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Stress Softening Behavior and Microstructural
Characterization of Al-Zn-Mg-Sc Alloy with High Zn
Concentration Subjected to Isothermal Compression
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The isothermal compression tests were conducted to study the hot compression behavior of Al-Zn-Mg-Sc
alloy with high Zn concentration using a Gleeble-3500 thermal simulator in the temperature range of 300-
450 �C and strain rate range of 0.01-5 s21. The stress softening behavior was analyzed, and the constitutive
model was established to describe the hot compression behavior of the high Zn alloy. The microstructure
evolution mechanism was clarified by optical microscopy and electron backscatter diffraction. The results
indicate that the true stress rapidly increases to the peak value with the increasing accumulative true strain,
and finally reaches to a steady state. As the strain rate increases and temperature decreases, the peak stress
increases, and the isothermal compression behavior is regarded as a competing process of work hardening
and flow softening. The softening mechanism is highly affected by the compression temperature and strain
rate. The Al-Zn-Mg-Sc alloy with high Zn is characterized by the dynamic recovery at the low temperature
and high strain rate. And both the dynamic recovery and dynamic recrystallization dominate at the high
temperature and low strain rate. The relatively stronger h111i orientation plays a key role in developing the
recrystallization grains. As the compression temperature increases and strain rate decreases, many sub-
grains with low-angle grain boundaries are transformed into recrystallized grains with high-angle grain
boundaries. The main softening mechanism is also transformed from dynamic recovery to dynamic
recrystallization.

Keywords Al-Zn-Mg-Sc alloy, constitutive model, hot
compression behavior, microstructure evolution,
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1. Introduction

Due to the characteristics of dynamic precipitation, excellent
damping and mechanical properties, the Al-Zn alloy compo-
nents with high Zn concentration approximately 15-40% as the
data storage devices, such as hard disk box body have been
widely used in the exploration of deep space and ocean
applications (Ref 1, 2). The Mg element added to the Al-
(15 � 40)Zn alloys can react with Zn to precipitate g¢, g and Zn
phase, resulting in a considerable improvement of mechanical
properties by precipitation strengthening effect (Ref 3-6). In
addition, the Al3Sc particles were precipitated by adding Sc
element into the Al-(15 � 40)Zn alloys. The refined grains
with high-angle grain boundaries were caused by the pinning
effect of Al3Sc particles during hot deformation process (Ref 7-
9). Meanwhile, the mechanical properties of Al-15Zn alloys,
Al-20Zn alloys, Al-35Zn alloys are considerably improved by
means of the hot working such as hot rolling, high pressure

torsion, equal channel angular extrusion, etc., (Ref 6, 8, 10).
For example, the ductility of Al-30Zn alloys also enhanced due
to grain refinement in high pressure torsion (Ref 11). The
hardness of Al-Zn-Mg alloy increased by 67 and 104% after
applying the first and second equal channel angular extrusion,
respectively (Ref 12). The g¢ and Zn phase are induced and the
high yield strength of 436 MPa and elongation of 5.2% are
obtained by extruding Al-27Zn-1.5 Mg alloys (Ref 13). In
addition, the grains are refined by adding 0.3% Sc into the Al-
Zn-Mg alloys during extrusion, and the resultant strength and
elongation enhanced with the increases in Sc content (Ref 14).

