Sn Na Ca Zn (each) Mga
min.or - - - - - - - - - - - - 99.5
ISOMg99.5 |[EN-MB10010 | max. 01 01 01 01 01 001 - - 001 001 - 005 -
ISO Mg min.or - - - - - - - - - - - - 99.80
99.80A EN-MB 10020 | max. 0.05 0.05 0.05 0.05 0.02 0.001 0.01 0.01 0.003 0.003 0.05 0.05 -
min.or - - - - - - - - - - - - 99.80
ISO Mg 99.80B| EN-MB 10021 | max. 0.05 0.05 0.05 0.05 0.02 0.002 0.01 0.01 - - 005 005 -
ISO Mg min.or - - - - - - - - - - - - 99.95
99.95A EN-MB 10030 | max. 0.01 0.006 0.006 0.003 0.005 0.001 0.005 0.005 0.003 0.003 0.005 0.005 -
min. or - - - - - - - - - - - - 9995
ISO Mg 99.95B| EN-MB 10031 | max. 0.01 0.01 0.01 0.005 0.005 0.001 0.005 0.005 - - 001 0.005 -
a By difference

Table 1. Chemical composition of unalloyed magnesium denoted in ISO 8287

This chapter outlines instrumental methods of the analysis and especially focuses on ICP-
AES. The methods of trace analyses in magnesium and its alloys by ICP-AES are described
with results of interlaboratory testing of the analyses, which have been put into practice
prior to standardization by the author. The concept of the testing protocol, which must be
acceptable for practical technicians with various environments and skills, will be
emphasized in the chapter. The protocols evaluated in the testing have been provided as
recently established JIS standards, which are the first standardized analytical methods on
magnesium and its alloys by ICP-AES.

2. Instrumental methods of analysis

2.1 Outline of the instruments for material analysis

In material analysis, verification and evaluation of chemical components and impure
elements mostly designated in standards are indispensable. Hence elemental quantification
is first needed with high reliability, which allows atomic spectroscopy to rank first for this
kind of analysis.

Atomic spectroscopy has undoubtedly become a major tool on trace analysis of metals in
materials, where inductively coupled plasma atomic emission spectrometry (ICP-AES) and
atomic absorption spectrometry (AAS) have been widely used as archetypal methods
around laboratories. They observe atomic spectra on measurement, which are generated in
ultraviolet and visible region due to radiative transitions of outer orbital electrons between
the ground state and excited state of an atom. The spectra are elementally specific and their
signal intensities relate to the concentrations of the elements, thus allowing selective
qualification and quantification. Samples must be dissolved with acids to prepare as
solutions prior to determination. When the sample solutions are introduced into the
instruments, they are made to aerosols with nebulizers, subsequently desolvated and
dissociated to atoms with heat sources such as plasmas and flames. In general, obtainable
spectra in the atomic spectroscopy can be classified into three categories: (a) spontaneous
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emission from a higher excited state to a lower state; (b) absorption of radiation
corresponding with a transition from a lower state to a higher state; and (c) induced
resonant emission for the transition from a higher state to a lower state just after the
absorption of external distinctive radiation. ICP-AES utilizes the spectra of type (a), because
high temperature of 5000-6000 K generated in argon ICP makes almost all the atoms in a
higher excited state. On the other hand, AAS does the ones of type (b) because kinds of
flames generated with acetylene premixed with air or nitrous oxide and electrical furnaces,
which are typically suitable as excitation sources for AAS, can reach relatively low
temperature in the region of 2000-3000 K only to make them in a lower state. The last
category of type (c) is applied to atomic fluorescence spectrometry, which is neither less
popular in practical laboratories nor commercially available than ICP-AES and AAS.

element 1SO JIS
dynamic
method number:year range (%) | method number:year dynamic range (%)
Al gravimerty 791:1973 1.5-12.0 gravimetry H1332:1999  1.5-12.0

colorimetry 3255:1974  0.01-0.20  titrimetry =~ H1332:1999  2.0-11.0
colorimetry H1332:1999  0.01-0.20

0.0005-0.05,
flame AAS H1332:1999  0.001-0.05
Zn titrimetry ~ 1783:1973  0.10-8.0 titrimetry ~ H1333:1999  0.1-7.0,0.4-7.0
flame AAS 4194:1981 0.1-6 flame AAS H1333:1999  0.0002-8.0, 0.1-6.0
0.02-1.0, 0.01-0.8,
Mn colorimetry 809:1973 0.01-0.8 colorimetry H1334:1999  0.0002-0.1
colorimetry 810:1973 <0.01 flame AAS H1334:1999  0.0005-0.5

colorimetry 2353:1973 0.02-0.2 *

0.02-0.50, 0.001-0.05,

Si colorimetry 1975:1973 0.01-0.6 colorimetry H1335:1998  0.01-0.6
0.0005-0.5, 0.002-0.4,
Cu colorimetry 794:1976 0.002-0.4  |colorimetry H1336:1999  0.0003-0.03
flame AAS H1336:1999  0.005-0.4
INi colorimetry 4058:1977  0.0005-0.05 |flame AAS H1337:1999  0.0002-0.04
0.002-0.05, 0.0005-
Fe colorimetry 792:1973 0.002-0.05 |colorimetry H1338:1999  0.05
flame AAS 0.001-0.08

