e 4

e s Science
ELSEVIER Press

Available online at www.sciencedirect.com
“*.° ScienceDirect

Trans. Nonferrous Met. Soc. China 20(2010) 1269-1274

Transactions of
Nonferrous Metals
Society of China

wWww.inmsc.cn

Static recrystallization behavior of hot-deformed magnesium alloy AZ31 during
isothermal annealing

YANG Xu-yue(

), ZHU Ya-kun(

)', H. MIURA?, T. SAKAT*

1. School of Materials Science and Engineering, Central South University, Changsha 410083, China;
2. Department of Mechanical Engineering and Intelligent Systems, University of Electro Communications,
Tokyo 182-8585, Japan

Received 23 September 2009; accepted 30 January 2010

Abstract: The static recrystallization of hot-deformed magnesium alloy AZ31 during isothermal annealing was studied at
temperature of 503 K by optical and SEM/EBSD metallographic observation. The grain size change during isothermal annealing is
categorized into three regions, i.e. an incubation period for grain growth, rapid grain coarsening, and normal grain growth. The
number of fine grains per unit area, however, decreases remarkably even in incubation period. This leads to grain coarsening taking
place continuously in the whole period of annealing. In contrast, the deformation texture scarcely changes even after full annealing at
high temperatures. It is concluded that the annealing processes operating in hot-deformed magnesium alloy with continuous dynamic
recrystallized grain structures can be mainly controlled by grain coarsening without texture change, that is, continuous static

recrystallization.
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1 Introduction

Recently, several methods have been adopted for
grain refining in Mg alloys with even submicron or
nano-crystalline grain size, such as hot and warm
rolling[ 1], hot extrusion at high reduction ratio[2—4], and
severe plastic deformation process like equal channel
angular extrusion (ECAE)[5—7] and multi-directional
forging (MDF)[8]. XING et al[8] studied thermo-
mechanical processes for development of ultra-fine
grained Mg alloys. They developed fine-grained
structures with the grain size of submicrons by using
MDF under decreasing temperature conditions and
succeeded in much improvement of the plastic
workability and also the mechanical properties due to
grain refinement.

However, during hot plastic deformation, Mg alloys
are liable to undergo rotations of crystal orientation and
form strong deformation texture, which further affects
the mechanical properties and secondary manufacturing
processes[9]. Hence, it is of great importance to reveal
the texture forming mechanisms during hot working with
concurrent recrystallization[10—12]. Further improve-

ment of the ductility of deformed Mg alloys will be
carried through the texture control due to annealing
treatment following plastic deformation. There have been
few reports on the annealing behaviors of hot-deformed
Mg alloys. The knowledge of annealing characteristics
and the texture changes in a widely used Mg alloy, e.g.
AZ31, appears not aware of existence.

Therefore, the present work aims to investigate the
annealing characteristic of Mg alloy AZ31 after hot
deformation with strain of 1.2. The microstructural
changes taking place during isothermal annealing were
systematically studied at 503 K. Changes in the grain
structure and, the textures developed during and after hot
deformation were analyzed in detail, and the mechanisms
of annealing processes were discussed.

2 Experimental

A commercially produced AZ31 Mg alloy was
provided as a hot-extruded rod with a diameter of 19 mm.
The chemical compositions were as follows: Al 2.68, Zn
0.75, Mn 0.68, Cu 0.001, Si 0.003, Fe 0.003, and balance
Mg (mass fraction, %). Cylindrical samples of 8 mm in
diameter and 12 mm in height were machined from the
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rod parallel to the extrusion direction. Then six evenly
spaced annular grooves of 0.12 mm in depth were
machined into the end faces of cylinders in order to
promote the retention of a graphite lubricant (DAG 154).
The samples were annealed at 733 K for 7.2 ks and then
furnace cooled, leading to the evolution of equiaxed
grains with an average size of about 22 pm.

Compression tests were carried out at constant true
strain rates on a testing machine equipped with a water
quenching apparatus, which made it possible to quench
the samples within 1.5 s after deformation was finished.
The samples were deformed up to strain of 1.2 at 573 K
at two true strain rates of 3x107° s and 3x107' s,
followed by quenching in water. They were cut to plates
with 2—3 mm in thickness parallel to the compression
axis, and then isothermally annealed for 10°~10°s in air
using a muffle furnace at temperatures of 493, 503 and
513 K, respectively. Each plate was mechanically and
electrolytically polished and then etched in a mixed
solution of 6% picric acid and 94% methanol. The
as-deformed  and  the subsequent  annealed
microstructures were examined by using optical
microscopy (OM) and orientation imaging microscopy
(OIM). The distributions of grain size were analyzed by
image analysis software of “AnalySIS” (Soft Imaging
System Co.). Crystallographical orientation and texture