The study of the hot compression behavior of the Al-Zn
alloys with high Zn concentration is essential to optimize
processing parameters. The microstructure evolution and the
resultant mechanical properties of the Al-Zn alloys are highly
affected by compression temperature and strain rate. For the hot
compression of the Al-Zn alloys, the main softening mecha-
nism of microstructure is characterized by dynamic recovery
(DRV) and dynamic recrystallization (DRX) (Ref 15, 16). The
DRV is a softening process featured by the thermal activation,
dislocation cancellation and rearrangement during hot com-
pression of metals and alloys. And the DRX is the main
softening mechanism of commercial aluminum alloys (Ref 17).
Meanwhile, the DRX is characterized by the dislocations
aggregation, which causes the formation of low-angle grain
boundaries under the high dislocation density (Ref 18-20). As
the dislocation density in the sub-grains increases, the low-
angle grain boundaries transforms into high-angle grain
boundaries by absorbing dislocations (Ref 21, 22). Moreover,
the hot compression behavior of aluminum alloys is reflected
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by flow stress, which is related to the true strain, strain rate, and
temperature (Ref 23). As with microstructure characterization,
the constitutive model is also widely used to describe the hot
compression behavior of alloys under specific conditions (Ref
24-27). In last decades, it is reported that the relationship
among temperature, strain rate and strain can be accurately
represented by the Arrhenius-type constitutive model (Ref 28-
31). However, the study on the softening behavior and
constitutive model of Al-Zn alloys with the addition of Sc
and Mg element subjected to hot compression deformation is
rarely seen (Ref 6-9, 32-34). Thus, in this study, the isothermal
compression tests were used to study the hot compression
behavior and microstructure evolution of a cast Al-Zn-Mg-Sc
alloy with high Zn concentration, and the constitutive model
was established. The stress softening behavior and microstruc-
ture evolution mechanism were clarified by characterizing grain
orientation, grain size and misorientation distribution. The
studied cast alloy will be used to produce the hard disk box
body by extrusion technique. Compared with a wrought alloy,
the direct extrusion of a cast alloy has prominent advantages
such as shortening process, saving materials and energy,
reducing equipment investment, etc. Finally, these results will
provide the theoretical basis and experimental guidance for the
future extrusion forming of the Al-Zn-Mg-Sc alloy hard disk
box body.

2. Materials and Experimental Methods

The Al-20Zn-0.5Mg-0.5Sc alloy ingots with a thickness of
40 mm, a length of 150 mm and a width of 100 mm were
prepared by melting pure Al (4 N), pure Zn (4 N), Al-10Mg
and Al-2Sc master alloys in a resistance heating furnace with a
graphite crucible. According to the detection of direct reading
spectrometry, the actual chemical compositions of the alloy
ingot was 20 Zn, 0.5 Mg, 0.5 Sc, and Bal. Al (wt.%). The
melting and pouring temperatures were 700 �C, and the casting
mold was graphite. The alloy ingot was homogenized at
470 �C 9 12 h in a resistance furnace. For isothermal
compression tests, the cylinder specimens with 10 mm in
diameter and 15 mm in height were machined from the
homogenized ingot. The Gleeble-3500 thermal simulator was
used to conduct the tests (Ref 35). To reduce the effect of
friction on the compression behavior, the graphite lubricant was
applied in the interface of the anvils and the specimen (Ref 36).
Before compression, the specimens were respectively heated to
300, 350, 400, and 450 �C at a heating rate of 5 �C/s, and then
held for 120 s to obtain a uniform temperature distribution. The
0.01, 0.1, 1 and 5 s�1 were selected as the strain rates in this
compression. The final true strain of approximately 0.9 was
achieved. After compression, the specimens were immediately
cooled in water to room temperature for preserving the
deformed microstructure (Ref 35). Subsequently, all com-
pressed specimens were subjected to solid solution at 470 �C
and soaked for 1 h, and aging at 120 �C and held for 17 h. The
hot compressed specimens were cut along the compression
axis. Half of the specimens were etched in Keller mixed acid
solution (2.5 mL HNO3 + 1.5 mL HCI + 1 mL HF + 95
mL H2O) after mechanically grounded and polished according
to the standard methods. The microstructures of the corroded
specimens were observed by metallographic microscope
(LEICA-DMI8A). The other half of the specimens were electro

polished (voltage 12 V, current 1.0 A, time 10 s) in mixed acid
solution (10%HClO4 + 90%C2H5OH). Electron backscattering
diffraction (EBSD) pattern analysis with a step size of 1 lm
was performed using a field emission scanning electron
microscope (ZEISS ULTRA-55). The grain size, grain orien-
tation, misorientation distribution and recrystallization degree
of the tested specimens were characterized using HKL Channel
5 software.

