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Abstract

The influence of rolling temperature and the effect of strain rate
on the microstructure of AZ31B Mg alloy were determined in
order to improve its formability. A plate of AZ31 alloy was found
to be sensitive to strain rate at high temperature and anisotropy
was adversely impacted in cold rolling sheets. Thus, AZ31B has
better workability within the temperature range of 200 to 250 °C,
due to the grain refinement, caused by recovery and dynamic
recrystallization. The effect of rolling temperature was studied on
recrystallized sheets (2 mm in thickness) which were deformed by
rolling at different temperatures (25, 100, 200 and 250 °C) and the
effect of strain rates was evaluated on two different rolling speed
(10 and 20 rpm). The microstructural characterization was
achieved using several complementary techniques of
microstructural analysis, such as optical microscopy, scanning
electron microscopy, X-ray analysis by energy dispersive, X-ray
diffraction and microhardness.

Introduction

The AZ31B magnesium alloy is a promising structural light
material due to its high specific strength and high specific
stiffness. Therefore, it is desired to improve the ductility and
workability in order to increase its applications, especially in
automotive and aerospace industry [1]. Many researches were
carried out to enhance the formability of Mg alloy sheets at high
temperature. However, there have been a few investigations on
the room temperature formability of Mg alloys. It is known that
plastic deformation in metals at low temperatures occurs as a
result of two mechanisms: slip and twinning. Twin formation
depends on the orientation of the crystals which make up the alloy
with respect to the applied stresses [1, 2).

Formability of magnesium alloys greatly increases at high
temperatures accompanied by a decrease in flow stress, an
increase in strain rate sensitivity, and a decrease in normal
anisotropy. The value of the critical resolved shear stress (CRSS)
of the non-basal slip systems decreases at high temperature
improving the ductility. Furthermore, an increase in the deformed
temperature also affects the recrystallization behavior of
magnesium alloys. Once a critical strain is exceeded, it is possible
that during and after deformation occur both dynamic
recrystallization and static recrystallization, respectively. Their
mechanisms change the grain morphology, and are function of
deformation temperature, strain, strain rate, deformation mode,
grain size, and grain orientation [3].

Recently, it was showed that grain refinement is effective for
activation of prismatic slip at grain boundary, because grain
refinement promotes stress concentration at grain boundary,
resulting in activation of prismatic slip. Thus, the deformation
mechanisms of Mg alloys depend not only of five independent
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slips, but also the relaxation mechanisms for the stress
concentration at the grain boundary and formation of twins, which
is produced at higher strain rates and lower temperatures. Their
formation strongly depends on grain size [5]. Therefore. it
possible to state that during deformation in a coarse-grained Mg
alloy, twinning plays a vital role, not in a fine-grained Mg alloy
[10]. Yet, effects of the grain size on roles of twinning in the
deformation are not still completely understood.

In the present research, the effect of rolling temperature on
microstructural evolution is studied at cold and warm plastic
deformation on sheets of AZ31B alloys, using microstructural
characterization tools.

Experimental details

The received material was a plate of 2 mm in thickness of AZ31B
magnesium alloy with a nominal chemical composition of 3.34—
3.63 wt% Al, 0.45-0.53 wt% Zn, 0.27-0.29 wt% Mn, and balance
Mg. It was produced by twin-roll caster by Sinomag Company,
China. This sheet was cut into plates with approximate
dimensions of 50x10 mm? for rolling experiments.

Each samples were heated up at rolling temperature (25, 100, 200
and 300 °C ) and kept at this temperature for 10 min, then sent to
a small sized rolling mill of 108 mm in diameter for rolling at a
single pass. The rolling speeds were maintained at 10 rpm,
without any lubricant. Such rolling processes were carried out
controlling the compressive reduction in thickness near 10-15%
for cold rolling (25 and 100 °C), and near 15-20% for warm
rolling (200, and 250 °C). For the same temperature range, the
rolling speed was increased to 20rpm and the compressive
reduction in thickness was increased to 30% for every rolling
temperature.

Table 1 — Table showing the temperature and reduced thickness of the
sample sheet with one pass.

10 rpm 20 rpm
Temperature Reduced strain rates Reduced
°C thickness (%) s thickness (%)
25 10 1.6 30
100 15 23 30
200 15 23 30
250 20 2.8 30

Figure 1. Appearance of rolled samples at different temperature and
rolling speeds: a) 10 rpm and b) 20 rpm for 5.7 (s') strain rates.




The appearance of the thinnest sheets after rolling is showed on
Figure. 1 and the summary of the reduced thickness, strain rates
and variation of rolling speeds are on Table 1. In the figure 1b is
evident that the deformation strain is accommodated partly by
large amounts of shear bands, which are very common features
for AZ31 deformed by rolling.

