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Effect of Variable Strain Rate on Hot Deformation
Behavior of As-Extruded Mg-9Gd-4Y-1Zn-0.5Zr Alloy
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The hot deformation flow behavior and microstructure evolution of as-extruded Mg-9Gd-4Y-1Zn-0.5Zr
alloy under constant and variable strain rates loading at 450 �C were investigated. It is interesting to find
that there are two peak values of the flow stress and the maximum flow stress value is 142 MPa when
compressed under the variable strain rate from 1 s21 to 10 s21, approaching the peak flow stress of
146 MPa under the constant strain rate condition with 1 s21, but much smaller than that of 187 MPa under
the constant strain rate condition with 10 s21. Meanwhile, the area proportion of recrystallization grains is
the largest but the grain orientation changes slightly under the variable strain rate condition. Analysis of
microstructures and slip deformation effects on flow stress revealed that the subgrain dislocation density
is the lowest under the variable strain rate, and the activation of pyramidal <c + a> slip with the highest
CRSS increases by 6%, contrasting with a 14% increase under the strain rate of constant 10 s21. These
findings indicate that the lower flow stress under the variable strain rate can be attributed to the reduced
subgrain dislocation density and the limited activation of pyramidal <c + a> slip systems.

Keywords flow stress, isothermal compression, Mg-Gd-Y alloy,
microstructure, variable strain rate

1. Introduction

Magnesium alloys become preferred materials to realize
lightweight due to their excellent specific strength, which has
great potential application in rail transportation, aerospace and
other industrial fields (Ref 1-3). However, the relatively low
absolute strength and poor plasticity hinder their application in
structural materials (Ref 4). The reason for the poor plasticity is
that few independent slip systems can be activated because of the
hexagonal close-packed (HCP) structure (Ref 5), and its limited
non-basal slip induces the activation of twin to adapt the plastic
strain, resulting in poor formability through the plastic deforma-
tion process (Ref 6). What�s more, a strong basal texture formed
during basal slip will lead to the anisotropy of deformation (Ref
6). For the purpose of enhancing non-basal slip in magnesium
alloys, rare earth (RE) elements were dissolved into the
magnesium matrix which became one out of a multitude the
most promising ways to achieve this goal (Ref 7).

To overcome the limitations of plasticity, RE elements such
as Gd, Y, Nd and Ce were added to magnesium alloys and have
developed magnesium rare earth (Mg-RE) alloys with excellent
performances (Ref 8). Mg-RE alloys not only have excellent
performance in terms of mechanical properties but also offer
significant advantages in coupling anisotropy and improving
strain rate sensitivity (SRS) (Ref 9), which have broadened the
application scope of magnesium alloys. Over the last few years,
Mg-Gd-Y-Zn-Zr alloys have gained widespread attention
because of their excellent performance on mechanical proper-
ties and creep resistance (Ref 10-12). However, the high
content of RE elements in magnesium alloy will affect the
plasticity, which means a strong deformation resistance during
the plastic processing (Ref 13). Thermomechanical processing
methods, including temperature and strain rate, are often used
to activate more slip systems to improve the formability of
magnesium alloys. For Mg-RE alloys, the temperature of
plastic deformation is usually above 300 �C and the optimum
deformation temperature of as-extruded Mg-Gd-Y-Zn-Zr alloys
is usually within a certain range of 380-450 �C (Ref 14). Strain
rate, as another key parameter of deformation, has a great
influence on deformation. There are multiple deformation
modes exist in magnesium alloys under different loading paths
and play different roles simultaneously. The SRSs of different
deformation modes have large differences, with low sensitivity
to strain rate in basal slip, while is high sensitivity in prismatic
slip and pyramidal slip (Ref 8). The alloy has higher strength
when deformed under high strain rates (Ref 15). In addition,
deformation with high strain rates is favorable to increase the
actual productivity and reduce costs. However, the risk of
cracking increases because of the strong deformation resistance
under high strain during manufacturing, so the formability of
magnesium alloys under a strain rate greater than 1 s�1 is still
challenging (Ref 16).

