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Abstract: Superplastic mechanical properties of fine grained AZ31 Mg alloy sheets in the temperature range of 250 =450 ‘C and

strain rate range of 0. 7% 10” *=1.4x 10" 's™ ' were investigated by uniaxial tensile tests. The microstructure evolution during the

superplastic deformation of AZ31 Mg alloy was examined by means of metallurgical microscope and transmission electronic micro-

scope (TEM) . It is shown that, fine grained AZ31 Mg alloy starts to exhibit superplasticity at 300 C and the maximum elongation

of 362.5% is obtained at 400 'C and 0.7 x 10" *s™ '. The predominate superplastic mechanism of AZ31 Mg alloy in the tempera

ture range of 300 =400 C is grain boundary sliding (GBS). Twinning caused by pile-up of dislocations during the early stage of

superplastic deformation is the hardening mechanism, and dynamic continuous recrystallization ( DCRX) is the important softening

mechanism and grain stability mechanism during the superplastic deformation of the alloy.
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1 INTRODUCTION

Compared with heavier structural alloys such as alu-
minum alloys and steels, magnesium alloys have unique
advantages in superplastic forming structural components
with complex shapes due to their low density and high
specific strength. Therefore, wide applications of super-
plastic magnesium alloys can be expected in such fields as
automobiles, electronic appliances and aeronautic instru-
ments. The raw material with equaxial fine grains ( mean
grain size less than 10 Mm ) is the usual requirement for
superplastic forming of metals!™ ?'. To date, equal-chan-
nel angular pressing ( ECAP)!* * and hot rolling ™
have been used to obtain microstructure of equaxial fine
grains for superplastic deformation, and superplasticity in
several magnesium alloys and their composites have been
achieved'* 1. Howbeit, the superplasticity of Mg alloys
still relies on the stability of grain size and shape during
elevated

the superplastic ~deformation —at

tures[ L 12] .

tempera-

Consequently, it is of great significance to investi-
gate the microstructure evolution and dislocation activity of
Mg alloys during their superplastic deformation so as to
understand the inherent mechanism of superplastic defor
mation, obtain the optimum superplastic deformation con-
ditions and then promote the practical application of the

alloys. In the present study, hot rolling process was em-
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ployed to obtain fine-grained AZ31 alloy sheets. Uniaxial
tensile tests were conducted to investigate the superplas-
ticity of AZ31 Mg alloy at various temperatures and strain
rates, and metallurgical microscope and transmission elec-
tronic microscope (TEM) were used to observe and ana
lyze microstructure evolution and dislocation activity of the

alloy under various deformation conditions.
2 EXPERIMENTAL

2.1 Preparation of fine grained sheets

The material used in this study was a commercial ex-
truded AZ31 Mg alloy sheet with a thickness of 1.2 mm,
its chemical composition and microstructure are shown in
Table 1 and Fig. 1 respectively. It is noticed that the ex-
truded AZ31 sheets have a norruniform microstructure
with many small grains along the boundary of large grains.
The average grain size of 15 Hm is relatively large for su-
perplastic deformation. To refine the as received sheets,
hot rolling process was adopted. The Mg alloy sheets were
heated to 320 C followed by four passes.

Table 1 Chemical composition of AZ31

magnesium alloy sheet ( mass fraction, %)

Al Zn Mn Ca Si Cu Mg

2.573.50.671.4 0.271.0 0.04 0.1 0.01 Bal

With the thinning of the sheets, the reduction was
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Fig.1 Microstructure of
asreceived extruded AZ31 alloy sheet
decreased progressively. After each pass, the sheet was
reheated to 320 C for the next rolling pass in order to
avoid cracks of sheet due to heat dissipation. After the
treatment, AZ31 Mg alloy sheets with fine-grained mi
crostructure ( mean grain size being 4.5 Pm) were ob-

tained, as shown in Fig. 2.

Fig. 2 Microstructure of
hot-rolled AZ31 alloy sheet

2.2 Experimental procedure

Uniaxial tensile samples were machined directly from
the hot-rolled sheets. The gauge length and width were 12
mm and 5 mm, respectively. Uniaxial tensile tests were
conducted on a SHIMADZU AG-200kN testing machine e
quipped with an airheating furnace, the tensile axe is
parallel to the rolling direction of the sample. The temr
perature range and stain rate range for the test were 250 ~
450 ‘C and 0.7% 10"~ 1.4 x 10" ' s~ ' respectively. To
preserve the microstructures at the specified strain or at

unloaded and

quenched in water. Specimens for optical microscopy were

fracture, samples were immediately
sectioned, cold mounted, polished and then etched in
3% wmalic acid+ 2% nitric acid and distilled water solu-
tion. Metallurgical structure was observed by Neophot-32

microscope and the mean grain size was determined using

linear intercept method' . The interior morphology of
grains in deformed specimens were observed by a PHILIPS
EM400T transmission electronic microscope (TEM) with
an accelerating voltage of 200 kV.

