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Abstract: The flow curves of as-cast AZ31B magnesium alloy during high temperature deformation
were obtained with a thermal compression test, and the effects of deformation amount, grain size,
strain rate, and deformation temperature on the flow stress, strain rate sensitivity index, and strain
hardening index were analyzed. The results showed that deformation and grain size were negatively
correlated with both the strain rate sensitivity index and strain hardening index. The increase in
strain rate increased the strain hardening index but made the strain rate sensitivity index show an
opposite trend. Increasing temperature reduced the strain rate sensitivity index and strain hardening
index but, when the temperature exceeded 700 K, the strain rate sensitivity index was no longer
affected by temperature. Since the strain rate sensitivity index m and strain hardening index n are
important parameters for measuring the plastic deformation of metal materials, this study has great
significance for guiding the selection of process parameters in the plastic processing of as-cast AZ31
magnesium alloy.

Keywords: as-cast AZ31B magnesium alloy; rheological behavior; strain rate sensitivity index; strain
hardening index; microstructure

1. Introduction

With the increase in fuel costs, the demand for lightweight automobiles is growing
more and more. Magnesium alloy is the lightest metal structural material at present. Com-
pared with steel and aluminum alloys, magnesium alloy has the advantages of low density,
high specific strength and specific stiffness, good thermal conductivity and damping, good
electromagnetic shielding performance, easy cutting, and the capacity to be recycled. Based
on these advantages, it has broad application prospects in the aerospace, transportation,
electronic communication, and home appliance industries [1-3]. However, magnesium
alloy has a hexagonal, close-packed crystal structure, which leads to a weaker start-up
slip system and poor plastic deformation ability during deformation at room temperature,
severely limiting its practical applications [4,5].

It is well-known that the strain rate sensitivity index m and strain hardening index n are
important parameters for measuring the plastic deformation of metal materials. The strain
rate sensitivity index m is the parameter for the material’s tendency toward strengthening
when the strain rate changes; the strain hardening exponent n is the parameter that describes
the work hardening behavior of metal materials during deformation and reflects the ability
of materials to resist plastic deformation. Therefore, it is of great significance to study the
responses of the strain rate sensitivity index m and strain hardening index n of magnesium
alloy to process parameters and microstructure changes during isothermal compression.

Wang et al. [6] studied the strain rate sensitivity and anisotropic behavior of a rare-
earth magnesium sheet alloy ZEK100 and found that the strain rate sensitivity of the
ZEK100 sheet depended strongly on both the loading orientation and the strain amplitude.
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E. Karimi et al. [7] studied the instantaneous strain rate sensitivity of wrought AZ31
magnesium alloy and found that the instantaneous strain rate sensitivity of the AZ31 alloy
was significantly affected by the strain rate and imposed strain. N. Sriraman et al. [8]
determined the different stages of strain hardening exhibited by variously processed Mg-
41i-0.5Ca alloy test specimens and discovered that, after more plastic strain (dislocation
density) was accumulated in the KAM [9] mapping, the AR350 alloy exhibited a higher
strain hardening rate in the later stage.

Although research on the strain rate sensitivity index and strain hardening index has
begun to increase in recent years, most studies are not systematic enough. This study took
as-cast AZ31B magnesium alloy as the research object and analyzed the influence of different
process variables on flow stress, calculated the strain rate sensitivity index m and strain
hardening index n of as-cast AZ31B magnesium alloy under different forming parameters,
and analyzed the influence of microstructure and process parameters on the two indexes.
This has important theoretical significance and engineering value for improving the material
properties of as-cast AZ31B magnesium alloy, making it possible to improve the process to
optimize the microstructure.

2. Experiment
2.1. Experimental Materials

The experimental raw material was a casting billet of AZ31B magnesium alloy pro-
duced by a company. The original microstructure is shown in Figure 1. It can be seen that
the microstructure of as-cast AZ31B magnesium alloy is composed of irregular original
coarse grains, the crystal boundary is clear, and fine recrystallized grains appeared at the
grain boundaries of some large grains. The chemical constituents of the material are shown
in Table 1.

Figure 1. The original microstructure of AZ31B alloy.

Table 1. Composition of AZ31B (wt.%).

Al

Zn

Mn Si Fe Cu Ca Be Mg

3.19

0.81

0.334 0.02 0.005 0.05 0.04 0.1 Bal.