There are extensively reports regarding the hot deformation
behavior of Mg-Gd-Y-Zn-Zr alloys (Ref 17-21), but most of the
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reports are studied under specific conditions that hold constant.
However, in the actual thermomechanical processing, tempera-
ture and strain rate are continuously changing as the deformation
proceeds. Although the contribution of deformation heat leads to
a slowly change in temperature, the change of strain rate can
reach an order of magnitude or even higher due to complex mold
shapes (Ref 22). Some researchers (Ref 23-27) have reported
studies in regard to the hot deformation behavior of different
alloys with variable strain rates. Abbod et al. (Ref 23) used
gradually changes in strain rate to investigate the effects of strain
rate change between double deformations on flow stresses in
plane strain compression experiments on 316L stainless steel.
The flow stress principal equation was established by relating the
stress to the instantaneous values of the Zener–Hollomon
parameters, and this result indicated that the initial flow stress
decreased due to the static recovery at the interrupted deforma-
tionwith a strain of 0.25. The reduction of flow stress between the
two deformations increases with time and Zener–Hollomon
parameter. Liu et al. (Ref 24) looked into the microstructure and
flow behavior of Inconel 718 during hot compression tests. It was
found that there is a transient stage in which flow stress and the
proportion of recrystallization variable gradually to the value that
corresponds to constant strain rate under a variable strain rate.
However, the duration of flow stress transient stage was
inconsistent with that of recrystallization transient stage. The
transient duration in flow stress was equal and larger than the
transient duration in recrystallization for an abruptly increase in
strain rate, whereas the transient duration of flow stress and
recrystallizationwere exactly opposite for an abruptly decrease in
strain rate. Zhang et al. (Ref 25) comparatively investigated the
hot deformation behavior of C276 superalloy when compressed
under a variable strain rate. The result indicated that flow stress
changed immediately following the change in strain rate and it is
beneficial to dynamic recrystallization when deformed from a
high strain rate to a low strain rate. Chen et al. (Ref 26) researched
the microstructure and flow behavior of Ni-based superalloy
during compression under different strain rate conditions and
showed that the proportion and average size of recrystallization
grains have a positive correlation with temperature and negative
correction with strain rate. Huang et al. (Ref 27) carried out hot
compression experiments of 304L stainless steel under constant
and variable strain rate conditions to analyze the hot deformation
behavior of transient period. Results showed that before achiev-
ing the stage similar to deformed under a changeless strain rate,
with the strain rate suddenly increased, the duration of transient
stage was identical. Nevertheless, a smaller strain was required
for flow stress and a bigger strain was required for substructure
after the strain rate decreased.

However, there are limited researches that focus on the
effect of a variable strain rate on the hot deformation behavior
during two-stage deformation of magnesium alloys. In this
work, isothermal compression experiments of Mg-9Gd-4Y-
1Zn-05Zr as-extruded alloy under strain rates of constant 1 s�1

and 10 s�1 and suddenly changes from 1 s�1 to 10 s�1 at
450 �C were investigated to point out effects of the variable
strain rate loading on the hot deformation flow behavior and
microstructure evolution of Mg-9Gd-4Y-1Zn-0.5Zr alloys.
Based on the analysis of recrystallization, grain orientation
and dislocation density, the connection between flow stress and
microstructure evolution will be revealed, which will provide
guidance for the application of a variable strain rate loading to
reduce the forming load of magnesium alloys.

2. Experimental Material and Methods

Commercial extrusion bar of WE94 magnesium alloy that
ideal compositions of the alloy are Mg-9Gd-4Y-1Zn-0.5Zr
(wt.%) was used as experimental material for isothermal
compression in this work, and the diameter of the extrusion
rod is 205 mm. The actual measured compositions of the
purchased alloy are Mg-8.6Gd-4.1Y-1.2Zn-0.5Zr (wt.%), as
listed in Table 1.

Compressed samples were processed by wire cutting parallel
to the extrusion direction (ED). All samples have a diameter of
13 mm and a height of 20 mm which have an aspect ratio of
height to diameter close to 1.5 to ensure stability during
compression. Samples to be tested were placed on a Gleeble-
3500 hot compression simulator and compressed at 450 �C
with a cumulative reduction of 40% in the height direction. The
experimental strain rates of uniaxial hot compression were set
to constant 1 s�1, constant 10 s�1 and change from 1 s�1 to
10 s�1, termed as constant low strain rate, constant high strain
rate and variable strain rate. The loading of constant strain rate
means that the strain rate remains unchanged during hot
compression testing, while variable strain rate loading means
that the strain rate suddenly changes from 1 s�1 to 10 s�1 when
sample height is reduced by 20% corresponding to a strain of
0.2, and two stages of variable strain rate compression are
shown in Fig. 1(a). Before the compression deformation, the
sample to be tested was preheated to a specified experimental
temperature and kept for 200 s to make sure the internal
temperature distribution was uniform. Once the specified strain
of compression was reached, the microstructure was maintained
by means of water quenching, and stress-strain data were
obtained.