changes were examined by SEM/OIM.
3 Results and discussion

3.1 Structural changes during annealing

Fig.1 shows a series of typical optical
microstructures evolved before and after annealing at
503 K for the hot deformed AZ31 alloy. New grains are
not fully developed throughout the material even in high
strain, as can be seen in Fig.1(a) and discussed in
elsewhere[9]. Figs.1(b)—(d) show that such strain
induced new grains coarsen homogeneously with
increasing annealing times. After annealing for 10°s and
below, some rather coarse grains still remain and are
clearly distinguishable from surrounding fine grains
(Figs.1(b) and (c)), which can be termed as mixed grains
states. For annealing time of 10*s and above (Fig.1(d)), it
is difficult to distinguish the coarse grains from the
surrounding ones which coarsen homogeneously, finally
leading to a full development of an almost equiaxed
grain structure.

Typical grain size distributions of the samples
before and after annealing with increasing time are
shown in Fig.2. The distribution for annealing time of
10% s (Fig.2(b)) is almost similar to that for as-deformed
state and shows a bimodal shape with two peaks at

Fig.1 Microstructures evolution in AZ31 alloy deformed to e=1.2 at 573 K with strain rate of 3x10"'s™' (a), followed by annealing at
503 K for 10%s (b), 10%s (c), and 10*s (d) (CA indicates compression axis)
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Fig.2 Grain size distribution of sample as function of annealing time at 503 K

around 2 pm and 20 pm. The fine grains correspond to
those newly developed grains by hot deformation and the
coarser ones correspond to the remained original grains
(Fig.2(a)). Upon annealing time over than 10’ s, the
fraction of fine grains with ~2 pum rapidly drops with
increasing annealing time, leading to changing to a single
peak type at around 20 pum (Fig.2(d)).

Fig.3 shows the changes of the average grain size
(D) in the whole area with annealing temperatures. D is
hardly changed during annealing time less than 7x10°s,
upwards rapidly for 7x10°~7x10* s and then increases
slowly with increasing time. Such a grain size change
looks like that occurring in conventional cubic metals
during annealing[13], and can be categorized into three
stages. The time that ranges from 0 to 7x10% s may
correspond to an incubation stage for recrystallization,
that from 7x10* to 7x10* s to a rapid grain coarsening
stage and the longer annealing time above around 7x10*
s to a stage for normal grain growth, respectively.

With the increase of annealing temperature from
493 to 513 K, the time at which rapid coarsening begins
as well as the time to reach the plateau grain size is
reduced (Fig.3). This result is also similar to that of
annealing of deformed cubic metals[13]. But the plateau
grain size finally reached almost remains constant as
annealing temperature rises, differing from that of
deformed conventional cubic metals.

Fig.4 shows the changes in the number of fine
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Fig.3 Effect of annealing temperature on average grain size in
whole area with time

grains per unit area, N, less than 10 pm in diameter with
annealing time. It is remarkable to note that N drops
clearly even in the initial stage of annealing. This is in
contrast with the result of the average grain size in Fig.3,
i.e. there is no remarkable grain coarsening in this stage.
It is concluded from Fig.4 that grain growth starts to take
place mainly in the fine-grained regions simultaneously
just after annealing even in initial stage (see Figs.2(a)
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and 2(b)). Further annealing from 7x10*s to 7x10* s
leads to a rapid grain coarsening accompanied by a sharp
decrease in N. Then, the grain size distribution changes
from a double peak to a single peak type, as shown in
Figs.2(c) and 2(d). During this process, some coarse
grains containing high density dislocations (Fig.5(a))
may be consumed by recovered growing grains in the
surroundings. For annealing time above 7x10*s, the
average grain size increases gradually accompanied with
a little decrease in N, suggesting the occurrence of
normal grain growth. Therefore, it is concluded from
Figs.1-4 discussed above that a grain structure
developed by continuous dynamic recrystallization
(CDRX) operating during hot deformation only coarsens
continuously during static annealing.
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Fig.4 Effect of annealing temperature on relationship between
number of fine grains with less than 10 um in diameter per unit
area, N, and annealing time

3.2 OIM microstructure

Typical OIM micrographs with the inverse pole
figures for compression direction are shown in Fig.5.
Figs.5(a), 5(b) and 5(c) correspond to the microstructures
in Figs.1(a), 1(c) and 1(d), respectively. Disorientations
(0) 6>2°, 6>4° are delineated by thin white and black
lines, while high-angle boundaries including kink
bands[11] with misorientations more than 15° are by
bold black lines. Different grains correspond to different
crystallographic orientations. It is clearly seen in Fig.5
that most of the grains developed have a strong texture
near (0001) compared with those near (1010) or (1120).
It is known[9] that extruded rod of Mg alloys has a
strong texture in which the basal plane of the HCP lattice
lies parallel to the extrusion direction (the compression
direction in the present case). The basal plane rotates
gradually from around 0° to near 90° to the compression
axis with deformation. It is remarkable to note in Fig.5