2.2. Experimental Procedures

Generally, there are three methods used to study the thermal deformation behavior of
materials: uniaxial tension, uniaxial compression, and torsion. Figure 2 shows the process
for the compression simulation experiment. In this experiment, the uniaxial compression
process of AZ31 magnesium alloy under a series of different temperatures and strain rates
was simulated with a Gleeble—3800 compression testing machine from Fleur Instrument
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Technology (Shanghai) Co., Ltd., China. The flow stress data for the material during hot
compression were automatically collected and recorded by the computer of the thermal
simulator of the testing machine. The compressed specimen used in this study was a
cylindrical standard test sample processed by WEDM (specification: ®8 x 12 mm) from
Suzhou AVIC Technology Equipment Co., Ltd., China. Lubricants (graphite and oil) were
coated on the two ends of the specimen to reduce the friction between the punch and the
sample and avoid uneven deformation. Since magnesium alloy has an HCP(hexagonal
closepacked structure) structure, the formability is poor at room temperature and increases
significantly with increasing temperature. It is known that most wrought magnesium alloys
have good formability at high temperatures of 623~773 K ([10,11]) and that the deformation
of magnesium alloy is affected by stress state and alloy structure ([12-14]). Therefore, the
compression deformation temperature range was set to 623-773 K; the strain rates were
0.1s 1,151, and 10 s7%; and the compression amount was 60% After the experiment,
the samples were cooled to room temperature in air; 400#, 800#, 1000#, 15004, 2000#, and
3000# water-grinding sandpaper was used to grind the metallographic samples; and a
mixed solution composed of 5 g picric acid + 5 g glacial acetic acid + 10 mL distilled water
+ 80 mL anhydrous ethanol was used to erode the polished metallographic samples. Then,
the microstructures of the samples were observed with an optical microscope.

Wire cutting Isothermal compression cutting Microstructure
— — - - Microstructur
D G D observation

. T:623—-773K
Specimens #0455 1s-% 105~ Compressed

h12 X @8 mm R:30%, 45%,60% specimens

Figure 2. Schematic diagram of the experimental process.

Following this, in accordance with the flow stress data automatically recorded in the
experiment, the change rule for the value of the strain rate sensitivity coefficient m with
changes in temperature and strain rate and the change rule for the value of strain hardening
coefficient n with changes in strain and temperature could be calculated.

3. Results and Discussion
3.1. Flow Behavior of the AZ31B Alloy

Figure 3 shows the typical true stress—strain curve of as-cast AZ31B magnesium alloy
after hot compression, indicating the influence of different deformation conditions on the
flow stress of AZ31B magnesium alloy under the condition of 60% deformation [15-17].
It can be seen that the change trend for the flow stress—strain curves of AZ31B magnesium
alloy under different deformation conditions were similar; that is, in the initial stage of
deformation, with the increase in strain, the flow stress increased rapidly and reached the
peak stress, then decreased gradually, and, finally, tended toward stability. Researchers
believe that the reasons for this phenomenon are as follows [18-20]. In the initial stage of
deformation, strain hardening occupies a dominant position, so the flow stress increases
with the increase of strain. However, with the deepening of deformation, the softening effect
of dynamic recrystallization and dynamic recovery gradually increases, which gradually
offsets the strain hardening effect, resulting in a slow decline in flow stress. When the
dynamic recrystallization softening and strain hardening reach equilibrium, the flow stress
acquires a stable state. In addition, the wavy stress—strain curves in Figure 3a,c should be
derived from the electronics of the testing machine and did not affect the results discussed
in this paper.
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Figure 3. Typical flow stress—strain curves of as-cast AZ31B magnesium alloy: (a) ¢ = 0.1 s7;
b é=1s"1()e=10s"1.

We can intuitively and quickly discern from Figure 3 that the flow stress and its peak
value for AZ31B magnesium alloy diminished gradually as the deformation temperature
increased at a certain strain rate. The reason is that the essence of metal deformation is the
process of fracturing and re-bonding of metal bonds. The higher the deformation temperature,
the more kinetic energy the metal atoms obtain during deformation, so that the atoms are
more likely to break away from the metal bonds to soften the metal materials; that is, the
flow stress of the metal decreases, and the peak stress that needs to be overcome in the
deformation decreases. At the same time, comparing Figure 3a—c, it can be seen that the flow
stress of AZ31B magnesium alloy increased with the increase in the strain rate at the same
deformation temperature. This was because, as the strain rate increases, the time required
for the material to produce the same amount of deformation becomes shorter and shorter,
so that the alloy does not have enough time to complete dynamic recrystallization, which
means that the softening effect is not obvious and the work hardening effect is more and
more significant, finally causing the increase in flow stress [21].