With the purpose of revealing the internal microstructure,
samples after compressed were sectioned longitudinally along
the central axis to facilitate the observation of the microstruc-
ture at the center of the section surface in the compression
direction (CD), and the sampling and observation position are
shown in Fig. 1(b). Before observation, the sample surface to
be observed was bombarded with a Hitachi IM4000II planar
argon ion polisher to remove the mechanical damage strain
layer after pre-polishing with fine sandpaper. Thermo Scientific
Apreo 2C field-emission gun SEM which is equipped with an
EDAX Velocity Super EBSD detector was prepared to
characterize microstructures of tested samples. The EBSD
characterization test step size for all samples was 0.62 lm. The
collected EBSD dataset was analyzed using the software of
OIM Analysis 7 and Atex. For analysis of microstructures, the
orientation angle of grain boundaries in the range of 2�and 15�
is considered as low-angle grain boundaries (LAGBs), while
the orientation angle of grain boundaries above 15� is
considered as high-angle grain boundaries (HAGBs) (Ref 28,
29). The grain orientation spread (GOS) value between 0 and 2
is considered as recrystallization grains, and a value greater
than 2 is defined as deformed grains (Ref 30, 31).

Table 1 Chemical composition of WE94 magnesium
alloy (wt.%)

Elements Gd Y Zn Zr Mg

Measured content 8.6 4.1 1.2 0.5 Bal.

Journal of Materials Engineering and Performance



3. Results

3.1 Flow Behavior during Hot Compression Testing

The experimental flow stress curves of Mg-9Gd-4Y-1Zn-
0.5Zr alloy that deformed under strain rates of constant 1 s�1,
constant 10 s�1 and change from 1 s�1 to 10 s�1 at 450 �C are
displayed in Fig. 2. Black and red lines depict the deformation
flow stress curves under strain rate of constant 1 s�1 and
10 s�1, while the blue line indicates that of under variable
strain rate. It is obvious that flow stress sharply increases at the
beginning of deformation, arriving at a maximum value of
146 MPa at a strain of � 0.04 under a strain rate of constant
1 s�1 and 187 MPa at a strain of � 0.1 under another strain
rate of constant 10 s�1. Then, the flow stress gradually
decreases as the strain continues to accumulate before obtaining
the steady-state flow stress, and the steady-state flow varies
between that under constant low strain rate and high strain rate.
It is interesting to find out that two flow stress peaks have
appeared during the variable strain rate compression and two
flow stress peaks are extremely close. The first peak value of
142 MPa at a strain of � 0.06 is the compression under a
constant low strain rate, while the second peak value of
139 MPa at a strain of � 0.26 is the maximum value when the
constant low strain rate is accelerated to a higher strain rate.
Compared with the constant high strain rate, the peak value of
flow stress is greatly reduced when accelerating to a high strain
rate during compression.

The experimental results show that flow stress curves rise
rapidly at a small strain under different strain rates and then
decreases slowly after attaining the maximum value at the
given deformation conditions. Two stages are presented in flow
stress curves, mainly caused by working hardening and
dynamic recrystallization softening (Ref 32). For metals with
high stacking fault energy (SFE), dynamic recovery is the
common restoration mechanism. Although magnesium alloys
have a high SFE and are not expected to occur dynamic
recrystallization during hot deformation, it is prone to occur
because of the operation of limited slip systems with HCP
structure (Ref 33). In the first stage, a sharply elevated flow
stress is exhibited on flow stress curves because of work
hardening (Ref 34). When the alloy receives the compressive
stress of loading, the internal dislocations multiply in large
numbers and interact with each other to obstruct the movement
of dislocations, increasing the deformation resistance and flow

stress rapidly before reaching its peak value (Ref 35). After
obtaining the peak value, dynamic recrystallization softening
overtakes work hardening and becomes the main factor
influencing flow stress in the second stage, and the flow stress
curve shows a slowly decrease with the accumulation of strain
(Ref 36) until arriving the steady state of dynamic equilibrium
between work hardening and recrystallization softening (Ref
33).