Zr(soluble) colorimetry 1178:1976 0.1-1.0 colorimetry H1340:1998  0.05-1.0
Zr(insoluble) |colorimetry 2354:1976 0.02-0.3 colorimetry H1340:1998  0.02-0.3

Th gravimetry 5196-1:1980 0.2-5.0 - -
titrimetry  5196-2:1980 0.2-5.0

Rare Earths gravimetry 2355:1972 0.2-10 gravimetry H1345:1998  0.2-10.0

Ca - - flame AAS H1341:1990 0.01-0.1

Sn - - ICP-AES H1342:2008  0.0005-0.01

Pb - - ICP-AES H1343:2008  0.0005-0.01

Cd - - ICP-AES H1344:2010  0.00005-0.001
0.00005-0.001,

Be - - ICP-AES H1339:2010  0.00005-0.002

flame AAS H1339:2010 >0.001
* the method for alloys containing Zr, rare earths, Th, & Ag

Table 2. List of standardized analytical methods for magnesium and magnesium alloys in
ISO and JIS
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Transitions of electrons take place not only between the outer shells but also from the outer
to an inner as a result of external excitation. When X-ray or one of the related beams such as
accelerated electron and heavy charged particle (proton or a-particle in usual) is irradiated
to an atom, an electron in the inner may be ejected to have a vacancy, producing an excited
ion. An electron from the outer shell almost immediately fills it, emitting elementally
specific X-ray corresponding to a difference of the two energy levels. This refers to as one of
X-ray spectroscopy. Instrumentation with electrically operated X-ray tubes is most
conventional and sophisticated as X-ray fluorescence spectrometry(XRF). It needs no
dissolution as pretreatment step and allows direct measurements on materials.

Atoms generated in the ICP are easy to lose electrons to become positively charged ions
owing to its high temperature, which are feasible to be detected with mass analyzers.
Actually major part of elements in the plasma is not atomic but ionic, where the emissions
from the transitions in the atoms and ions are both utilized in ICP-AES. Consequently
inductively coupled plasma mass spectrometry (ICP-MS) has been developed, combining
the ICP and mass analyzers for ultra trace analysis of metals.

Further explanation on the outline should be directed to recently published books on atomic
and X-ray spectroscopy including ICP-MS. (Broekaert, 2005; Welz & Borges, 2009) Another
book on ICP-AES and ICP-MS is also convenient for Japanese users. (Uemoto, 2008)

2.2 Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES)

Atomic emission spectrometry (AES) is the oldest atomic spectrometric technique capable of
multi-elemental detection. Chemical flames and plasmas generated on arc, spark, and glow
discharges have been used as excitation sources. However, appearance of high frequency
plasma has transformed this technique into the cutting-edge one, which is capable of
determining trace metals selectively below ppm levels over larger dynamic ranges than any
other spectrometric technique. This method is often called as inductively coupled plasma
optical emission spectrometry (ICP-OES). The plasma, an ionized gas of argon at very high
temperature (5000-6000K), is generated at high frequency (usually 27 or 40 MHz) under
argon gas flow in three concentric quartz tubes known as a plasma torch. The torch is
encircled at the top by an induction coil connected to a generator, where the magnetic field
induced in the gas stream forms the plasma. Its concentrically toroidal structure allows
sample solution as an aerosol into the center of the plasma, thus enabling its efficient
desolvation, vaporization, atomization, excitation, and ionization. These characteristics of
the argon ICP applicable to a wide variety of elements lead to sensitive multi-elemental
determination relatively independent of matrix elements. Figure 1 shows a schematic view
of the inductively coupled plasma.

ICP-AES consists of simple units as shown in Figure 2. The electromagnetic energy
necessary to sustain the plasma is transferred from the high frequency generator unit to the
emission unit that consists of the torch and the induction coil. Sample aerosols are carried
with argon gas into the plasma, where the emission lights from the plasma are introduced
into the spectrometer unit and intensities of monochromated lines are measured in the
detector unit, a whole of which is fully regulated by the controller unit.