In summary, the flow stress of as-cast AZ31B magnesium alloy was highly sensitive to
deformation temperature, strain rate, and strain.

Figure 4 displays the effects of deformation temperature and strain rate on flow stress
under different strain conditions. On the whole, the flow stress of AZ31B magnesium
alloy decreased gradually with the increase in the deforming temperature, which was due
to the dynamic softening phenomenon in the material with the increase in deformation
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temperature, and the dynamic softening of the material was sufficient to offset its strain
hardening during isothermal compression [22].
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Figure 4. The variation trend for flow stress with strain rate and deformation temperature under
different strain conditions: (a) ¢ = 0.2; (b) ¢ = 0.4; (c) ¢ = 0.6; (d) ¢ = 0.8.

The trend for the curve in Figure 4 shows that, under the same strain rate and deforma-
tion temperature, the flow stress of the alloy gradually decreased with the increase in the
strain. This was due to the fact that, with the increase in strain, the original coarse grains
in the microstructure of the alloy were completely crushed, and dynamic recrystallization
occurred under the action of higher deformation temperature, which triggered the softening
mechanism of recrystallization and led to the gradual decrease in the flow stress of the
alloy. Meanwhile, we found that, under the same deformation conditions, as the strain
rate increased, the flow stress of the alloy increased gradually. This was because the larger
strain rate led to a shorter time being required for the material to complete the deformation,
so the alloy did not have enough time to complete the nucleation and growth of dynamic
recrystallization, resulting in the softening effect of dynamic recrystallization not being
obvious. At this time, the strain hardening mechanism gradually occupied the dominant
position, so the flow stress increased gradually with the increase in strain rate [23].

In addition, Figure 4 also shows that with the strain increase, the difference between the
flow stress curves corresponding to the three strain rates in the figure became smaller and
smaller, which was similar to the trend for the curve in the graph. This phenomenon shows
that the increase in deformation led to the gradual dominance of recrystallization softening.

In general, the flow stress of the alloy gradually decreased with the increase in defor-
mation temperature, and the higher the strain rate, the faster the flow stress decreased.

As can be seen in Figure 5, under the same deformation temperature, the flow stress
of the alloy increased with the increase in strain rate, which was due to the strain hard-
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Figure 5. The variation trend for the flow stress with strain and deformation temperature under
different strain rates: (a) ¢ =0.1s L, (b)é =1s"1;(c)é =10s"L.

In the case of low deformation temperature, there was a great difference in the flow
stress values under different strains, while the difference gradually decreased with the
increase in deformation temperature. The principle is as follows: with the increase in defor-
mation temperature, atoms obtain more kinetic energy, making the dislocation movement
easier and promoting the start of the dynamic softening mechanism in the material, which
gradually occupies the dominant position, resulting in the decrease in flow stress [24].

3.2. Strain Rate Sensitivity Exponent

The strain rate sensitivity index m refers to the parameter for the sensitivity of the
flow stress of the metal material to the strain rate when plastic deformation occurs; that
is, the parameter for the strengthening tendency of the material when the strain rate
increases. In this study, the strain rate sensitivity index was determined with the following
expression [25]:

m = 11087 0
dloge |, 1

where m is the strain rate sensitivity index; ¢ is the flow stress (MPa) measured in the
compression simulation experiment; ¢ is the strain rate (s~!); ¢ is the strain; and T is the
deformation temperature (K). It can be seen from Equation (1) that, when the strain and
temperature are constant, the value of m is related to the strain rate and stress, and the size
is negatively correlated with the strain rate and positively correlated with the stress.
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In accordance with the experimental data from the thermal compression simulation,
the Ino — Ine curves for strains of 0.2, 0.4, 0.6, and 0.8 were respectively fitted, and the
corresponding mathematical expression was as follows:

lgr= aj+aslgé+as (Ige) 2 ()

The values of their corresponding coefficients al, a2, and a3 were obtained.
The strain rate sensitivity index m was obtained by derivation of In¢ on both sides of
the above formula, as follows:
lgo .
m =—2—-= ay+2azlge 3)
lge
The corresponding values of m were calculated with the above two formulas.
Assuming that the temperature was the x-axis, In was the y-axis, and m was the z-axis,
contour map 6 was drawn in Origin software. The m contour map reflects the change in
strain rate sensitivity index m with temperature and strain rate (see the figure below).
The strain rate sensitivity is usually used to determine the superplastic behavior and
deformation mechanism of materials. Figure 6 shows the variation trend for the strain
rate sensitivity index m with strain rate and deformation temperature under different
strain conditions.
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Figure 6. Contour map of strain rate sensitivity exponent of AZ31B mg alloy under different strain
conditions: (a) e = 0.2; (b) e = 0.4; (c) e = 0.6; (d) e = 0.8.