3.2 Microstructure Characterization

Figure 3 and 4 shows the microstructure of the initial as-
extruded Mg-9Gd-4Y-1Zn-0.5Zr alloy and the alloy after
compressed under strain rates of constant 1 s�1, constant
10 s�1 and change from 1 s�1 to 10 s�1. There are different
colors present in the grains, and different colors represent
different orientations. It is observed in Fig. 3(a) that a variety of
colors are randomly covered in fine grains and coarse grains are
approximately a single red color. The initial as-extruded alloy
consists of fibrous coarse deformed grains which elongated in
the extrusion direction and a large number of fine recrystalliza-
tion grains between deformed grain boundaries, exhibiting a
bimodal grain structure distribution (Ref 37). After compression
deformation, fibrous coarse deformed grains tend to be equiaxed
due to flattening along the compression direction and the

Fig. 1 Isothermal compression of Mg-9Gd-4Y-1Zn-0.5Zr alloy. (a) Two stages of variable strain rate compression, (b) microstructure
observation area of compression samples

Fig. 2 Flow stress comparison of the alloy compressed under
constant strain rate and variable strain rate
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orientation of coarse grain which is reflected in the change of
grain coloring changes obviously under different strain rate
loading conditions. When deformed under the strain rate of
constant 1 s�1, a number of coarse grains are retained, as shown
in Fig. 4(c). However, the orientation of some coarse grains is
change, and both red and green colors are the dominant colors
covered in coarse grains. When deformed under the strain rate of
constant 10 s�1 and variable strain rate, the area proportion of
recrystallization grains increases, while the number and size of
coarse grains reduce dramatically, as shown in Fig. 4(a) and (e).
The different is that orientation of coarse grains completely
changes, and the color becomes a single green color under the
strain rate of constant 10 s�1, while orientation of coarse grains
is almost consistent with the initial state and still remains a
single red under the variable strain rate.

Figure 5 statistically presents the grain size of Mg-9Gd-4Y-
1Zn-0.5Zr in different deformation states. As exhibited in Fig. 3,
the distribution of grain size appears a clear bimodal feature and
the maximum grain size is 113.79 lm with a 63.2% area
proportion of recrystallization grains in the initial as-extruded
alloy. After compression, changes in recrystallization area
proportion and grain size are inconsistent. When compressed
under strain rate of constant 1 s�1, the area proportion of
recrystallization grains is 60.1% with a maximum grain size of
94.42 lm, which are exhibited in Fig. 4(c), (d) and 5(c). When
compressed under a strain rate of constant 10 s�1, exhibited in
Fig. 4(e), (f) and 5(d), the area proportion of recrystallization
grains is 78.2% with the maximum grain size decreased to
66.38 lm. It is evident that coarse grains are gradually shrinking,
masked by fine recrystallization grains, and the area proportion of
recrystallization grains is moderately increasing with the strain
rate increases when deformed under constant strain rates. When
deformed under the variable strain rate, which is exhibited in
Fig. 4(a), (b) and 5(b), the area proportion of recrystallization
grains is 81.6%, the average size of grains is 3.13 lm, and the
maximum grain size is 63.59 lm, with the smallest coarse grain
size and the largest area proportion of recrystallization grains.
From the above mentioned, the area proportion of recrystalliza-
tion grains is largest under the variable strain rate, although it is
comparable to the constant slow strain rate and lower than the
constant high strain rate in terms of flow stress behavior.

During the hot deformation process, dynamic recrystalliza-
tion grains nucleate at HAGBs, which occurs through the
necklace mechanism. Dynamic recrystallization occurs when a

first necklace layer is formed at the available boundary,
followed by the formation of a new necklace layer at the
boundary of the growth grain. The material will be fully
recrystallized through the formation of subsequent necklace
layers (Ref 33). Figure 3(b) and 4(b), (d), and (f) distinguishes
the grain boundary distribution in different deformation states,
where the red lines represent LAGBs and the black lines
indicate HAGBs. It is obvious that LAGBs are mainly clustered
around coarse grains, and the uniformly distributed fine
equiaxed grain boundaries are HAGBs. LAGBs of the initial
as-extruded alloy are mostly concentrated around coarse grain
boundaries, and a very small number are scattered inside coarse
grains. After compression, there are still more LAGBs that exist
around the boundary of coarse grains, making coarse grains
completely surrounded by LAGBs. However, after deformed
under constant strain rate, basically all the coarse grains are
surrounded by LAGBs, a large number of LAGBs with ‘‘chain-
like’’ distribution appear inside the coarse grains from the edge
to the inside, and the distribution of LAGBs is more
concentrated under constant higher strain rate. After deformed
under variable strain rate, except for extremely few coarse
grains, the rest of coarse grains are basically covered by
LAGBs, similar to the ‘‘net-like’’ distribution which reflects a
fuller degree of recrystallization.