Device technology in ICP-AES has further been designed and now the instruments have
some selectable specifications in relation to the adaptability and performance of the system.
The principal innovations to be mentioned are described as follows; Although the ICP can
be originally viewed radially (side-on), an alignment for axial (end-on) viewing with
horizontally generated plasma has been devised in order to gain sensitivity due to longer
path length than the radial viewing. In the former, the plasma is positioned at a 90 deg angle
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Fig. 1. Schematic view of the inductively coupled plasma

with the detector, while in the latter, the ICP and detector are positioned in the same optical
axis. The latter certainly brings higher sensitivity but interferences due to coexisting
elements are known to be severe; the spectrometer could be originally divided into two
categories; monochromator and polychromator. The former is used to build up sequential
scanning system, while the latter is for simultaneous detection system with one detector by
one element, both of which utilize the first-order light despersion. Another spectrometer
with so-called ‘echelle’ grating and a prism to spread all the dispersed lights with high
orders on a plane has been developed. It seems preferable to set up this spectrometer with
the axial viewing system because emission lights dispersed by wavelength with the echelle
spectrometer is darker than those with other spectrometers. Detectors to convert lights to
electrical currents have greatly been developed. Photomultiplier tube (PMT), consists of a
photocathode and a dynode, had been an unique device for receiving photons, efficient
amplification of electrons, and generating electrical currents on measurement. Solid-state
detectors, all of which are categorized under the term charge transfer device (CTD), are
modern types of detectors having state-of-the-art technology. As the PMT is restricted to
assess the signal at only one point, it costs not a few time to scan over spectral vicinity
around an analyte line. Recent CTDs have several tens of squared micrometers in size, so are
feasible to be spread over the area of a focal plane to obtain a two-dimensional picture of the
spectra at once. They are called as array detectors and the smallest pictorial unit of a solid-
state detector is called pixel. The CTDs are subcategorized in proportion to its
characteristics; photodiode array (PDA), charge injection device (CID), charge coupled
device (CCD), and segmented charge coupled device (SCCD), where the PDA were only
installed in research instruments before development of the other ones. Their selection and
usage is up to the vendors of ICP-AES in accordance with their developments.
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Fig. 2. Components of ICP-AES

In material analysis, a type of the radial viewing is recommended because effects of matrix
elements with the radial viewing (magnesium and other minor elements in this case) are
lighter than those with the axial one. Another reason can be claimed that damage of the
outer tube in the torch during measurement is more severe when plasma turns on
horizontally, which is the normal position of the axial viewing geometry.

A practical guide that links with theory and applications has been available to all levels of
users (Nolte, 2003).

2.3 Atomic Absorption Spectrometry (AAS)

Another conventional method for determination of trace metals in materials is surely atomic
absorption spectrometry. Chemical flames made from acetylene premixed with air or
nitrous oxide is typically used for atomization. Electrical furnaces are also used, but all of
them have maximum temperatures of c.a. 3000 K as the thermal sources, which cannot allow
sufficient atomization for all elements. In addition, matrix interferences are more severe
compared to ICP-AES due to relatively low temperatures. Sample solutions are usually
aspirated and introduced as aerosols into a laminar flame, through which the specific light
beam of an element passes to be absorbed by the atoms. Different from atomic emission,
External radiation source is needed for atomic absorption. A hollow-cathode lamp (HCL) is
widely used for an intense line source of individual element, which is a glass container with
a hollow cylinder as cathode and a ring as anode filled in an inert gas under low pressure.
The metal atoms sputtered with the inert gas are excited by collisions with electrons and
emit the characteristic atomic emission lines. The bandwidth of the line from HCL is narrow
enough that a spectrometer with higher resolution is not required than that of ICP-AES.
Another invention in AAS is the modulation system of signal amplification. In all cases,
voltage is applied to HCL in an alternating or a pulsing mode, thus emitting intermittent
radiation. A detected absorption signal is magnified with a lock-in (phase-sensitive)
amplifier that detect signal based on modulation at the same frequency as that of the line
source. Consequently AAS can be equipped in relatively low costs and allows easier
operation than other techniques on atomic spectrometry. A disadvantage of the AAS is of
course on the requirement of setting of single elemental HCL one by one, although
continuum source AAS with high resolution optics has recently been appeared on the
market. Another disadvantage is the non-linearity of calibration curves due to self-
absorption when absorbance becomes higher than 0.5 to 1, where a dynamic range more
than one order of magnitude should not be expected.
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AAS has a few more techniques on atomization and background correction; they should be
referred to a tutorial and technical textbook for further understanding of the characteristics
and practices of the AAS. (Vandescasteele & Block, 1993).