3 RESULTS AND DISCUSSION

3.1 Superplastic mechanical properties

The uniaxial tensile curves obtained at a strain rate
( 8) of .4x107°s" "and a temperature range of 250 ~
450 C are shown in Fig. 3. It is demonstrated that the e
longation of AZ31 Mg alloy increases progressively with
increasing temperatures below 400 C. With the deforma-
tion temperature increasing from 250 C to 300 C, the e
longation increases from 80. 8% to 182. 1%, whereas the
flow stress decreases significantly. This shows that AZ31
Mg alloy starts to exhibit superplasticity from 300 ‘C. At
400 C,
achieved. When temperature is continuously increased to
450 C, the elongation of AZ31 Mg alloy decreases drasti-

cally to 108. 3% due to oxidation. This non-monotonic

the maximum elongation of 327. 5% is

change of elongation with temperatures indicates that the
optimum temperature for the superplastic deformation of
AZ31 Mg alloy is 400 C. It should be noticed that, at
300 C, the flow stress decreases slowly after quickly
reaching a peak value, showing obvious characteristic of
softening. With the increase of temperature, the softening
extent decreases gradually after peak stress, while the
hardening extent increases significantly before peak
stress. This shows the strain rate hardening and resistance
to necking of AZ31 Mg alloy are obviously enhanced by
increasing temperature.

The true stress —strain curves at 400 C and a
strain rate range of 0.7x107 = 1.4x10"'s ' are

|

Fig. 3 Tensile curves of AZ31 alloy at

various temperatures
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shown in Fig. 4. It is seen that, in a relatively high strain
rate range of 2. 8% 10" >~ 1.4x 10" 's™ ', the flow stress
reaches a peak value, then decreases quickly followed by
fracture after an elongation less than 100% , without ex-
hibiting well defined quast steady stage of superplastic de-
formation. With the decrease of strain rate from 2. 8 x
10 2s™ ', the flow stress decreases obviously, while the
elongation increases significantly. When the strain rate is
decreased to 1. 4% 10" *s™ !, the flow curve exhibits ob-
vious steady state. Continuously lowering the strain rate to
0.7x 10" s™ ', the elongation increases from 327. 5%
to 362. 5%, indicating that low strain rate is favorable for
improving the superplasticity of AZ31 Mg alloy.

Fig. 4 Stress —strain curves of AZ31 alloy at
various strain rates
Fig. 5 shows the double logarithm relations between
flow stress and strain rate at a true strain of 0. 2 and the
superplastic temperature of 300 =400 C. It is shown that
there exists a sigmoidal relationship between stress and
strain rate, especial-y at high temperature, indicating

[

three wellknown deformation regions' " ' of superplastic

Fig. 5 Flow stress vs strain rates at

various temperatures

alloys, and the suitable strain rate range for superplastic
deformation of AZ31 alloy is 1.4x 10" s™ '~ 1.4x 10" *
s”!. Fig. 6 shows the relationship between fracture elon-
gation and strain rate at various temperatures. It is found
that, at relatively low temperatures (250 C, for exanr
ple) , the fracture elongation § almost doesn't change with
strain rate, showing weak strain rate sensitivity. In con-
trast, O decreases significantly with increasing strain rate
at higher temperatures( 2300 ‘C), showing strong strain

rate sensitivity.

Fig. 6 Elongation vs strain rate at
various temperatures

3.2 Microstructure evolution

Fig. 7 shows the microstructures of fractured spect-
mens at a strain rate of 1.4x 10" *s™ " and a temperature
of 300 =400 C (the tensile direction is vertical). It is
seen that the mean grain size is slightly increased after
considerable superplastic deformation. The grains are
slightly elongated along the tensile direction, but the grain
shapes basically remains equaxial, indicating the domi
nate superplastic deformation mechanism of AZ31 Mg al-
loy at temperature of 300 =400 C is grain boundary slid-
ing (GBS)!"!. The slight elongation of grains along the
tensile direction implies occurrence of intragranular slip
during the superplastic deformation of AZ31 Mg alloy' ™'

To understand the superplastic deformation behavior
of AZ31 Mg alloy more clearly, transmission electronic
microscope (TEM) was used to observe grain interior.
Fig. 8 shows the TEM morphology of a specimen elongated
t048.3% at 400 C and 1.4x 107> s™'. It is found
that, at the early stage of superplastic deformation, there
are large amount of intersecting twins inside grains. The
dislocation density in the vicinity of twin boundaries is
high (Fig. 8(a)), while the dislocation density inside
(Fig. 8 (b)). This ur
dicates that, in the early stage of superplastic de

twins is very low
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Fig. 7 Microstructures of fractured specimens at

various temperatures
(a) =300 C; (b) =350 C; (¢) —400 C

formation, dislocations are seriously blocked due to differ-
ent orientation of grains and the impeding effect of triple
junction grain boundaries, thus resulting in large amount
of intersecting twins and consequently obvious hardening
of the alloy. It needs to be mentioned that twinning defor-
mation makes grains rotate to favorable orientation, hence
promoting subsequent deformation more uniform.