3.3 Textures and Schmid Factors

Figure 6 shows the whole grain {0001} pole figures of the
initial alloy in extruded state and the alloy after compressed
under different strain rates, as calculated according to the
obtained EBSD data. It is evident that the overall texture
intensity of the initial alloy is weak, but grains that are oriented
near the center of the {0001} pole figure have a stronger
relatively texture intensity with a maximum of 1.648. More-
over, the texture of initial alloy is parallel to the ED direction,
exhibiting a representative feature of as-extruded alloys (Ref
38-40). This result is consistent with the coloring of coarse
grains in IPF, illustrated in Fig. 3(a). The orientation of some
grains distributed at both ends of the pole figure deviates from
the ED direction and is closer to a random distribution with
weak intensity, which mainly corresponds to fine recrystallized
grains. It shows that the orientation of coarse grains in the
bimodal grain structure has a great influence on the texture
formation.

Fig. 3 Inverse pole figures and grain boundary maps of the initial as-extruded alloy
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After compression deformation, the overall texture intensity
is slightly enhanced, it reached the maximum value of 2.007
under the strain rate of constant 1 s�1, while reached the
minimum value of 1.679 under the strain rate of constant
10 s�1. The texture intensity of variable strain rate compression
is between strain rate conditions of constant 1 s�1 and constant
10 s�1, and much closer to the value under the strain
rate of constant 1 s�1. It is also clearly observed a change in
the distribution of texture. As previously mentioned in
section 3.2, the orientation of coarse grains completely changes
under the constant high strain rate compared with the initial
grain orientation, and the grain orientation partially changes

under the constant low strain rate with coarse grains exhibiting
multiple orientations. However, the orientation of coarse grains
changes only slightly under the variable strain rate. The texture
is mainly distributed at both ends of the {0001} pole
figure under strain rate of constant 10 s�1, and these grains
that initial orientation is gathered at the center of {0001} pole
figure obviously rotate toward perpendicular to the CD
direction. On the contrary, the majority of grain orientations
remain clustered and distributed at the center of {0001} pole
figure under the strain rate of constant 1 s�1 and variable strain
rate, with maximum texture intensity of 2.007 and 1.996,
respectively. What is not the same is that some grains of the

Fig. 4 Inverse pole figures and grain boundary maps of the alloy compressed under different strain rates. (a, b) Variable strain rate, (c, d)
constant 1 s�1, (e, f) constant 10 s�1
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Fig. 5 Grain size distribution diagrams of the alloy under different conditions. (a) Initial, (b) variable strain rate, (c) constant 1 s�1, (d) constant
10 s�1

Fig. 6 {0001} pole figures of whole grains calculated from EBSD datasets. (a) Initial, (b) variable strain rate, (c) constant 1 s�1, (d) constant
10 s�1
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initial alloy aggregated near the center of pole figure rotate
toward perpendicular to CD direction and most grains orien-
tation parallel to CD direction under the strain rate of constant
1 s�1, while under the variable strain rate, almost all grains are
aggregated toward the center, maintaining a strong basal
texture. Although the deformation of variable strain rate
loading greatly reduces the size and area proportion of coarse
grains, promoting the generation of fine recrystallization grains,
it has no significant effect on the texture.

It also has a significant effect on slip deformation types
when compressed under different strain rates. As Basal <a>
slip 0001f g 11�20h i with CRSS 28.0 MPa, Prismatic <a> slip
10�10f g 11�20h i with CRSS 67.7 MPa, Pyramidal <a> slip
10�11f g 11�20h i with CRSS 59.7 MPa, Pyrami-

dal <c + a> slip �1�122f g 11�23h i with CRSS 116.6 MPa are
basic slip deformation types in magnesium alloy (Ref 41).
Synthesize these four slip types and add the four slip types to a
single map demonstrating the Schmid factors (SFs), as shown
in Fig. 7.