2.4 Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

ICP-MS is definitely one of the prior tools for ultra trace analysis of metals in materials
although sensitive types of modern ICP-AES can afford to measure the metals to a level of
ng cm=3 (ppb) or so. For example, unalloyed magnesium with high purities must contain less
than 0.001 % of lead and 0.00005 % of cadmium as denoted in the ASTM standard, hence
measurements to a level of ppb or below in sample solutions are necessarily required for
proper evaluation. ICP-MS will surely play a more important role on ultra trace analysis.
Several types of mass spectrometers to combine ICP, which are not only quadrupole
spectrometer but also magnetic sector, time of flight, ion trap ones etc, have been developed.
Among ICP-MS equipments those with quadrupole mass analyzer are most popular and
often called ICP-QMS. One drawback of ICP-MS in material analysis is that it is not an
optical analysis but a particle one, i.e. matrix elements introduced to the instrument are
stored and accumulated on the mass analyzers and detectors different from the cases of ICP-
AES. In ICP-AES, contamination of the matrix elements is restricted to the sample
introduction unit that is demountable and easy to clean out. Consequently in ICP-MS, the
background levels of matrix elements that appear in a historical record of measurements
surely increase gradually due to contamination, which must be unavoidable especially in
material analysis. At last, ratios of the concentration of an analyte to the tolerable
concentrations of matrix elements to be loaded in the instruments are critical for
measurements, not absolute concentration of the analyte. ICP-MS is remarkably more
sensitive in the measurements but tolerable maximal concentration is also lower than ICP-
AES. Modern technology may reveal that currently equipped ICP-AES should have priority
even in the ultra trace analysis of materials.

A comprehensive handbook specialized on ICP-MS should be noticed. (Nelms, 2005)

2.5 Spark source Atomic (optical) Emission Spectrometry

Arc and spark excitation techniques are very common and have been used especially in
metallurgical laboratories even now. Direct current arc, which consists of a continuous
discharge between a pair of metal or graphite electrodes, is beneficial for sensitive
qualification in spite of relatively poor precision. Sparks, intermittent electrical discharges of
a few microseconds under high electrical potentials, are used for quantification in spite of
poor sensitivity because of relatively high precision. Spark source AES requires no
dissolution of a sample and only applies to conductive materials, therefore it especially suits
metallic samples with flat surfaces, and is utilized for daily routine analysis in industrial
laboratories.

One of the great disadvantages of spark source AES is the need of reference materials that
must be exactly matched as possible in concentrations of both matrixes and analytes with the
samples, which is a consequence that the method has strong matrix effects and no chemical
preparation can be employed. As a matter of fact, this method is significantly effective in
evaluation laboratories dealing with metallic materials connected with productive lines on
condition that they can afford to have working reference materials verified with the other
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techniques such as ICP-AES. Of course certified reference materials commercially available are
valid, but vast kinds of them must be lined up before measurement.

2.6 X-ray Fluorescence spectrometry (XRF)

Identical to the atomic spectroscopy, X-ray spectroscopy is based on the measurements of
emission, absorption, and fluorescence of electromagnetic radiation as well as its scattering
and diffraction. Fluorescent spectrum of elements, accompanied by an electron transition
from an outer shell to an inner one of the electron orbital, is specific on wavelength, i.e.
energy of its own. It can be detected with two types of the instrument that has a
wavelength-dispersive spectrometer and an energy-dispersive one. The latter allows
relatively simple design without driving units. Moreover portable and handheld
instruments of this type have recently been commercially available for in situ analysis. XRF
has a big merit that allows direct measurements by contacting the device onto materials
without dissolution processes. However if quantification is needed, XRF is highly
dependent on the matrixes just like the spark source AES. Furthermore it depends on the
flatness, roughness and coating conditions of a sample, thus reference materials that is
exactly close to the sample in concentrations of matrixes, analytes, and surface conditions
are required for determination. Fundamental parameter approaches for analysis of bulk and
multilayer samples without standards have been investigated, where theoretical calculation
of signal intensities originated from constituent elements seems to be successful to no small
extent. Although the analytical results cannot be comparable in accuracy with atomic
spectrometric techniques followed by dissolution, rough determination of metallic
constituents in materials and identification of alloys are considered to be available using the
fundamental parameter method.

3 Analytical procedures with ICP-AES

3.1 Concept of the testing and protocol

The analytical method to be proposed as a standard seems to be acceptable for practical
technicians with various environments and skills because a committee for drafting standard
methods must consists of the interested manufacturers and users of the material, and also
independent staffs as advisers; namely, the standard method should be held in common
between manufacturers, distributors, users, consumers, and researchers. In this study,
prerequisites for the methods were concluded as follows: the methods involving
experienced handling, such as separation and concentration procedure should be avoided as
much as possible; commercial ICP-AES instruments are almost suitable for measurements in
this method; reagents and glassware are commercially available and easily obtainable
among laboratories; the methods satisfy routine analysis requirements. Therefore
procedures involving simple dissolution with acids and volumetric preparation, sample
nebulization, and matrix matched assay standards for calibration were developed as a
protocol for the tests. On the other hand, details on pretreatment operations were left to the
various styles of the participants.