For metallographic analysis, the as-rolled samples were cut into a
square of 10mmx10mm in dimensions. The observed positions
were on rolling sections parallel to rolling direction. All samples
were ground with SiC papers and etching the samples surface with
two mixed solution of nitric acid in diethylene glycol and acetic-
picral to reveal the grain structure. Metallurgical structure was
observed by using an Olympus PME-3 optical microscopy. The
crystal structure and network parameters were determined using
X-ray diffraction (XRD) with a Cu Ka radiation (Rigaku). The
precipitates were analyzed using scanning electron microscopy
(SEM, Philips EM400T) equipped with an energy dispersive X-
ray (EDX) spectrometer. Vickers hardness was measured with 0.3
kg load and dwell time of 10 s. The mean linear intercept method
was used for grain size analysis.

Results and discussion
Microstructure
The microstructure of the as-received AZ31B-alloy had a mean

grain diameter of 13 pm (as seen in Fig. 2b) and Vickers hardness
49 approximately.

a)

b)

Figure 2. Images (a. MEV; b. OM) the as-received magnesium alloy
normal to rolling direction.

The surface of magnesium alloy plate AZ31B as received material
presents micro-pores of different sizes and white eutectic
precipitates (Figure 2) that according of literature [7]; they are
possibly precipitates of Mg;;Al);, AlgMn, AlsMn ¢ AlMn.
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Figure 3. EDX precipitates spectrum at surface as-received material of
AZ31B-alloy.

284

Elem Wit% At%
MgK 80.76 93.15
AIK 6.26 578
Cel 0.68 0.12
MnK 0.56 0.25
FeK 0.35 0.16
ZnK 139 0.53
Total 100.00  100.00

Figure 4. Precipitates image (MEV) and composition of Mg matrix at
surface as-received material.

Big precipitates were observed on micrographs (Figure 4.) and Al
and Mn were detected by SEM-EDX. After rolling at up 200 °C
temperature, eutectic phases were partly dissolved, resulting in
shape changes of eutectic precipitates from big to small particles
by increasing strain and temperature (Figures 5). The precipitates
were remarkably refined to less than 3 pm (Fig. 5b) and
redistributed on the o-Mg matrix, as the rolled temperature
increased to 250 °C.

Figure 5. Redistribution of eutectic precipitates of samples rotled at 10
rpm a.) Sample rolled at 25°C and b.) Sample rolled at 250°C

The EDX spectrum from matrix alloy showed that samples rolled
at 250 °C contain much more Al and Mn than the as-received
material. It confirms that there were lots of eutectic precipitates by
dissolution. Otherwise, the atomic percentages of Al and Mn for
warm-rolled sample were found to be less than those for cold-
rolled one. This fact implies that the precipitates were gradually
broken by the large deformation during cold rolling and partly
dissolved during the pre-heating and during warm rolling,
resulting in redistribution of precipitates.

Figure sheets at
10rpm rolling speed and a) 25 °C, b) 100 °C, ¢) 200 °C ¢) 250 °C.



After rolling at 10 rpm, the microstructure of samples was
characterized by the mixture of small grains, large amounts of
shear bands and twin boundaries (Figure. 6). The grain size of
cold rolled sample (25 °C and 10 % reduced thickness) decreased
from 13 pm to about 10 um, inducing inhibition of mechanical
twinning. Increasing reduction to 15% and temperatures up to 100
°C, plastic deformation of magnesium produced extensive
formation of twinning and dense dislocation pile-ups within
grains, especially, on bigger grains where twins were more
prominent as was found by Barnett’s research. Whereas at
temperature up to 200 °C, the microstructures of 15 % and 20%
reduced thickness (figure 6c. and 6d.) revealed bimodal
distributions of grain sizes with smaller grains about 10 pm and
coarser ones about 20 pm. The appearance of these refined grains
was mainly induced by recrystallization during the pre-heating
and warm rolling. So the static recrystallization may occur during
the preheating process for 10 min before the rolling pass.

In order to determine the effect of strain rate, the rolling speed and
the reduced thickness were increased to 20 rpm and 30%.
respectively. At room temperature (25°C ) rolling to 30%
reduction in thickness causes cracks, breaking into many small
pieces; hence, 10% reduced thickness represents the upper limit of
maximum deformation at room temperature.

a)

Bt

Figure 7. Micrographs of the samples rolled at 20rpm, 30% reduced
thickness and a) 25 °C, b) 100 °C, ¢) 200 °C ¢) 250 °C.

Comparing samples rolled at 25 °C and 100°C, they had low grain
size variations, showing almost a normal distribution of grain
sizes about 15 pm (figure 7a and 7b). Increasing temperature up
to 200°C, the resultant microstructure became a bimodal mix of
finer recrystallized grains (8 um) and coarser deformed grains
(20pm).

Hardness
Table 4. Microhardness values of the as-rolled samples at different
temperature and roll speed.
10 rpm 20 rpm and 30% of
reduced thickness
T Reduced Vickers Vickers
°C thickness hardness hardness
(%) (kg/mm’) (kgd/mm’)
25 10 73£1.1 76+1.5
100 15 72+1.8 8112
200 15 73£1.3 84+1.5
250 20 70£1.1 81+1.7
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The AZ31B alloy as-received material exhibited a relative low
hardness of 49+1.8 HV. After rolling at low roll speed (10 rpm),
hardening considerably increased to 73HV, and reached the
highest value of 84HV at 200 °C with 20rpm roll speed. It means
that AZ31B alloy exhibits a strong hardening behavior by plastic
deformation and by age precipitation at temperature up to 100 °C
because of redistribution of precipitates. Such as samples with
heavy-reduction (30% ) at high rolling speed showed 71%
increase in hardness (100 and 200 °C). Although at 250 °C, there
was a little decrease in hardness due to the nucleation of new
strain free grains which removed the strain hardening effects and
also likely to be contributed in part from recovery prior to
recrystallization.