The SF values for each grain of the as-extruded initial alloy
and the alloy after compressive deformation under constant
strain rate and variable strain rate are in the range of 0.4-0.5.
The proportion of grains that SF values are bigger than 0.45 is
83.1%, 84.8%, 82.6% and 85.6%. The alloys after high strain
rate and variable strain rate compression have bigger average
SFs. However, activation of the slip deformation is decided by
SFs and CRSS, the relationship between them can be used in
Eq 1 according to Ref. [42] (Ref 42).

r0:2 ¼ sCRSS=m ðEq 1Þ

where m is the SF, sCRSS is the CRSS—representing the critical
value required for slip deformation mode activation. During
slip deformation of magnesium alloys, the critical resolve shear
stresses vary widely in different slip deformation modes, as
mentioned above. As the CRSS values of basal slip, prismatic
slip and pyramidal slip in magnesium alloys increase in order.
From Eq 1, it can be seen that the increase in the SF values of
slip systems with high CRSS or the more activation of slip
systems with low CRSS at the same SF value is able to reduce
the flow stress. For the purpose of analyzing this specifically,
the proportion change of grains in slip systems within the same
SF value will be discussed in section 4.2, which in turn
explains the reason for the decrease in flow stress in the actual
experimental results.

4. Discussion

During deformation under variable strain rate, flow stress
curve indicates that the peak flow stress at the first stage that
deformed under low strain rate is comparable to the peak value
that deformed under constant low strain rate, while the peak
flow stress is lower and reduced by more than 20% compared
with the maximum value under constant high strain rate, at the
second stage which deformed under a higher strain rate. In
general, the flow behavior of hot deformation is connected with
dislocation density, dynamic recrystallization, texture and slip
(Ref 43-45). Therefore, the reasons for the reduction of the flow

Fig. 7 Schmid factor distribution of the alloy under different conditions. (a) Initial, (b) variable strain rate, (c) constant 1 s�1, (d) constant
10 s�1
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stress caused by microstructure changes, including dislocation
density and recrystallization, texture and slip will be discussed
in follows.

4.1 Effect of Variable Strain Rate Compression
on Microstructures

Previous studies (Ref 43) have shown that the link between
flow stress and subgrains dislocation density under high
temperature deformation is as follows:

r ¼ c1 þ c2Gbqi
1=2 ðEq 2Þ

where qi refers to the dislocation density, the c1 and c2 are
constant, G refers to the modulus of rigidity, b refers to the
Burgess vector, and they are also constant for a specific
material. The change in dislocation density will cause a change
in the flow stress. One of the reasons for the apparent
differences in flow stress is the different homogeneous degrees
of plastic deformation (Ref 46). This degree of homogenization
can be reflected base on the Kernel Average Misorientation
(KAM) density distribution. Figure 8 displays the KAM
distribution of Mg-9Gd-4Y-1Zn-0.5Zr alloy under different
strain rate conditions. The non-recrystallization grains show
larger KAM values at LAGBs which are described in Fig. 3(b)
and 4(b), Fig. 4(d) and (f), of which the recrystallization regions
have smaller KAM values.

However, the KAM maps qualitatively give the local
dislocation distribution and reflect the degree of plastic
deformation and dislocation accumulation. Nevertheless, it is
unable to give the detailed value of dislocation density, and the
value of GND which represents geometrically necessary
dislocation is able to quantitatively analyze the dislocation
density of samples after deformation in a more intuitive way.
The relationship between KAM and GND is shown in Eq 3
(Ref 47).

qGND ¼ 2KAMave

lb
ðEq 3Þ

where KAMave is the average KAM values after compression
under different strain rate conditions, l is 0.62 lm in this work,
indicating the scanning step of the EBSD tests, and b represents
the Burgers vector of magnesium alloy, which is 0.32 according
to Ref. [48] (Ref. 48).

In an attempt to distinguish the different influence between
recrystallization grains and LAGBs (subgrains) on deformation,
the average GND values of the whole grains and labeled
positions in Fig. 8 were measured and counted after setting the
values of l and b in accordance with Eq 3 by combining with
the Atex software, the square area represents the recrystalliza-
tion grain regions, the circle area denotes the subgrain regions,
and detailed values of dislocation density are listed in Table 2.