3.2 Interlaboratory testing
The participants concerning the testing were technical staff members belonging to chemical
laboratories of the organizations in Japan, organizations that make up one of the committees
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of the Japan Magnesium Association. Another participant assisted in testing by spark source
atomic emission spectrometry.

Two certified reference materials (CRM) and four real samples of magnesium and
magnesium alloys were used. Two CRMs, a magnesium (No.C61XMgP20A) and a
magnesium alloy (No.C65XMGAS50) supplied as chippings, were purchased from MBH
Analytical Ltd. (Barnet, England), where the latter contains c.a. 8 % of aluminum, 0.4 % of
zinc and 0.4 % of manganese in mass fraction. One of the real alloys named ‘AZ91D" in the
ASTM standard contains c.a. 9 % of aluminum, 0.7 % of zinc, and 0.3 % of manganese.
Another one, “AM60B’, contains 6 % of aluminum and 0.4 % of manganese. All of the real
samples were prepared by one of the participants, where the ingots were bored with drills
and the drilled pieces were separately packed and sealed under an airtight condition using
argon gas, which had ca. 20 g in mass per bag to be sent to the participants as test samples.
The participants were requested to determine tin and lead in these samples by a following
protocol of the analyses. In a second test they were requested to determine cadmium and
beryllium by a similar protocol. The calibration procedure with matrix matching must be
made using high-pure magnesium oxide with 99.99% (Kanto Chemicals, Tokyo), aluminum,
and zinc. The analytical results must be reported as an average of the individually duplicate
or triplicate runs.

The interlaboratory testing for determination of tin and lead had three series, the first of
which is to check the validity of a protocol using the CRM and following determination of a
real magnesium sample. The second series was to optimize matrix concentration of the
sample solutions, which is indispensable to achieve for sample nebulization. Three matrix
concentrations of 1, 2, and 4 % were prepared and measured separately. The last one was
used to analyze real magnesium alloys with a matrix matching procedure under the
optimized concentration.

All reagents used were of analytical grade or further highly purified grade, which were
commercially available, and used without special designation.

Participants in eight organizations totally used nine ICP-AES equipments with eight
different types in the testing, as shown in Table 3. Several different characteristics listed in
the Table were useful in this study, considering that the standard methods to be constructed
must be suitable for various types of equipments.

Model Vendor V1ex./v.1 "8 Nebulizer Spray Spectrometer ~ Detector
position chamber

(ICP-AES)

PS-1000UV  LeemanlLabs. Radial Hildebrand Grid Scott Echelle+Prism PMT

SPS-1700HVR Seiko Radial Concentric Scott Monochrometer PMT

SPS1500VR  Seiko Radial Concentric Scott Monochrometer PMT

SPS3000 Seiko Radial Concentric Cyclonic Monochrometer PMT

SPS4000 Seiko Radial Concentric Scott Monochrometer PMT

SPS7800 Seiko Radial Concentric Scott Monochrometer PMT

Vista-MPX Varian Axial Concentric Cyclonic  Echelle+Prism CCD

Vista-Pro Varian Axial  Concentric Cyclonic Echelle+Prism CCD

(Spark Source AES)

PDA-5500 11 Shimadzu - - - Polychromator PMT

Table 3. Instruments of ICP-AES and Spark AES used in the interlaboratory testing
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3.3 Protocol for the testing

A protocol for the dissolution of a sample as preparation was documented as follows:

1. One gram of a sample was weighed to a digit of 0.1mg and transferred to a borosilicate
beaker of an appropriate size (200~300 cm3).

2. Concentric nitric and hydrochloric acids of high purity were diluted twice with water,
respectively, to make their stock solutions, i.e. 6.0 mol dm= of hydrochloric acid and 6.8
mol dm- of nitric acid.

3. Water as well as the twice-diluted nitric and hydrochloric acid solutions were poured
into a beaker, which was subsequently covered with a watch glass, and the sample was
dissolved through conventional heating after a vigorous reaction with the evolution of
nitrogen dioxide gas. The dissolution process was gentle on heating so as to suppress
the volatilization of acids.

4. The sample was prepared to a solution to 50 cm3 with a volumetric flask, which
contained a matrix concentration of 2 %.

5. The prepared solutions were made to finally have 0.4 mol dm? of nitric acid and 0.1
mol dm-3 of hydrochloric acid. The volumes and orders of the acids to be added are up
to the participants.

6. To weigh 2 g of a sample and to prepare a solution to 100 cm? was also acceptable as an
alternative operation.

7. A sample had to be pretreated in duplicate or triplicate runs.

In the second series, the above-mentioned protocol was modified so as to prepare sample

solutions of 4%, i.e. 2 g (4 g) of a sample was weighed to dissolve and prepare a solution of

50 cm3 (100 cm3), thereby allowing subsequent dilution to those of 2 and 1 %.

