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Abstract. A processing route based on conventional hot rolling has been recently developed to
induce significant grain refinement in Mg alloys. The simplicity and rapidity of the processing route
as well as the fact that conventional rolling is used, may allow it to be put into practice successfully
in industry. This method consists of only two to three rolling passes, each producing a large
thickness reduction, and intermediate annealings of 5 minutes duration. The resulting
microstructure is mainly formed by very fine grains. Tensile tests at different temperatures and
strain rates were performed in order to analyse the mechanical behaviour of the processed AZ61
alloy under different testing conditions. Microstructure and texture evolution during deformation
were examined by optical microscopy (OM) and X-ray diffraction, respectively. It is shown that the
microstructures developed by large strain hot rolling are capable of exhibiting significant
superplastic elongations at moderate to low temperatures. Stress exponents close to 2 were
measured during deformation under optimum superplastic conditions. Additionally, grains remained
equiaxed and a significant decrease in the texture intensity is observed. This is consistent with the
predominance of grain boundary sliding as the main deformation mechanism responsible for
superplasticity.

Introduction

Magnesium alloys are attractive materials for the automotive industry due to their excellent
specific properties such as low density (1.74 g/cm®) and high specific strength [1]. Additionally
these materials have great potential for low temperature superplasticity (LTS) due to their high
diffusion coefficient (the pre-exponential factor for grain boundary diffusion, 3Dy, is two orders of
magnitude larger than that of aluminum) [2]. LTS offers the possibility of attaining large
elongations at moderate temperatures, presumably even at room temperature if a sufficiently small
grain size is present. Optimizing LTS in Mg alloys would be specially desirable since, due to their
hcp structure, these materials have low room temperature ductility and are therefore difficult to
form.

Two microstructural prerequisites are needed in order to obtain an optimum superplastic
behavior: a fine grain size [3] and equilibrium grain boundaries [4]. Various grain refinement
methods have been proposed for Mg alloys such as conventional extrusion using large extrusion
ratios, powder metallurgy routes or methods based on severe plastic deformation [5]. Conventional
thermomechanical ingot processing by hot extrusion has allowed to prepare microstructures with
grain sizes finer than 10 um. Recently Lin et al. [6,7] have reported grain sizes as small as 0.6 um
fabricated using extrusion ratios of 166:1. Powder metallurgy techniques have been successfully
applied to obtain 1 pum grain sizes [8]. SPD methods such as equal channel angular extrusion
(ECAE), in turn, allow engineering of microstructures with submicron or nanocrystalline grain sizes
[9]. The present authors have recently developed an alternative processing method for superplastic
Mg alloys via large strain hot rolling (LSR). This simple procedure aims to obtain significant grain
refinement through a small number of passes with high reduction per pass. It has been shown
[10,11] that grain sizes as small as 1-2 um can be obtained after only one to two rolling passes.
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However, the final microstructure is not fully homogeneous, since an appreciable fraction of larger
grains are also present after processing. Nevertheless, preliminary mechanical property data seemed
to show an improved superplastic response in Mg alloys processed via large strain hot rolling [10].
The aim of the present paper is to explore the superplastic behavior of an AZ61 Mg alloy
processed by LSR. The underlying rate-controlling deformation mechanisms are also investigated.

Experimental procedure
The AZ61 alloy studied was received as-extruded in the form of a sheet, 10 mm in thickness. The
main alloying elements in this Mg based alloy are: Al (6%) and Zn (1%).

The as-received material was processed for grain refinement via large strain hot rolling as
explained in [10]. The processing route consisted on three rolling passes with reductions of 20%,
35%, and 55%, respectively. Tensile specimens of 20 mm gage length and a radius of 3 mm were
machined out of the rolled sheet with the tensile axis parallel to the rolling direction of the final
pass. Tensile tests to failure were performed at temperatures within the interval (100°C and 400°C)
and at constant crosshead speeds of 10°s™ and 10 s™%. Strain rate change tests were also performed
in order to measure the stress exponents and activation energies.

The microstructure of the AZ61 alloy was investigated by optical microscopy (OM). Sample
preparation consisted on grinding on SiC paper with increasingly finer grits, followed by
mechanical polishing with 6um and 1um diamond paste and final polishing using colloidal silica.
The grain structure was revealed by subsequent etching using a solution of ethanol (100 ml), picric
acid (5 g), acetic acid (5 ml) and water (10 ml). After chemical etching a residual layer remained in
the sample surface that was eliminated by immersion in boiling ethanol.

Texture analysis has proven to be a powerful tool to obtain exhaustive microstructural
information [12]. The macrotexture of the AZ61 alloy was measured by the Schulz reflection
method in a Siemens diffractometer furnished with a closed eulerian cradle.

Results and discussion

Figure 1 shows the microstructure of the AZ61 alloy in the as-received condition (Fig. 1a) and
after large strain hot rolling at 375°C consisting of three passes with reductions of 20%, 35%, and
55%, respectively (Fig. 1b). It can be seen that the original grain size (around 54 um) is
significantly reduced after processing. The resulting microstructure is rather heterogeneous. A small
number of large grains of approximately 20 um in diameter are embedded in a matrix of small
recrystallized grains of approximately 5 um in diameter. The final average grain size is near 6 um.
Figure 2 shows the (0002), (10-10), and (11-20) pole figures corresponding to the AZ61 alloy after
LSR. A clear basal texture can be observed.
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Figure 1. Optical micrographs showing the microstructure of the AZ61 alloy (a) in the as-received condition
and (b) after large strain hot rolling at 375°C consisting on three passes with thickness reductions of 20%,
35%, and 55%, respectively. ED= extrusion direction of the as-received material. RD=rolling direction. TD=
transverse direction.
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Figure 2. X-ray pole figures illustrating the macrotexture of the AZ61 alloy after large strain hot
rolling. Intensity levels: 0.5,1,1.5,2,3,4,5.