The flow stress during deformation is related to subgrains
and recrystallization grains. Figure 9(a) exhibits the relation of
peak flow stress and GND density. The recrystallization grain
dislocation density is low, and the subgrain dislocation density
is high under different strain rate conditions. Meanwhile, the
recrystallization grain dislocation density is basically un-
changed under different strain rates, while the subgrain
dislocation density is the lowest under the variable strain rate
and the highest under the high strain rate of constant 10 s�1.
According to Eq 2, it follows that subgrains with high

dislocation density have a more critical effect on the change
of flow behavior during deformation. As described in sec-
tion 3.2, the recrystallization area proportion is higher under the
constant high strain rate compared with the constant low strain
rate, while the recrystallization proportion is the largest under
the variable strain rate. The recrystallization area proportion
under the constant low strain rate is the smallest and slightly
smaller than the initial alloy. Subgrains can be reflected by
LAGB, with the largest LAGB proportion of 20.6% under the
constant low strain rate despite having the lowest recrystalliza-
tion area proportion, the second highest LAGB proportion of
15.9% under the constant high strain rate and the smallest
LAGB proportion of 12.3% and the largest recrystallization
area proportion of 81.6% under the variable strain rate, as
shown in Fig. 9(b).

The dislocation density of subgrains offers storage energy
for the nucleation and growth of recrystallization grains (Ref
49). The recrystallization nucleation must reach a critical value
qm

3=_e, which is positively correlated with the cube of
dislocation density and negatively correlated with strain rate.
Table 2 shows the critical value of recrystallization nucleation
under different deformation loading conditions. The dislocation
proliferation is slow under the low strain rate of constant 1 s�1,
and the critical value of recrystallization nucleation is large, so
the recrystallization nucleation is more difficult. The coarse
grains are wrapped by dislocations gathered at grain bound-
aries, few dislocations are dispersed inside coarse grains, and
the deformation is dominated by dynamic response at this time,
so the size of coarse grains changes a little. Under the high
strain rate of constant 10 s�1 and variable strain rate, it is
relatively susceptible to dynamic recrystallization because of a
small critical value of recrystallization nucleation. Moreover,
during the process of deformation under variable strain rate, the
critical value of recrystallization nucleation is the smallest,
which is most conducive to dynamic recrystallization. The
dislocation density gathered at the coarse grains is constantly
consumed, with the recrystallization process, LAGBs are
constantly transformed into HAGBs, which are gradually
extended into coarse grains, and the size of coarse grains is
reduced.

The flow stress is influenced by the combination of
subgrains dislocation density and proportion of recrystalliza-
tion. Compared to constant strain rates, the subgrains disloca-
tion density is the smallest under the variable strain rate
condition, which suggests that the alloy undergoes more
efficient dynamic recovery and recrystallization processes.
Although the difference in recrystallization dislocation density
between the low strain rate of constant 1 s�1 and variable strain
rate is not significant, the proportion of recrystallization grains
is the largest and the proportion of subgrains is the smallest
under the variable strain rate, resulting in the lower peak flow
stress due to fuller recrystallization during deformation.

4.2 Effect of Variable Strain Rate Compression on Slip
Deformation

For the purpose of investigating the effect of variable strain
rate on types of slip deformation, and comparing it with
constant strain rate conditions, the proportion of each slip type
in as-extrude initial alloy, and the alloy after compression under
different strain rates was statistically determined in conjunction
with the SFs.
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Figure 10(a) shows the grain proportion of four main
slip types in the Mg-9Gd-4Y-1Zn-0.5Zr alloy under different
deformation conditions. For different deformation states, the
basal slip and prismatic slip are more predominant, the
pyramidal <a> slip is the least, and the pyrami-
dal <c + a> slip increases sequentially with an increasing
strain rate. The as-extruded initial alloy has 29% of basal slip,
56% of prismatic slip, 5% of pyramidal <a> slip and 10% of
pyramidal <c + a> slip. The percentage of basal slip in-
creases after compressed, but the percentage remains almost the
same. However, the proportion of prismatic slip decreases to
different degrees.