A protocol for the preparation of standard solutions was documented as follows:

1. Magnesium oxide (99.99 % or higher in purity) was dissolved with a nitric acid
solution, to prepare a 4 % solution of magnesium(II) in 0.4 mol dm= of nitric acid and
0.1 mol dm3 of hydrochloric acid.

2. Aluminum (99.99 % or higher in purity) was dissolved with the nitric and hydrochloric
acid solutions by five to one in volume, to prepare 0.36 % solution of aluminum(IIl) in
0.5 mol dm-3 of nitric acid.

3. Zinc (99.99 % or higher in purity) was dissolved with the nitric acid solutions, to
prepare a 0.1 % solution of zinc(II) in 0.5 mol dm of nitric acid.

4. A series of standard assay solutions of tin and lead having concentrations of 0, 0.5, and 1.0
pg cm?3 for metal samples and 0, 1.0, and 2.0 pg cm for alloy ones were prepared, by
diluting commercially available 1 mg c¢cm?3 standard solutions of the metals or their
solutions of the same concentrations prepared by dissolving high pure metals. Another
series of cadmium and beryllium of 0, 0.5, and 1.0 pg cm3 were prepared separately for
the second test. The concentrations of matrix components had to be identical with the
samples, by diluting the stock solutions of the elements as stated: Mg 2 % (unalloyed
metal), Mg 1.8 %-A10.18 %- Zn 0.02 % (AZ91D alloy), Mg 1.88 % -Al 0.12 % (AZ60B alloy).
The calibration ranges could vary appropriately according to the contents of the samples.

A Protocol for a measurement with ICP-AES was documented as follows:

The sample solutions were nebulized to be introduced directly into the plasma. Atomic

emission spectra, free from spectral interferences, should be visually identified at two

affordable wavelengths, where the background wavelengths are pointed out at both ends of
each peak. After introducing the assay standard solutions to make a calibration line, the
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sample solutions are aspirated. If repeated measurements (usually in triplicate) showed a
descending tendency, the sample and standard solutions had to be prepared with an
internal standard element, such as cobalt(II), thus suppressing the influence of any clogging
at the orifice of a nebulizer.

4. Results of the interlaboratory testing

4.1 Results of tin and lead in the testing

Table 4 gives results of interlaboratory testing in the first series, analytical values of tin and
lead of the CRM, magnesium. Each laboratory reported average values of independent
duplicate or triplicate runs with adequate repeatability. The data by different analysts,
dates, or equipment in the same laboratory were regarded as independent data sources.
Fairly good accuracy, i.e. trueness and precision, was achieved by comparing the average
values with the certified values of the CRM and the standard deviations with their
uncertainties, respectively. Moreover, comparable data with spark source atomic emission
spectrometry using an identical CRM supplied as a disk could be obtained to show that the
concentration of tin and lead were 71 and 59 ng g, respectively, which confirmed the
accuracy of the data and the validity of the protocol.

Data No. Csn Crp
1 70 55
2 74 57
3 68 56
4 70 52
5 81 59
6 72 57
Average 73 56
SD 4.6 2.4
RSD, % 6.4 4.2
n 6 6
95% confidence interval 49 25
Certified values 73 61
Uncertainty?2 6 7
Unit: pg g1

a. Noted in the certificate as the 95% confidence interval
derived from the analysis results

Table 4. Tin and lead concentrations in the certified reference material of magnesium as the
interlaboratory testing

Table 5 gives the effect of the matrix concentrations and the type of nebulizers, as well as the
results in the second series of testing. The decreased number of available data is due to not
only troublesome operations, but also the fact that the nebulizers for high salt concentrations
were already installed into the ICP-AES instruments in the laboratories of the participants.



338 Magnesium Alloys - Corrosion and Surface Treatments

Cr/pgg?!
Standard nebulizer High salts nebulizer
Cmg , % Cwmg , %

Data No. 1 2 4 1 2 4
1 4.0 4.7 4.7 6.0 6.3 6.0
2 6.0 6.7 7.3 53 7.3 6.7
3 — — — 6.0 5.1 4.0
4 — — — 5.8 5.7 5.7
Average 5.0 57 6.0 5.8 6.1 5.6
SD 14 1.4 1.9 0.3 1.0 1.1
RSD, % 28 25 31 5 16 20

n 2 2 2 4 4 4

Table 5. Effect of matrix concentrations and type of nebulizers on lead concentrations in the
real sample of magnesium

