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Abstract The melting of coarse- and fine-grained Al-
Zn-Mg alloys was studied by the differential scanning
calorimetry. The asymmetric shape of the melting curve
indicates the heat effect of the grain boundaries (GBs)
wetting. The difference between melting heat of coarse-
and fine-grained samples permitted to estimate the GB
wetting heat effect per GB unit area. It is ~0.15 J/m? for
the Al-5 wt% Zn-2 wt% Mg alloy and ~ 1 J/m? for the
Al-10 wt% Zn-4 wt% Mg alloy.

Introduction

The wetting of grain boundaries (GBs) by a liquid phase
(melt) plays an important role in the materials science. It is
crucial for the liquid phase sintering, soldering, brazing,
precise casting, and other processes. The GB is completely
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wetted if the contact angle between GB and melt is zero. In
this case, the liquid phase has to substitute the GB sepa-
rating both grains. The GB is incompletely wetted if the
contact angle between GB and the melt is finite. In this case,
the GB can exist in the equilibrium contact with the liquid
phase. Cahn [1] and Ebner and Saam [2] first assumed that
the (reversible) transition from the incomplete to the com-
plete wetting can proceed with increasing temperature, and
it is a true surface phase transformation. The transition from
the incomplete to the complete GB wetting can be observed
if the energy of two solid-liquid interfaces 2 g reduces to
lower than the GB energy ogg > 2 osp.. Cahn’s idea [1] was
the “driving force” for the experimental finding of GB
wetting phase transformations, initially made in the Zn—Sn,
Zn—-Sn—Pb, and Ag-Pb polycrystals [3, 4]. At a later state,
the original experimental data were reconsidered from this
point-of-view, and numerous indications on the GB wetting
phase transformations were found, particularly for the
Zn-Sn, Al-Cd, Al-In, Al-Pb [5] and W-Ni, W—Cu, W—Fe,
Mo-Ni, Mo—Cu, Mo-Fe [6] polycrystals. The first exact
measurements of the temperature dependence for the con-
tact angle with the melt were made using the individual GBs
in the specially grown bicrystals in the Cu—In [7], Al-Sn
[8], and Zn—Sn [9] systems.

The substitution of a GB by a liquid layer leads to the
heat release equal to (6gg—2 os1.). However, to the best of
the knowledge, the heat effect of a GB wetting phase
transition has been never measured before. The most direct
way to measure the heat effect of a GB wetting transition is
to compare the values of the melting heat for the coarse-
grained and fine-grained polycrystals of an alloy where all
GBs become completely wetted between solidus and lig-
uidus temperatures. The Al-5 wt% Zn-2 wt% Mg and
Al-10 wt% Zn—4 wt% Mg ternary alloys are the good
candidates for such measurements. It was observed earlier
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that all boundaries between grains of the Al-based solid
solution (Al) become completely wetted about 37 °C
below the liquidus temperature of the Al-10 wt% Zn-—
4 wt% Mg alloy and about 60 °C below the liquidus
temperature of the Al-5 wt% Zn-2 wt% Mg alloy [10].
The fine-grained structure in both alloys can be obtained
using the severe plastic deformation [11, 12].

Experimental

The Al-5 wt% Zn-2 wt% Mg and Al-10 wt% Zn—4 wt%
Mg alloys were prepared of the high purity components (SN5
Al, 5N Zn and 4N5 Mg) by the vacuum induction melting.
As-cast disks of these alloys obtained after grinding, sawing
and chemical etching were subjected to the high pressure
torsion (HPT) at room temperature under the pressure of
5 GPain a Bridgman anvil type unit (5 torsions, duration of
process about 300 s) [13]. Transmission electron micros-
copy (TEM) investigations of the as-cast coarse-grained
(CG) and fine-grained HPT-samples have been carried out in
a JEM—4000FX microscope at an accelerating voltage of
400 kV. Both the as-cast CG and fine-grained HPT-samples
were studied with the aid of differential scanning calorimetry
(DSC) using the TA Instruments calorimeters (models 910
and 1600) in the dry nitrogen atmosphere at the cooling and
heating rates of 10 K/min. The heating rate of 10 K/min has
been chosen because at the higher heating rate of 20 K/min
the effects, which the authors would like to study became less
visible. The lower heating rates of 5 or 1 K/min led to the
substantial grain growth in the HPT-treated samples, and we
lost too much grain boundaries. In order to record the DSC
curves, the samples were heated from 20 to 670 °C. How-
ever, the heating in calorimeter led to the grain growth in the
HPT samples. In order to know the grain size in the sample
before the start of the wetting transition, the separate HPT
samples were heated in the DSC chamber up to the 320 °C
and then cooled down to the room temperature in the flow of
dry nitrogen. The TEM measurements of the grain size have
been carried out in a PHILIPS CM 20 microscope at an
accelerating voltage of 400 kV. The temperature 320 °C has
been chosen because it is very close to the solidus line.
Therefore, the structure of the samples heated up in the DSC
chamber to the 320 °C and then quenched to the room tem-
perature allowed to estimate the grain size in the HPT sam-
ples continuously heated 20 to 670 °C just before the
beginning of their melting.