Overall, with the increase in strain, the peak value of the strain rate sensitivity index
decreased first and then increased. At the same time, the peak value of the strain rate sensi-
tivity index of AZ31B magnesium alloy under different strain conditions almost appeared
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in the low strain rate region, up to 0.21. This indicates that, in the plastic deformation stage,
low strain rate and high strain were conducive to improving the strain rate sensitivity index.
The reason is the low strain rate stage involves a long deformation time, and the material
has enough time for dynamic recrystallization nucleation and growth; at the same time, the
softening and hardening mechanisms of the material are fully initiated, which promotes
the increase in strain rate sensitivity. This also provides some help and inspiration for the
plastic processing of the material: in the plastic processing of magnesium alloy materials,
the selection of the strain rate should be appropriate, especially for the selection of a high
strain rate.

It can also be seen from Figure 6 that, when the strain value is constant, the strain
rate sensitivity index m of AZ31B magnesium alloy gradually decreases with the increase
in strain rate. This is because, as the strain rate increases, the time required for the same
deformation of the metal materials becomes shorter and shorter, resulting in there being
insufficient time for the metal materials to complete the nucleation and growth of dynamic
recrystallization in the deformation process, leading to a gradual decrease in the strain rate
sensitivity index. It was also found that, when the deformation temperature was greater
than 700 K, it had little effect on the strain rate sensitivity index under the condition of
constant strain rate. This phenomenon was more obvious when the strain was 0.8, and the
contour line in the figure was almost parallel to the abscissa.

J. Luo et al. [26] pointed out that the alloy composition, grain size, and phase volume
fraction also have some influence on the strain rate sensitivity index. Figure 7 shows the
influence of different deformation conditions on the microstructure of AZ31B magnesium
alloy during isothermal compression.

(a)

Figure 7. Microstructure photograph of AZ31B alloy with different strain rates and deformation
temperatures: (a) T = 623K, ¢ = 0.1s71; (b) T =673K, e =015, (¢) T =773K, ¢ = 0.1s7;
(d)T=773K,e=10s""1,

It can be seen from the figure that there are a large number of fine, recrystallized grains
in Figure 7a,b, as well as large original grains with relatively large sizes, but the degree
of dynamic recrystallization in Figure 7a is significantly higher. Therefore, the strain rate
sensitivity index is higher when the deformation temperature is 623 K and the strain rate is
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0.1s~!. A previous study [27] also found that the strain rate sensitivity index gradually
decreased with the increase in grain size.

It can be seen from the comparison of Figure 7c,d that the strain rate sensitivity index
gradually decreased with the increase in strain rate. This can be explained well by the
change in the microstructure in Figure 7; that is, under the same deformation temperature,
with the increase in the strain rate, the grain size of the AZ31B magnesium alloy gradually
increased, which led to the decrease in the strain rate sensitivity index.

3.3. Strain Hardening Exponent

The strain hardening index n reflects the ability of metal materials to resist uniform
plastic deformation and is the performance index used to characterize the work hardening
behavior of metal materials. H. P. Stiiwe et al. [28] pointed out that the strain hardening
exponent n is caused by the mutual balance between the strain hardening and softening
mechanisms. The calculation formula for the strain hardening exponent n used in this
study was as follows [29]:

dlogo
n —=
dloge |, r

4)

where 7 is the strain hardening index; ¢ is the flow stress (MPa); ¢ is the strain rate (s 1) e
is the strain; and T is the deformation temperature (K). It can be seen from Equation (1) that,
when the material deforms, the strain hardening index depends on its internal range (strain
interval); that is, the variable is Ae. Under the same strain rate and temperature conditions,
the larger the strain interval, the larger the denominator and the smaller the strain hardening
index n. The results show that the strain hardening strength of AZ31B magnesium alloy
decreased with the increase in strain; that is, with the deepening of deformation, AZ31B
magnesium alloy gradually changed from work hardening to softening.

Figure 8 shows the variation in the strain hardening index of AZ31B magnesium alloy
with deformation conditions (deformation temperature and deformation amount) under
different strain rates. The drawing method is similar to Figure 6.