The data of No.1 and No.2 could be compared in detail, as shown in Table 6. In the former,
concentric nebulizers of standard (‘“TR-30-A2") and high salts (‘TR-30-C2) made by
Meinhard Glass Products (Colorado, USA) and SPS4000 were used for measurements. In the
latter, those of standard (‘Conical’) and high salts (‘SeaSpray’) made by Glass Expansion
(West Melbourne, Australia) and Vista-Pro were used. In both Tables, the data seem to be
independent of the matrix concentrations, but their precision obtained using nebulizers for
high salt concentrations was better than those using standard ones. It is noteworthy to
mention that there occurred a certain type of damage onto the outer tube and clogging of
the inner tube in a plasma torch due to the introduction of solutions of 4 % for hours,
especially into a horizontally aligned torch for axial viewing. Solutions of 1 % may have had
insufficient emission peaks on insensitive instruments. Hence, the preparation of a sample
solution to a matrix concentration of 2 % and measurements using nebulizers for high salt
concentrations were considered to be preferable. Besides, another type of nebulizers for high
salt concentrations, named Hildebrand grid nebulizer (Teledyne Leeman Labs., New
Hampshire, USA) is also available.

Table 7 gives the results of interlaboratory testing in the first and third series on the real
samples of magnesium and magnesium alloys, which were also average values of
independent duplicate or triplicate runs with severally adequate repeatability. In the third
series, a concentric nebulizer for high salt concentrations, ‘SeaSpray’ nebulizer was
distributed to each participant in advance for acquiring better precision. Slight atomic
emission peaks could only be observed for measurements of tin in all the real samples,
which led to determinations with poor precision. But the results were adequate as JIS
standards because the corresponding material standards describe upper limits of 50 pg g
for tin. The concentrations of lead in the samples were fairly good on reproducibility, as
shown in the table. Although some more information on reliability may well be reported as
measurement uncertainty, validity of the protocol using the CRM and dispersive
characteristics expressed as standard deviations were separately taken into account for
discussion. The reasons are as follows: many practical problems about measurement
uncertainty encountered by accredited testing laboratories have been claimed; (Visser, 2004)
the participants in industry were reluctant to make use of the available measurement
uncertainties owing to their unfamiliarity. Also, the reproducibility of the analytical data
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used in this study is one of the major factors that contribute to the total measurement
uncertainty, considering that the analytical data coincided well with their certified values.

Cr /ugg!
Matrix Type of nebulizer
C‘mcer}ytrat“’n’ Run Standard (TR-30-A2')  High salts ('TR-30-C2')
1 Ist 5 5
2nd 4 6
3rd 3 7
Average 4.0 6.0
SD 1.0 1.0
RSD, % 25 17
2 1st 5 6
2nd 4 7
3rd 5 6
Average 4.7 6.3
SD 0.6 0.6
RSD, % 12 9
4 1st 5 6
2nd 4 6
3rd 5 6
Average 4.7 6.0
SD 0.6 0.0
RSD, % 12 0

a. Meinhard nebulizers of standard (“TR-30-A2") and high salt concentrations (“TR-30-C2")
and ICP-AES (SPS-4000) were used (data No.1 in Table 5)

Crm/pg gt
Matrix Type of nebulizer
concer;ratlon, Run Standard ('Conikal') High salts('SeaSpray')
1 1st 6 6
2nd 7 5
3rd 5 5
Average 6.0 53
sD 1.0 0.6
RSD, % 17 11
2 st 6 8
2nd 8 8
3rd 6 6
Average 6.7 7.3
SsD 12 12
RSD, % 17 16
4 st 6 7
2nd 8 7
3rd 8 6
Average 7.3 6.7
SD 12 0.6
RSD, % 16 9

b. Glass Expansion nebulizers of standard (“Conikal”) and high salt concentrations
(“SeaSpray”) and ICP-AES (Vista-Pro) were used (data No.2 in Table 5)

Table 6. Effect of matrix concentrations and type of nebulizers on lead concentrations in the
real sample of magnesium
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Data No. Unalloyed Mg 'AZ91D' alloy @ 'AM60B' alloy b

Sn Pb Sn Pb Sn Pb
1 2 7.5 4 44 0 9
2 — — 5 39 -le 10
3 0.5 6.5 1 44 0 11
4 1 5 <1 53 <1 11
5 <1 2¢ <1 53 <1 12
6 3.1 9.7 14 41 25 10
7 — — 2 40 1 8
8 — 2 41 1 9
9 1 6 2 41 1 9
10 1 6 — — — —
Average 1.6 6.8 25 44 0.9 9.9
SD 1.0 1.6 1.5 5.4 0.9 1.3
RSD, % 59 24 59 12 100 13
n 6 6 7 9 6 9
Unit: pg g

a. Al, 9%; Zn, 0.7%; Mn, 0.3%
b. Al, 6%; Mn, 0.4%
c. Statistically omitted.