Results and discussion

The coarse grained alloys (state before HPT deformation)
contained two phases. The majority phase was the
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supersaturated (Al) solid solution with grain size about
500 pum and almost dislocation-free with a dislocation
density of about 10'"® m™2. The minority phase in the Al—
10 wt% Zn—4 wt% Mg alloy was t-phase (Mg3,(ZnAl);g).
It formed colonies with a size about 500 nm. However, the
X-rays diffraction did not reveal the presence of t-phase in
the alloys, which means that its volume fraction is less than
1% [12]. After HPT, both Al-Zn—Mg alloys contain (Al)
grains with the size of ~ 150 nm. Selected area diffraction
patterns revealed also the presence of t-phase particles.
They are uniformly distributed in the material and have a
size of about 10 nm. Also in deformed alloys X-ray anal-
ysis did not detect the t-phase in both alloys. It means that
its volume fraction is low. After heating in the DSC
chamber up to the 320 °C, the grain size of as-cast alloys
did not increase significantly and remained about 500 pum.
The grain size in the HPT-treated Al-10 wt% Zn—4 wt%
Mg alloy increased to about 600 nm (Fig. 1b). The grain
size in the HPT-treated Al-5 wt% Zn-2 wt% Mg alloy
increased to 10 um (Fig. 1a). The microstructure shown in

Fig. 1 TEM micrographs of the a Al-10 wt% Zn—4 wt% Mg and
b Al-5 wt% Zn-2 wt% Mg alloys after HPT and subsequent heating
up to 320 °C in DSC chamber
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Fig. 2 Temperature dependence of heat flow (DSC curve) for the Al-
5 wt% Zn-2 wt% Mg alloys for the a as-cast coarse-grained (grain
size 500 pm) and b fine-grained samples after HPT (initial grain size
150 nm, grain size after subsequent heating up to 320 °C in DSC
chamber 10 pm)

Fig. 1 was the starting point for the high-temperature DSC
experiments. It is completely recrystallized, the higher
elastic energy stored in the HPT-processed samples as
compared to the as-cast almost dislocation-free samples
fully relaxed after heating. The only remained difference is
the smaller grain size of HPT-samples.

In Fig. 2, temperature dependences of heat flow (DSC
curves) are shown for the Al-5 wt% Zn-2 wt% Mg alloys
heated from 20 to 670 °C with the rate of 10 K/min. Only
the high-temperature part between 400 and 670 °C is
shown in Fig. 2. Two curves present the results for the
as-cast coarse-grained samples with the grain size about
500 pm (Fig. 2a) and for the fine-grained samples after
HPT (Fig. 2b). The grain size immediately after HPT was
about 150 nm. The grain size after subsequent heating up
to 320 °C in DSC chamber was 10 pum. The integral heat
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Fig. 3 Temperature dependence of heat flow (DSC curve) for the Al—
10 wt% Zn—4 wt% Mg alloys for the a as-cast coarse-grained (grain
size 500 pm) and b fine-grained samples after HPT (initial grain size
150 nm, grain size after subsequent heating up to 320 °C in DSC
chamber 600 nm)

effect of the melting was 373.9 J/g for the CG-sample and
385.0 J/g for the fine-grained sample.

In Fig. 3, the similar DSC curves are shown for the
Al-10 wt% Zn—4 wt% Mg alloys. The grain size imme-
diately after HPT was about 120 nm. The grain size after
subsequent heating up to 320 °C in DSC chamber was
600 nm. The integral heat effect of the melting was
380.3 J/g for the CG-sample and 409.0 J/g for the fine-
grained sample. Small sharp minimum at ~482 °C (below
the start of the melting) corresponds most probably to the
dilution of particles of the t-phase. The obtained values of
the melting heat effect for the coarse-grained samples are
between those known from the literature for the pure alu-
minum 3999 + 1.3 J/g [14], 401.3 £ 1.6 J/g [15] and
for the alloy with higher content of zinc and magnesium
(Al-34 wt% Mg—6 wt% Zn, 329 J/g [16]).
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According to the standard approach to the quantification
of DSC curves of the alloys melting between solidus and
liquidus temperatures [17] (these procedures are also
included in the quantification software of modern DSC
equipment), the position of a deep minimum corresponds to
the end of melting, i.e., to the liquidus temperature. The
measured minimum positions for both samples are in a
good compliance with the literature data for the liquidus in
the Al-Zn—-Mg bulk phase diagram obtained in [18] by the
linear interpolation of liquidus lines from [19] and exper-
imentally in [10]. In the standard case [17], the left side of
the DSC minima for the melting follows the linear tangent
almost until the intersection point with the base line. In this
case (Figs. 2, 3), each of DSC curves deviates from this
tangential. The temperatures given by the conventional
procedure (i.e., defined using the intersection of the base-
line and the tangential to the left side of the minimum) lie
deep in the middle between solidus and ligiudus lines
[10, 18]. A kind of broad “shoulder” is visible in the left
part of each melting minimum. Even more, the presence
of a secondary, superimposed, peak (itself with a mini-
mum) may be guessed from the Figs. 2 and 3 for both
as-cast coarse-grained and fine-grained HPT-samples. Such
“shoulder” is more visible in Fig. 2. These “shoulders”
positions to the left of the main DSC minimum reveal the
second weak melting process in the samples. It is possible
to draw the second tangential at the lower temperature in
comparison with the “main” melting tangential (Figs. 2,
3). The temperatures obtained by the intersection of second
tangential with a base line are now close to the values of
solidus temperatures [10, 18].