3. Results and Discussion

3.1 Stress Softening Behavior

The true stress–strain curves recorded from the isothermal
compression tests are widely used to describe the hot com-
pression behavior among true stress, strain rate, temperature,
and true strain. The true stress–strain curves of the Al-Zn-Mg-
Sc alloy with high Zn concentration obtained by hot compres-
sion at different conditions are shown in Fig. 1. From the
curves, the true stress decreases with increasing compression
temperature and decreasing strain rate. In the early stage of hot
compression, the true stress increases sharply with increasing
accumulative true strain, and then reaches a peak true stress
value due to work hardening (WH). Due to flow softening, the
true stress decreases to a steady state after the peak value with
increasing accumulative strain. During the isothermal com-
pression of the Al-Zn-Mg-Sc alloy, the competing mechanism
between work hardening and flow softening produce a crucial
effect on the true stress. Thus, the true stress–strain curves of
the Al-Zn-Mg-Sc alloy with high Zn concentration are divided
into two stages. In the first stage, there are a lot of defects in this
alloy, which cause the movement of dislocations to be hindered.
In this stage, the hardening rate is significantly greater than the
softening rate, especially at the higher strain rates of 1 s�1 and
5 s�1. As shown in Fig. 1(c) and (d), the WH dominates and the
peak true stress value increases rapidly. The peak value of true
stress is approximately 100 MPa at 300 �C/5 s�1, which is
higher than 65 MPa at 300 �C/0.01 s�1. In the second stage,
the flow softening rate increases due to the DRVand DRX. It is
widely reported that the DRV and DRX are the main flow
softening form of aluminum alloys. The WH and flow softening
reach an equilibrium state, which leads to the true stress–strain
curves are almost flat and the true stress value no longer
increases. For example, at the steady state of isothermal
compression, the true stress values are 18 MPa at 450 �C/
0.01 s�1 and 24 MPa at 400 �C/0.01 s�1, respectively, which
are lower than 45 MPa at 450 �C/1 s�1 and 60 MPa at 400 �C/
1 s�1. Thus, the stress softening behavior of the high Zn alloy
is affected by the combination of WH, DRV and DRX under
different compression temperature and strain rate.

3.2 Constitutive Model

According to the above analysis of the curves, the change of
the true stress of the high Zn alloy is closely related to the
applied strain rate and compression temperature during isother-
mal compression, which is controlled by the thermal activation
energy. It is reported that the relationship among the variables
under different compression conditions is widely characterized
by the following constitutive equation (Ref 35, 37):

_e ¼ f ðrÞexp½Q=RT� ðEq 1Þ
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in which, _e, r, Q, R and T are the strain rate (s�1), true
stress (MPa), activation energy (kJÆmol�1), gas constant
(8.314 JÆmol�1ÆK�1) and absolute temperature (K), respec-
tively.

The following Eq 2 is used for a wide range of true stress,
and the relationship of _e, T and r is expressed as (Ref 35, 38):

f rð Þ ¼ sinh arð Þ½ �n ðEq 2Þ

_e ¼ A½sinhðarÞ�nexp½�Q=RT� ðEq 3Þ

At a constant compression temperature, Fig. 2(a)–(c) depicts
the relationship of ln_e� lnr, ln_e� r and ln_e� ln½sinh arð Þ�,
respectively. The corresponding material constants are calcu-
lated as (Ref 39): n1 = 7.8735, b = 0.1404, n = 5.6505, a = b/
n1 = 0.01783. The slope of ln sinh arð Þ½ � � 1=Tð Þ (depicts in
Fig. 2d) is given as S = 2.1852.

By partial differentiation of Eq (1) (Ref 30), the value of Q
is calculated as 102.657 kJÆmol�1. In addition, the Zener-
Hollomon (Z ¼ _eexp½Q=RT�) parameter is used to verify the
relationship between strain rate and compression temperature,
which is expressed as Z ¼ A sinh arð Þ½ �n (Ref 35, 40). The
logarithm can be conducted to obtain the constant A.

The calculated values of lnZ are listed in Table 1. The
intercept of lnZ � ln½sinhðarÞ� (depicts in Fig. 2e) is calculated
as lnA = 15.6356, and the value of A is given as 6.17 9 106.
Table 2 lists the values of material constants used in the
constitutive model. Thus, the constitutive model for describing

the hot compression behavior of Al-Zn-Mg-Sc alloy with high
Zn concentration is established as follows:

_e ¼ 6:17� 106½sinhð0:01783rÞ�5:6505exp½�102:657

RT
�: ðEq 4Þ

3.3 Microstructural Characterization

Figure 3 shows the microstructures of the Al-Zn-Mg-Sc
alloy after hot compressed at different compression tempera-
tures with the strain rate of 0.1 s�1. It can be seen from
Fig. 3(a) and (b), the grains are elongated along the direction
perpendicular to the compression axial after compressed at 300
and 350 �C, and the deformed microstructure is still preserved.
Compared to the grains at 300 �C, the width of elongated
grains increases when the temperature increasing to 350 �C.
From Fig. 3(c), it can be found that the grain boundaries are
jagged and some small equiaxed grains appear at the compres-
sion temperature of 400 �C. The appearance of refined grains is
attributed to the DRX. Moreover, as the temperature increases
to 450 �C, the number of fine equiaxed grains increases. And
the size of recrystallized grains also increases, as shown in
Fig. 3(d). Due to the DRX, the average sizes of grains are
refined from 27 lm at 300 �C and 26.7 lm at 350 �C to
approximately 10 lm at 400 �C and 8.6 lm at 450 �C.
Meanwhile, the relatively homogeneous distributions of refined