Normal anisotropy

For small strains and thickness samples. a parameter that can
characterize the formability of rolled sheets is the normal
anisotropy, which would be determined by invoking the volume
(V) constancy, DV/V= + ¢+ ¢, = 0, where w, t, and | denote
sample width, thickness, and length, respectively, and i and f
denote initial and final values [9].

_ In(w, /w;)
T =InQly /1) - In(wy /W)

Table 3. The planar anisotropy r-value obtained in samples rolled at
different rolling speed and temperature.

n

10 rpm 20 rpm
strain rate; 5.7s”
T(C) | strainrate (s7) R R
25 1.5 5.4 -
100 23 43 55
200 23 39 42
250 2.8 3.7 3.4

The magnesium alloy AZ31 showed a significant drop in the
normal anisotropy between room temperature and 250 °C (Table
3). This is likely the result of an increase in pyramidal slip activity
at higher test temperatures as indicated Koike’s researches [4].
This anisotropy provides indirect evidence that there is a change
in deformation mechanisms and is attributed to well develop
[0002] basal plane, which is a typical texture of warm or cold
rolled Mg alloy sheets [10]. Nevertheless, the recovery and
dynamic recrystallization processes also decrease r-values at high
temperatures on hcp metals, improving the ductility. An increment
of roll speed from 10 to 20rpm, improved the strain rate
sensitivity from 1.6s™ to 5.7s” and induced better formability at
temperature up to100°C.

X-ray diffraction
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Figure. 8. X-ray diffraction patterns of the as-received AZ31B-alloy.



Figure 8 shows X-ray diffraction patterns of the as-received
AZ31B-alloy. All diffraction peaks coincide with those of a-Mg
(01-089-4894), suggesting that the AZ31 Mg alloy consists
mainly of a-Mg basic phase. The strongest diffraction peak for the
AZ31B alloy belongs to (0 0 0 2) and network parameters were
calculated as a and c parameters, where a 0,3198nm; c=
0,5170nm, and c/a=1,6166.
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Figure 9. XRD diffraction patterns of AZ31B Mg alloy for rolled samples.

Table 5. Rolling condition and designed name of XRD diffraction

patterns.

Temperature Reduced X-ray diffraction Rolling
°C thickness (%) pattern speed (rpm)
25 10 d 10
100 15 c 10
200 15 b 10
250 20 a 10
250 30 e 20

The figure 9 shows the X-ray diffraction patterns of rolled
samples with different thickness for AZ31 Mg alloys. The varying
of intensity showed a transformation of precipitates into
magnesium matrix. Comparing X-ray diffraction peaks of the
specimens rolled at 10rpm, for 10% and 20% reduction (curve d
and a). At high reduction the intensity of peaks decreases
resulting on broad peaks diffraction peaks due to mainly
temperature increment from 25 to 250 °C. As reported by Peng-Xi
Li that a decrease in intensity results on broad peaks.

At 20 rpm rolling speed (curve ¢), the X-ray diffraction pattern
presented broad and sharp peaks due to the precipitation of
crystalline phases. The intensity of reflection was increased with
increasing speed of the rolling. The microstructures of these alloys
showed that the amount of precipitates increases at high rolled
temperature as was obtained by X-ray diffraction analyses. The
volume fraction of B phase grows during the preheating process
before rolling, as shown by the growth of its associated Bragg
peaks. The lattice constants change as aluminum exits the matrix
to form precipitates, as shown by the Bragg peak’s movement to
lower 26 values. However, the X-ray diffraction of warm rolled
samples needs more complement data to determine completely the
effect of rolling temperature.

Summary

AZ31B Magnesium alloy sheets with about 2 mm in thickness
rolled by one-pass with different thickness at cold and warm
temperature showed large deformation results with high rolling
speed.
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The grain refinement was achieved at cold rolling with small
reduction in thickness (10%) and low strain rate, twinning was
predominantly formed in coarse grains, not in fine grains and
with; whereas at temperature up 200°C fine grains were formed by
discontinuous recrystallization during the preheating and warm-
rolling process. The high speed rolling is very effective for grain
refinement.

The AZ31B alloy had a large hardening response on cold and
warm rolling temperature resulting of plastic deformation, and
precipitation of a transition phase B-(Mg;Alj;), consequently
offering a combination of good strength and ductility.

AZ31 alloy was found to be sensitive to strain rate in the high
temperature, besides the increase in the flow stress, appears as a
decrease in material formability. The anisotropy was adversely
impacted in cold rolling sheets and was characterized by high
anisotropy at room temperature. Thus. the formability of AZ31B
alloy increases with temperature when plastic deformation is
performed at low rolling speed, while an increasing of rolling
speed leads a decrease in formability at high temperature.
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