In the following, the tensile response of the AZ61 Mg alloy processed by large strain hot
rolling will be presented in order to explore the potential of this simple methodology to develop
superplastic microstructures. Figure 3a depicts the true stress vs. true strain curves corresponding to
tensile tests performed at 10° s™ at temperatures ranging from 100°C to 400°C. As expected, the
flow stress decreases with increasing temperature. The elongations to failure achieved at each
temperature are plotted in Fig. 3b. Maximum elongations of 400% are obtained at low to
intermediate temperatures, namely at 250°C to 300°C. Elongations as high as 700% were obtained
when testing at 250°C and at a lower strain rate of 2x10™ s™. However, significant scatter on the
ductility data under these conditions was apparent. An example of a tensile specimen deformed up
to 500% under the same conditions is shown in Fig. 5. The scatter in the ductility data might be due
to the effect of uncontrolled precipitation during the temperature stabilization and testing time.
Mabuchi et al [4] also observed variations in ductility due to the different nature of the grain
boundaries. They reported increasing elongations when equilibrium grain boundaries were present.
Thus, for example, annealing after an ECAP processing of an AZ91 alloy was needed in order to
improve the superplastic response. Further work is currently being carried out in order to elucidate
the possible causes for the scatter in ductility in the present AZ61 alloy. Figure 6 illustrates the
microstructure (Fig. 6a) and texture (Fig. 6b) of the sample deformed at 250°C and 2x10™ s that
reached an elongation of 700%. Significant precipitation of the B-phase is apparent. Equiaxed
grains of average size equal to 8.5 um can be observed. Additionally, a significant decrease in the
texture intensity can be appreciated if Fig. 6b is compared with Fig. 2. These observations are
consistent with the predominance of grain boundary sliding during deformation.

(a) (b)

00 F———T—T—T T T T T T LA L
500 - . R
£=1x10°s"
g
s 400 | ° °
S
c 300
B
b g \
| & 200
o
L °
100
1 PR TP O U TR SR (N P IS S [ T T TR RS S U R S SR
0 02 04 06 08 10 12 14 16 18 20 0 50 100 150 200 250 300 350 400 450 500
[o]
¢ T[]

Figure 3. (a) Stress vs. strain curves corresponding to the AZ61 alloy (processed via large strain hot rolling)
deformed uniaxially in tension at 102 s and at temperatures ranging from 100°C to 400°C. The tensile axis
is the rolling direction. (b) Elongations to failure achieved in the tests of Fig. 3a.
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Figure 4. AZ61 tensile specimen tested at 250°C and 10 s™.
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Figure 5. Microstructure of the AZ61 alloy processed via large strain hot rolling and then tensile
tested at 250°C and 2x10™* s*. The elongation to failure achieved was 700%. The tensile axis (TA)
is parallel to the rolling direction. (a) SEM micrograph (secondary electron mode) showing the
grain structure and significant precipitation of the -phase. (b) (0002) X-ray pole figure. Intensity
levels: 0.5,1,1.5,2.

Figure 6 illustrates the strain rate vs. stress plot corresponding to the AZ61 alloy processed
via large strain hot rolling and subsequently tested at 250°C and 300°C at strain rates ranging from
2x10° s to 2x10% s™. At both temperatures two regimes can be clearly distinguished. At strain
rates higher than about 10 s™ at 300°C and 3x10™ s™ at 250°C stress exponents equal to 4.4 are
obtained. This suggests that dislocation slip is the main deformation mechanism under these
conditions. At lower strain rates, however, stress exponents close to 1.7 are obtained, indicating the
predominance of grain boundary sliding. It is to note that the maximum elongations are obtained
under testing conditions that belong to the transition between both regimes. The activation energies
measured in the dislocation slip and GBS-dominated regimes are, respectively, 121 kJ/mol and 104
kJ/mol. These values are lower than those corresponding to diffusion of Al atoms in a Mg matrix
(143 kJ/mole) and to self-diffusion in Mg (135 kJ/mole) [13] and they are higher than the activation
energy for grain boundary diffusion (92 kJ/mol). Kim et al. [14] have also reported a value of 121
kJ/mole in an AZ31 alloy tested under conditions where a stress exponent of 3 was measured.
Higashi [2] has recently pointed out that both lattice and grain boundary diffusion likely play an
important role during superplastic deformation of Mg alloys and therefore an effective diffusion
coefficient, Der, must be considered. This coefficient is a combination of the lattice diffusion
coefficient, Dy, and the grain boundary diffusion coefficient, Dg,. The exact contribution of each
diffusion coefficient is, however, still not clearly established.
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Figure 6. Strain rate vs. stress plot corresponding to the AZ61 alloy processed via large strain hot rolling.
Data for this plot were obtained from strain rate change tests at 250°C and 300°C, with strain rates varying
from 2x10° s to 2x102 s

Conclusions

The superplastic response of an AZ61 alloy processed via large strain hot rolling has been
investigated. It has been shown that this simple grain refinement technique allows to develop
microstructures that show significant superplastic elongations in the low temperature range and at
moderate strain rates. Stress exponents equal to 2 are measured when testing within the superplastic
regime, suggesting that grain boundary sliding is the predominant deformation mechanism. This is
also evidenced by the presence of equiaxed grains after very large elongations as well as a
significant decrease in the texture intensity during deformation. The activation energies obtained lie
between the values corresponding to lattice self-diffusion and to grain boundary diffusion. This
suggests that the rate-controlling mechanism might be a combination of both processes.
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