It was supposed that this two-stage melting is due to the
transition from incomplete to complete wetting of GBs by
the melt. Such transition was observed both in binary Al-
Zn, Al-Mg, and ternary Al-Zn—-Mg alloys [10, 18, 20, 21].
During conventional melting, the bulk phase gradually
becomes liquid between solidus and liquidus lines. In this
case, the tangential to the left side of the DSC melting
curve intersects the base line almost in the point where the
DSC melting curve starts to come down from the base line.
In case of GB wetting, the first portions of melted bulk
redistribute along GBs in order to wet them and to separate
the remaining solid grain one from another. The heat of the
melting also redistributes to the lower temperatures, the
shape of the DSC melting curve changes, and the tangential
shifts to the higher temperature from the bulk solidus
(Figs 2 and 3). This shift is more pronounced in the HPT
samples with smaller grains (4 K in Fig. 2 and 6 K in
Fig. 3). The shape change of the DSC curve depends on the
GB energy spectrum and, therefore, on the spectrum of GB
wetting temperatures 7T,,. In the extreme case, if the Ty,
temperatures group close to the solidus point, the
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“shoulder” in melting curve is rather pronounced (like in
Fig. 2). If the T, temperatures are uniformly distributed,
the “shoulder” in melting curve is less pronounced
(Fig. 3), and only the shift of the tangential with the base
line indicates the GB melting effect.

The value of the melting heat is also slightly different in
the coarse-grained and fine-grained samples. The melting
heat effect in both studied alloys was higher in case of fine-
grained samples. Knowing the difference in the heat effect
and difference in the grain size, one can roughly estimate
the additional heat effect for the unit area of GBs. In the
Al-5 wt% Zn-2 wt% Mg alloy the heat effect is 373.9 J/g
for the CG samples and 385.0 J/g for the HPT samples. If
heat difference on the difference of the GB area per 1 g
was divided, the authors would get about 0.15 J/m2. In the
Al-10 wt% Zn—4 wt% Mg alloy, the heat effect is 380 J/g
for the CG samples and 409 J/g for the HPT samples. After
division of this difference on the difference of the GB area
per 1 g, the value of 1 J/m? was obtained. The lowest
possible GB energy in Al and Al-based alloys is the free
energy of symmetric twin GBs (in other words, the free
energy of a stacking fault). In pure Al it is about 0.166 J/m?
[22, 23]. The free energy of a stacking fault decreases by
the Al alloying with Mg, it is 0.110 J/m* for the Al-
0.7 wt% Mg alloy [24]. As it can be expected, the heat
effect for the unit GB area in these alloys is higher than the
value for the stacking fault free energy. The higher heat
effect of a GB wetting in the Al-10 wt% Zn—4 wt% Mg
alloy corresponds also to the much broader “shoulder” on
the left side of the DSC melting curve. The difference in
the GB heat effect may be due to the difference in the GB
misorientation spectra (called also as GB character distri-
bution [25-27]) in two alloys. This effect should be studied
in the future using the electron-backscattering diffraction
(EBSD) [25-27].

It can be concluded that the transition from incomplete
to complete GB wetting in ternary Al-Zn-Mg alloys
reflected itself in the asymmetric shape of the melting
curve. The difference between melting heat of coarse- and
fine-grained samples permitted to estimate for the first time
the GB wetting heat effect per GB unit area. The observed
effect means that the more detailed investigations are
desired to be done for the investigations of the GB wetting
thermal effect. For example, the careful check of the
change of grain structure has to be performed just below
and just above the solidus as well as close to the “shoul-
der” position between solidus and liquidus lines. The
evolution of the GB character distribution during a DSC
experiment has to be studied by EBSD, as well as its
influence on the wetting thermal effect. And the last but not
least, the reversibility of the thermal effect of GB wetting
has to be studied as well.
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