Defect and Diffusion Forum Vols. 216-217 (2003) pp. 307-312
online at htip.//www.scientific.net
© 2003 Scitec Publications, Switzerland

Grain Boundary Phase Transitions in the Al-Mg System and Their
Influence on High-Strain Rate Superplasticity

B.B. Straumal’, G.A. Lopez’, E.J. Mittemeijer’, W. Gust’ and A.P. Zhilyaev’

" Institute of Solid State Physics RAS, Chernogolovka, Moscow District, 142432 Russia

? Max Planck Institute for Metals Research and Institute of Physical Metallurgy,
Heisenbergstr. 3, 70569 Stuttgart, Germany

: Institute for Physics of Advanced Materials, Ufa State Aviation Technical University, 450000 Ufa,

Russia

Keywords: Grain boundaries; wetting phase transition; high-strain rate superplasticity

Abstract. Grain boundary (GB) wetting phase transitions were studied, for the first time, in Al-Mg
polycrystals (Mg contents of 5, 10, 15 and 20 wt.%; temperature range 490-630 °C). It was
observed that above 598 °C all GBs in the solid Al-rich phase were wetted by a liquid phase. Below
540 °C no GBs wetted by a liquid phase were observed. The maximal and minimal temperatures of
the GB wetting phase transitions, Tymqy and Tyypin, Were determined. Between 540 and 598 °C

the percentage of the wetted GBs gradually increases from 0 to 100 %. Grain boundary prewetting
or premelting is given as an explanation for the hitherto not understood high-strain rate
superplasticity observed for ternary Al-Mg—X alloys in a narrow temperature range just below the
bulk solidus line.

Introduction

It is well known that some of the most important properties of modern materials in high-technology
applications are strongly influenced or even controlled by the occurrence of interfaces such as grain
boundaries (GBs) and interphase boundaries (IBs) [1]. The study of nanocrystalline solids increased
pronouncedly in the last decade. Due to the inherently high concentration of GBs in nanomaterials
the understanding of the interface properties has become of great importance. All processes that can
change the properties of GBs (and IBs) affect drastically the bulk behaviour of polycrystalline
materials. GB phase transitions provide an important example of such processes [2—7]. GB wetting
phase transitions have recently been included in the traditional phase diagrams of several systems
[7-13].

The occurrence of wetting depends on the GB energy, ogs. Consider the contact angle @
between a bicrystal and a liquid phase (Fig. 1). When ogj is lower than 205, where o, is the energy
of the solid/liquid interphase, the GB is non-wetted and ® > 0° (Fig. 1a). But if oz 205, the GB
is wetted and the contact angle @ = 0° (Fig. 1b). The temperature dependence of 2os; 1s stronger
than that of ogg. If the curves describing the temperature dependencies of o¢p and 20y, intersect, the
GB wetting phase transition will occur upon heating at the temperature T, of their intersection (Fig.

Ic). At T T, the contact angle is & = 0°.
The phenomenon of superplasticity has drawn much interest in recent years. Usually
superplasticity was observed at relatively low strain rates, typically about 10*to 107 s™'. However,

it sometimes occurs at extremely high strain rates (up to 10% s7') [14-19] and in this case it is called
high-strain rate superplasticity (HSRS). A small grain size { 1 pm) appears to be important for the
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occurrence of HSRS. Additionally, HSRS has often been observed at temperatures close to the
matrix solidus temperature [20, 21].

In the present work, the GB wetting phase transition in the two-phase (S+L) region of the Al-Mg
system has been investigated. It will be suggested that the occurrence of prewetting or premelting is
the reason for the observed HSRS.
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Fig. 1. A non-wetted GB in contact with a liquid phase at T'< Ty,,, ® > 0° (a). A completely wetted
GB,®=0°T T, (b). Schematic dependences of o55(T) and 2a4,(T) for two different GBs. They
intersect at the 7,7 and T, of the GB wetting phase transition (c¢). L = liquid; S = solid.

Experimental

Al (99.999 wt.%) and Mg (99.95 wt.%) were utilised for the preparation of cylinders (& 7 mm) of
four Al-Mg alloys with Mg contents of 5, 10, 15 and 20 wt.%. For the wetting experiments, slices
(2 mm thick) of the different alloys were cut and sealed into evacuated silica ampoules with a
residual pressure of approximately 4 x 10 ~* Pa at room temperature. Then, several samples were
annealed in furnaces for three days at temperatures between 490 and 630 °C, in steps of 10 °C. The
annealing temperature was maintained constant with an accuracy of +1 °C. After the anneals the
specimens were quenched in water. After quenching, for the metallographic analysis the specimens
were embedded in resin and then mechanically ground and polished, using 1 um diamond paste in
the last polishing step. The unetched samples were inspected by means of Light microscopy (LM).

A quantitative analysis of the wetting transition was performed adopting the following
criterion: every GB was considered to be wetted only when a liquid layer had covered the whole
GB; if such a layer appeared to be interrupted, the GB was regarded as a non-wetted GB.
Accordingly, the percentage of wetted GBs was determined on the basis of LM analysis. At least
100 GBs were analysed at each temperature.