The TEM morphology of a specimen elongated to
116.7% at a temperature of 400 C and a strain rate of
1.4x 10" ?s™ " is shown in Fig. 9. Tt is seen that obvious
dynamic recrystallization occurs. The dynamic recrystal-
lization starting from the middle stage and large amount of
twins produced in the early stage demonstrate that the err

Fig. 8 TEM images of grain interior at
elongation of 48. 3%

(a) —Intersection of deformation twins;
(b) —Intersection of dislocations

er gy accumulated by twinning at the early stage is the
prerequisite for dynamic recrystallization of AZ31 Mg al-
loy. This is because that extended dislocations are wide
due to low stack fault energy of Mg alloy! ', as a result,
dislocations can be neither free from dislocation nets nor
offset each other by cross=slip and climbing, thus produc
ing high density of dislocations near twin boundaries and
grain boundaries. When the deformation energy accumu-
lated is sufficient enough, dynamic recrystallization oc
cus. Fig. 9(a) shows the coexistence of recrystallized
large grain A and small grain B, indicating dynamic re-
crystallization proceeds continuously. Curved grain bound-
aries (Fig. 9(a)) and crumpled bands ( Fig. 9(b)) near
grain boundaries prove occurrence of grain boundary slid-
ing among grains[ 7 once again.

Usually, dynamic recrystallization is classified into
dynamic continuous recrystallization ( DCRX) and dynam-
ic discontinuous recrystallization ( DDRX)!"'.  During
continuous recrystallization, dislocations will remain in
the recrystallized grains whereas discontinuous recrystal-
lization removes dislocations through the sweeping action

of high angle boundaries' ™ . In the present study, there
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still remain large amount of dislocations in recrystallized
grain interior ( Fig. 10), indicating the occurrence of
DCRX during the superplastic deformation of AZ31 alloy.
It is implied that dislocation cells in grains transform to
subgrains and low angle boundaries convert to high angle

Fig. 9 TEM images of grains at
elongation of 116. 7%
(a) —Recrystallized grains;
(b) —Crumpled bands pointed by white arrows

Fig. 10 TEM image of specimen deformed to
116.7% at 400 C and 1.4x 10" s

(White arrows pointing grain boundaries)

boundaries continuously. Fine grains produced in DCRX
ensure the stability of grain shape and size, thus lowering
the flow stress during the deformation. Therefore, it is
concluded that DCRX is the mechanism of softening and
grain stability to ensure the superplasticity of AZ31 Mg al-
loy, however this process starts not in the early stage of
deformation but in the middle stage after considerable
strain hardening due to twinning.

4 CONCLUSIONS

1) Hot rolling process was adopted to refine as re-
ceived extruded AZ31 Mg alloy sheets and fine-grained
AZ31 Mg alloy sheets with a mean grain size of 4. 5 Hm
were obtained for superplastic deformation.

2) Fine-grained AZ31 Mg alloy starts to exhibit su-
perplasticity from 300 C and the strain rate sensitivity is
significantly enhanced with increasing temperature and
decreasing strain rate. The maximum elongation of 362.
5% was obtained at a temperature of 400 C and a strain
rate of 0.7%x 1077 s~ .

3) It is indicated by metallurgical observation that,
the grains of AZ31 alloy remain equaxial after superplastic
deformation, indicating the dominate mechanism in super-
plastic deformation of AZ31 alloy is GBS. The slight elon-
gation of grains implies intragranular dislocation slip dur-
ing superplastic deformation.

4) The TEM observation shows that a large amount
of twins are produced in the early stage of superplastic de-
formation and the twinning deformation is the prerequisite
for DRX. It is demonstrated by high density of disloca-
tions that DCRX occurs during the superplastic deforma-
tion of AZ31 alloy.

5) DCRX is the mechanism of softening and grain
stability for superplastic deformation of AZ31 Mg alloy.
The curved grain boundaries and crumpled bands at grain
boundaries after deformation prove the occurrence of GBS
during superplastic deformation of AZ31 Mg alloy.
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