It can be seen from the figure that, under different strain rates, the strain hardening
exponent of AZ31B magnesium alloy was almost positive when the strain was small; that
is, at the early stage of deformation, the work hardening effect of AZ31B magnesium alloy
played a dominant role in the deformation process. This was because the dislocation density
increased rapidly at the beginning of deformation and the distortion energy was also high,
which meant that the alloy material was in the working hardening state, and the strain
hardening index was positive. Moreover, the strain hardening index of AZ31B magnesium
alloy decreased with the increase in strain, which indicated that, with the deepening
of deformation, AZ31B magnesium alloy gradually changed from work hardening to
softening.

Figure 8 further shows that the peak value of the strain hardening index of AZ31B
magnesium alloy occurs at low deformation and low temperature, and the peak value of
the strain hardening index and the work hardening region gradually increased with the
increase in the strain rate, up to 0.32. Combined with Figure 5, this shows that the flow
stress in the alloy increased with the increase in the strain rate, which also fully reflected
the change in the strain hardening index of the alloy with the strain rate.

Figure 9 shows the effects of different deformation conditions on the microstructure of
AZ31B magnesium alloy. It can be seen from the figure that the strain hardening index of
AZ31B magnesium alloy gradually decreased with the increase in deformation temperature.
This can be explained well by the change law for the microstructure. As shown in the figure, as
the deformation temperature increased, the grain size of AZ31B magnesium alloy gradually
increased; that is, the nucleation and growth of recrystallized grains involved a great
number of dislocations and variable properties, resulting in a decrease in the n value.
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Figure 8. Contour map of strain hardening exponent of AZ31B mg alloy under different strain rate
conditions: (a—c) ¢ = 0.1s7%; (d-f) ¢ = 1s71; (g-i) ¢ = 105~ L.

In addition, the strain hardening index at 773 K and a strain rate of 0.1 s~ was smaller
than that at 773 K and a strain rate of 1 s~1. This was because, as the strain rate increased,
the time required for the material to produce the same deformation decreased, resulting
in insufficient time for the material to complete the nucleation and growth of dynamic
recrystallization during deformation, which made the material harden. Therefore, the
strain hardening index was also large when the strain rate was large.

This can also be explained by the change in the microstructure. It can be seen from
Figure 9 that the grain size at the strain rate of 0.1 s~! was significantly larger than that at
the strain rate of 1 s~!. Combined with the above description, under the condition shown
in Figure 9¢, the recrystallized grains grew significantly and the ability of metal materials to
resist uniform plastic deformation decreased, which made the n value decrease at this time.
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Figure 9. Microstructure photograph of AZ31B alloy under different strain rates and deformation
temperatures: (a) T = 648 K,¢ = 0.1s™; (b) T = 698 K,¢ = 0157, () T = 773 K,¢ = 0.1s7};
dT=773Ké=1s"1

4. Conclusions

The hot deformation behavior of as-cast AZ31B magnesium alloy was studied at
623~773 K; strain rates of 0.1s71,1s71,10 s7!; and 60% strain. It was found that the flow
stress of as-cast AZ31B magnesium alloy was highly sensitive to deformation temperature,
strain rate, and strain. The strain rate sensitivity index m and strain hardening index n of
AZ31B magnesium alloy were studied in depth, as shown in the following conclusions:

1. The flow stress of as-cast AZ31B magnesium alloy decreased with the decrease in the
strain rate, the increase in the strain, and the increase in the deformation temperature.
With the increase in the degree of deformation and the temperature of the magnesium
alloy, recrystallization softening gradually occupied the dominant position, and the
influence of the strain rate on the flow stress was gradually reduced;

2. The strain rate sensitivity index m was affected by the amount of strain, the strain
rate, the deformation temperature, and the grain size as follows. Firstly, the strain rate
sensitivity index m of AZ31B magnesium alloy gradually decreased with the increase
in the strain rate and particle size. Secondly, the peak m of the strain rate sensitivity
index appeared in the low strain rate region, decreased, and then increases with the
increase in strain. In addition, the strain rate sensitivity index m decreased with
increasing temperature until it was almost unaffected by temperature (above 700 K);

3. The strain hardening exponent n was affected by the strain and strain rate, the
deformation temperature, and the grain size as follows. Firstly, at different strain
rates, the positive strain hardening indexes of AZ31B magnesium alloy almost all
appeared in the small strain region. In addition, the strain hardening index of AZ31B
magnesium alloy decreased with the increase in the strain, temperature, and particle
size but increased with the increase in the strain rate. Finally, the peak value of the
strain hardening strength of AZ31B magnesium alloy gradually increased with the
increase in the strain rate.
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