When deformed under constant 1 s�1 strain rate and
variable strain rate, the proportion of prismatic slip is 46%
and 43%, and that is the smallest with 32% under the strain rate
of constant 10 s�1, which are reduced by 10%, 13% and 24%
compared with the initial alloy. The reduction of prismatic slip
proportion is close to same under the first two strain rate

conditions, and the maximum reduction of prismatic slip is
observed under strain rate of constant 10 s�1, as shown in
Fig. 10(b). After the alloy is compressed, the pyrami-
dal <a> slip remains essentially the same as the initial alloy.
For pyramidal <c + a> slip, the proportion of initial alloy
under the strain rate of constant 1 s�1 is low with 11% and 16%
under the variable strain rate, the highest with 24% under a
strain rate of constant 10 s�1. Compared to the 10% of initial,
pyramidal <c + a> slip increased by 14% under the strain
rate of constant 10 s�1, 1% under strain rate of constant 1 s�1,
and 6% under the variable strain rate. There is the proportion
change of pyramidal <c + a> slip under the change strain
rate between the constant low and high strain rates.

The mainly slip deformation types are basal slip and
prismatic slip in the initial alloy, but the proportion of prismatic
slip is greatly reduced after compression. The slip type changes
from prismatic slip to basal slip and pyramidal <c + a> slip.
However, it is not much different regarding the change of

Fig. 8 Kernel Average Misorientation (KAM) distribution of the alloy under different conditions. (a) Initial, (b) variable strain rate, (c) constant
1 s�1, (d) constant 10 s�1

Table 2 The GND values of different grain regions under different conditions

Strain rate of deformation Whole grain region, m22 Recrystallization grain region, m22 Subgrain region, m22 qm
3=_e

Initial 5.6 9 1013 3.2 9 1013 2.3 9 1014 None
1 s�1 5.8 9 1013 3.4 9 1013 2.4 9 1014 1.38 9 1043

10 s�1 4.9 9 1013 2.9 9 1013 3.5 9 1014 4.29 9 1042

1_10 s�1 4.5 9 1013 3.3 9 1013 1.9 9 1014 6.85 9 1041�42
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basal <a> slip under different strain rate conditions, and the
slip type importantly changes from prismatic slip to pyrami-
dal <c + a> slip. More and more prismatic slip is trans-
formed to pyramidal <c + a> leading to the increase in the
CRSS during slip deformation with the increasing strain rate.
The proportion change in pyramidal <c + a> slip under the
change strain rate condition is between the constant low and
high strain rates. Therefore, the steady-state flow stress under
variable strain rate condition is smaller than that under the
strain rate of constant 10 s�1, and higher than that under the
strain rate of constant 1 s�1.

5. Conclusions

The hot deformation flow behavior and microstructures of
as-extruded Mg-9Gd-4Y-1Zn-0.5Zr alloy with a low strain rate
of constant 1 s�1, high strain rate of constant 10 s�1 and
variable strain rate from 1 s�1 to 10 s�1 were studied.
Significant conclusions are drawn as follows:

(1) The sudden increase in strain rate brings about an in-
crease in flow stress. The peak flow stress is 142 MPa
when deformed under variable strain rate from 1 s�1 to
10 s�1, approaching the peak value of 146 MPa under
the strain rate of constant 1 s�1 and smaller than that of
187 MPa under the strain rate of constant 10 s�1. As
strain proceeds, the steady-state flow stress of variable
strain rate deformation is intermediate between low
strain rate and high strain rate.

(2) Flow stress is related to subgrain dislocation density and
proportion of recrystallization. Under the variable strain
rate, the largest recrystallization area proportion of
81.6% and the smallest LAGBs proportion of 12.3% are
observed. The lowest dislocation density and the small-
est proportion of subgrains lead to the smallest peak
flow stress.

(3) Deformation under different strain rates activates four
slip systems. The slip deformation type mainly changes
from prismatic <a> slip to pyramidal <c + a> slip.
When compressed under variable strain rate, the moder-
ate proportion change of pyramidal <c + a> slip with
the highest CRSS results in the steady-state flow stress

Fig. 10 Statistics of identified slip types under different conditions. (a) The proportion of slip types, (b) the variation of slip types after
compressed

Fig. 9 The relationship among dislocation density, recrystallization and flow stress. (a) Dislocation density and peak flow stress, (b) low-angle
grain boundary (LAGB) and recrystallization
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is lower than that under strain rate of constant 10 s�1,
and higher than that under strain rate of constant 1 s�1.
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