Results and discussion

Optical micrographs of samples annealed at three different temperatures are shown in Fig. 2. Upon
annealing at 610 °C (and at higher temperatures) GB wetting is clearly observed: all GBs were
wetted (see the light grey layers at the original GBs in Fig. 2a). Upon annealing at 581 °C just 26 %
of the GBs are wetted (Fig. 2b) and no GBs were wetted for annealing temperatures below 540 °C.
Partial melting occurred in the interior of grains; however, such a liquid in the interior of the solid
phase is isolated (see light grey spots in the interior of the grains). Pores can also be observed in the
micrographs (see the black spots). The pores are probably formed during solidification of the liquid
by rapid quenching. The fraction of wetted GBs is shown as a function of the temperature in Fig. 3.
Between 540 and 6106 °C the fraction of the wetted GBs gradually increases with increasing
temperature from 0 to 100 %. Therefore, the GB wetting phase transition proceeds in the Al-Mg
system between 540 and 610 °C. It means that all GB wetting phase transition tie-lines, one for
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°C Just 26 % of the GBs are wetted (Fig. 2b) and no GBs were wetted for annealing temperatures
below 540 °C. Partial melting occurred in the interior of grains; however, such a liquid in the
interior of the solid phase is isolated (see light grey spots in the interior of the grains). Pores can
also be observed in the micrographs (see the black spots). The pores are probably formed during
solidification of the liquid by rapid quenching. Figure 3 presents the fraction of wetted GBs for
every treatment temperature employed in the study. Below 540 °C no completely wetted GBs are
present in the sample. Above 610 °C all GBs are completely wetted. Between 540 and 610 °C the
fraction of the wetted GBs gradually increases with increasing temperature from 0 to 100 %.
Therefore, the GB wetting phase transition proceeds in the Al-Mg system between 540 and 610 °C.
It means that all GB wetting phase transition tie-lines for the individual GBs lie between 540 and
610 °C. Consequently, Tyypip = 540 °C is the minimal and Ty, = 610 °C is the maximal

temperature of the GB ‘Wettin“g phase transition in the Al-Mg system. The respective tie-lines at
Dymin and Tyymax appea}'in'fhe two-phase (S+L) area of the Al-Mg bulk phase diagram (Fig. 4).
As it was mentioned above, the contact angle & depends only on o and o5;, and not on the relative
amount of the liquid and solid phase. Therefore, Tyypi; and Tyymax do not depend on the alloy
composition in the two-phase area (S+L).

Fig. 2. Optical micrographs of samples annealed at 610 °C (a), 580 °C (b) and 530 °C (c).

Obviously the presence of a liquid phase at GBs affects critically the deformation
characteristics of the specimens. Studying pure shear of a commercial Al-5 wt.% Mg alloy
Iwasaki et al. [24] found that the shear strain-to-failure drops drastically at the solidus
temperature. Above the solidus temperature 7 in the two-phase area (S+L) the shear strain-to-

failure is about six times lower than in the pure solid solution.

Previously, it has been shown that GB wetting tie-lines can have the continuation in the one-
phase (solid solution) area of the bulk phase diagram, forming in such a way the GB solidus line
[2-6, 11, 14, 25]. The GB solidus lines starts at 7 at the intersection of GB wetting tie-line with the

bulk solidus and finishes in the melting point T},. Between the GB solidus and bulk solidus lines a

thin layer of the GB (liquid-like) phase exists in the GB. This phase is thermodynamically stable in
the GB but unstable in the bulk. The GB covered by a layer of the liquid-like GB phase possesses
an enhanced diffusivity [2-5], a strong segregation [6, 11, 26], a high mobility [27] and modified
mechanical properties [6, 11, 26]. By the intersection of GB solidus line, the layer of GB phase
appears suddenly, and a discontinuity of the first derivative of GB the energy o5z is observed [26)].
Therefore, the tie-line of the first-order GB wetting phase transition in the (S+L) two-phase area can
continue in the one-phase solid solution area of the bulk phase diagram as a line of another first-
order GB (premeting or prewetting) phase transition. The temperature of this GB phase transition
depends on the GB energy and the bulk alloy composition.

In the present work, the tie-lines of the GB wetting phase transition were observed in the two-
phase (S+L) area of the Al-Mg phase diagram (Fig. 4). These tie-lines have to continue in the one-
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micrographs of the Al-Mg-Zn alloys published in [20, 21, 28, 29] do not permit us to estimate
Twmin < Tws02%- Additionally, most of the triangle of HSRS test lie a short distance underneath the
bulk solidus and also the maximal elongation to failure was observed below the bulk solidus [20,
21, 28-31]. This indicates that prewetting or premelting is indeed responsible for the HSRS in also
these alloys.
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wetting phase transition lines (thin lines).
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Conclusions

The Al-Mg system exhibits grain boundary wetting. On the basis of grain boundary wetting data
maximal and minimal temperatures, Tyyyay and Ty, of grain boundary wetting phase transitions
have been indicated and the corresponding tie-lines in the two-phase (S + L) region of the
respective bulk phase diagram can be drawn. The occurrence of the grain boundary prewetting or
premelting can be considered as the origin of high strain rate superplasticity upon deformation.
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