Table 7. Tin and lead concentrations in the real samples of magnesium and magnesium
alloys as the interlaboratory testing

Data No. Ccd Csge
1 36 13
2 36 13
3 36 15
4 35 12
5 36 12
6 37 12
Average 36 13
SD 0.6 1.2
RSD, % 1.8 9.1
n 6 6
95% confidence interval 0.7 1.2
Certified values 35 13
Uncertainty? 3 1
Unit: ug g

a. Noted in the certificate as the 95% confidence interval
derived from the analysis results.

Table 8. Cadmium and beryllium concentrations in the certified reference material of
magnesium alloy as the interlaboratory testing
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The influences of some characteristics of ICP-AES listed in Table 3 concerning the analytical
data were investigated by sorting these data, which revealed no significant tendency. The
average values of lead in the magnesium and magnesium alloys were almost independent
of the type of chambers, viewing positions, and type of detectors studied. This may be
natural, but is an important fact to be confirmed for constructing standards, especially on
trace determination in coexisting matrices.

4.2 Results of cadmium and beryllium in another testing

Table 8 gives the results of another separate interlaboratory testing, determination of
cadmium and beryllium of the CRM, magnesium alloy. The remarks of the values in the
table were almost the same as those in Table 4. Fairly good accuracy was also achieved in
the case of the magnesium alloy. Cadmium and beryllium are more sensitive than tin and

Data No. Unalloyed Mg-1  Unalloyed Mg-2 'AZ91D' alloy a 'AM60B' alloy b

Cd Be Cd Be Cd Be Cd Be
1 0 0 0 0 0.4 8 0 11
2 0.1 0 0 0 0.5 8 0 11
3 0 0 0 0 0.6 8 0 11
4 0.1 0 0.1 0 0.6 6 0.1 4.6
5 <1 <1 <1 <1 0.6 12 <1 9
6 -0.06¢c  -012¢< 0.6 -0.05 ¢ 0.6 13 4 8.5
7 0.01 0.02 0 0 0.6 11 0.06 8.6
8 <2 <0.2 <2 <0.2 <2 11 <2 8.8
9 <6 <0.1 <6 <0.1 <6 11 <6 8.6
Average 0.0 0.0 0.0 0.0 0.6 10 0.7 9.1
SD 0.1 0.0 0.1 0.0 0.1 2.3 1.6 21
RSD, % - - - - 14 24 234 23
n 5 5 6 5 7 9 6 9
Unit: g g1.

a. Al, 9%; Zn, 0.7%; Mn, 0.3%
b. Al, 6%; Mn, 0.4%
c. Statistically omitted.

Table 9. Cadmium and beryllium concentrations in the real samples of magnesium and
magnesium alloys as the interlaboratory testing
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lead, therefore easier to determine with ICP-AES. Table 9 gives the results on the real
samples of magnesium and magnesium alloys, where concentrations of cadmium were too
low to show significant values. In most cases, beryllium is added to magnesium alloy ingots
for die castings to enhance their incombustibility; hence it could be naturally determined to
ca. 10 pg g. Beryllium is denoted in JIS H 2222 and allowed to use as an additive element to
mass fraction of 0.0005-0.0015 %, but is very toxic as well as cadmium. It should be
monitored not to exceed the permissive levels in the material.

5. Standardization of the analytical methods

The protocols evaluated in the testing were acceptable for not only the participants but also
whom it might concern in Japan. They were fleshed out, formatted and submitted to an
analytical committee of the magnesium industry, Japan Magnesium Association, as the
original drafts for JIS standards. After an interview by Japan Industrial Standards
Committee (JISC), they have been revised and provided as JIS standards. The three of them
(JIS H1342, 2008; JIS H1343, 2008; JIS H1344, 2010) are newly established standards with
ICP-AES, while the remainder (JIS H1339, 2010) is an updated one with ICP-AES, in
addition to the flame AAS already denoted in an earlier version.

In ISO, there has been a recent action for standardization of the analytical method in the
material. A standard named ‘determination of lead and cadmium’ is now under the level of
Draft International Standard (ISO/DIS 11707, 2010), where a technical comittee
/subcommittee named TC79/SC5, the title of which is ‘'magnesium and alloys of cast and
wrought magnesium’, deals with this standard. The author commits himself to this standard
with the achievement of the ICP-AES techniques as mentioned in this study. He has also
proposed to standardize new methods for determination of another hazardous trace metals
in magnesium and magnesium alloys as a future work in ISO.

6. Conclusion

This study was designed in order to obtain an analytical basis for the concerned new
standard methods with ICP-AES. In order to put excellent evaluation of the materials into
practice, we must continuously know much about the analytical instruments and their
characteristics. Magnesium alloys will further be developed in a wider variety as special
lightweight materials; moreover a forecoming ‘sound material-cycle society” will require
another evaluation for used materials. Material development and its analysis as evaluation
should be forwarded in a body. Furthermore, international standardization must be
accompanied with its advance in order to obtain better performance in production and
distribution of the material.
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