1010

2110

1010

Fig.5 OIM micrographs and inverse pole figures of AZ31 alloy:
(a) Deformed to e=1.2 at 573 K and at 3x107's ™!, followed by
isothermal annealing at 503 K for 10°s (b), and 10*s (c) (Thin
white lines correspond to boundaries of misorientation >2°, thin
black line >4° and thick black lines >15°, respectively. Grains
corresponding to crystallographic orientations indicate in
inverse pole figure.)

that such a deformation texture with (0001)perpendicular
to the compression axis exists stably even after full
annealing with increasing time. It is concluded that
strain-induced fine grains evolved in Mg alloys can grow
remarkably and, in contrast, the deformation texture is
scarcely changed with annealing.

It is suggested by Fig.5 that the texture of wrought
Mg alloy may be hardly controlled by using conventional
methods, i.e. plastic working followed by annealing. It is
also seen in Fig.5(a) that dislocation boundaries with low
angle misorientations are developed in remained coarse
grains, and the cumulative misorientations near the
original grain boundaries are within a few degrees, i.e.
there is almost no lattice orientation gradient evolved [9].
This is in contrast with the cases of hot-deformed grains
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and conventional DRXed grains in cubic metals. Namely,
some high orientation and strain gradients always form
near the grain boundaries, leading to nucleation with
various orientations followed by long range grain
boundary migration[13—16]. Thus, deformation process
accompanied with various strain paths, such as
multi-directional forging (MDF)[8], may be useful for
texture modification of Mg alloy.

Fig.6 shows the changes in the distribution of
misorientation angles with increasing annealing time.
The distribution after annealing for 10 s is similar to that
for an as-deformed matrix in Fig.6(a), and Fig.6(b)
corresponds to stage 1 of annealing processes in Fig.3.
Further annealing for a longer period, corresponding to
stage 3, leads to a rapid drop of the fraction of LABS
accompanied with a little increase in the average
misorientation angle. This corresponds to stage 2 in Fig.3.
In stage 3, the shape of the distribution curve as well as
the average value of # scarcely changes while grain
coarsening gradually takes place (Fig.3).

3.3 Kinetics of recrystallization

The grain growth during recrystallization is
generally thought to be the migration of grain boundaries
or a thermally activated atom transport process. Thus, the
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temperature dependence of the annealing time may be
expected to exhibit Arrhenius behavior here expressed
mathematically as

T=toexp[~Q/(RT)] ()

where R is the gas constant, 7 is the absolute temperature
ty is the preexponential constant (annealing time at
infinite temperature) and Q is the activation energy
responsible for grain growth.

The annealing time obtained from the present
experiment of AZ31 alloy is shown in Fig.7 plotted on a
logarithmic scale versus the reciprocal of the absolute
temperature on a linear scale. From the slope of the lines
giving the value of —Q/R the activation energy can be
deduced to be (1252=10) kJ/mol (Fig.7) both for D=7 pm
and for N=3x10* mm 2 (When D and N in stage 2 are
constant (Fig.3 and Fig.4)), indicating the accuracy of the
data in this experiment. It is clearly seen that the value is
very close to the self-diffusion activation energy of
atoms in magnesium alloy (about 135 kJ/mol), and thus
demonstrates that grain growth process is mainly
controlled by the self diffusion of atoms. Although
impurity atoms might accumulate in the grain boundaries
and exert a retarding force on grain boundary migration,
they do not change the grain growth activation energy[17].
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Fig.6 Distribution of misorientation angles with increasing annealing time
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Fig.7 Plot of annealing time versus absolute temperature on

linear scale according to Arrhenius equation
4 Conclusions

1) Annealing time dependence of the average grain
size is categorized into three stages, i.e. an incubation
period of grain growth from 0 to 7x10” s, rapid grain
coarsening from 7x10% s to 7x10* s and normal grain
growths above around 7x10* s, respectively. The number
of fine grains per unit area, however, is reduced
remarkably even in stage 1. It is concluded, therefore,
that grain growth takes place continuously during the
whole period of annealing.

2) The deformation texture with the basal plane
(0001) perpendicular to the compression axis can exist
stably with increasing annealing time and scarcely
changes even after full annealing.

3) The annealing processes operating in
hot-deformed Mg alloy with fine grains, developed by
CDRX, are mainly controlled by grain growth without
texture  change, which is static
recrystallization (cSRX).

4) The activation energy Q responsible for grain
growth can be deduced to be (125+£10) kJ/mol close to
the self diffusion activation energy of atoms in
magnesium alloy (135 kJ/mol), demonstrating a grain
growth process mainly controlled by the self-diffusion of
atoms.

continuous
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