Fig. 1 True stress–strain curves of Al-Zn-Mg-Sc alloy with high Zn concentration under different strain rates: (a) 0.01 s�1; (b) 0.1 s�1; (c)
1 s�1; and (d) 5 s.�1
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Fig. 2 Correlation between (a) ln_e� lnr; (b) ln_e� r; (c) ln_e� ln½sinh arð Þ�; (d) ln sinh arð Þ½ � � 1=Tð Þ; (e) ln Z � ln sinh arð Þ½ �

Table 1 lnZ values of the Al-Zn-Mg-Sc alloy under
isothermal compression

Strain rate, s21

Temperature, �C

300 350 400 450

0.01 16.98134 14.04662 11.81436 10.0593
0.1 19.28393 16.34921 14.11694 12.36189
1 21.58651 18.65179 16.41953 14.66447
5 23.19595 20.26123 18.02897 16.27391

Table 2 Values of material constants of the Al-Zn-Mg-Sc
alloy under isothermal compression

a, MPa21 n Q, kJ mol21 A, s21

0.01783 5.6505 102.657 6.17 9 106
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grains at the compression conditions of 400 �C/0.1 s�1 and
450 �C/0.1 s�1 are achieved.

Figure 4 presents the microstructures of the Al-Zn-Mg-Sc
alloy after hot compressed at different strain rates with the
compression temperature of 450 �C. Under different com-
pression conditions, the elongated grains along the direction
perpendicular to the compression axial are caused. At the
strain rates of 0.01 s�1 and 0.1 s�1, the large grain size and
relatively uniform distribution are found. In Fig. 4(a) and
(b), a small amount of second phase is precipitated at the

grain boundaries. As the strain rate increases to 1 and 5 s�1,
the elongated and coarse grains are refined and the
precipitation of the second phase at the grain boundaries
are also enhanced, as shown in Fig. 4(c) and (d). It can be
found that, the average sizes of grains are refined from
10.5 lm at 450 �C/0.01 s�1 to approximately 8.6 lm at
450 �C/0.1 s�1, 6.2 lm at 450 �C/1 s�1 and 6 lm at
450 �C/5 s�1, respectively. It mainly attributed to that the
growth of grains is suppressed at the high strain rates. These
results of microstructural characteristics affected by the

Fig. 3 Microstructures at different compression temperatures with the strain rate of 0.1 s�1: (a) 300 �C; (b) 350 �C; (c) 400 �C; (d) 450 �C

Fig. 4 Microstructures at different strain rates with the compression temperature of 450 �C: (a) 0.01 s�1; (b) 0.1 s�1; (c) 1 s�1; (d) 5 s�1
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compression conditions are almost consistent with the
reported literatures.

3.4 Softening Mechanism

To further determine the softening mechanism of the Al-Zn-
Mg-Sc alloy with high Zn concentration in isothermal com-
pression, the EBSD images are presented in Fig. 5 and 6. The
hot compression behavior can be clarified using the inverse
pole figures (IPF) by evaluating the grain orientation. Figure 5

shows the grain orientation, grain size and misorientation
distribution of the alloy at different compression temperatures
with the strain rate of 0.1 s�1. Two types of grains can be found
from the EBSD images: the elongated thin strip-like grains, and
the fine equiaxed grains with a chain-like structure distributed
along the boundaries of coarse grains. It can be seen from
Fig. 5(a1)–(a3), the elongated grains dominate at the temper-
ature of 350 �C, and the sub-grains with different sizes and
irregular shapes appear, implying a DRV mechanism. Fig-
ure 5(b1)–(b3) presents that the fine equiaxed recrystallized

Fig. 5 EBSD IPF images, grain size and misorientation after hot compressed at different compression temperatures: (a1–a3) 350 �C; (b1–b3)
400 �C; (c1–c3) 450 �C

Fig. 6 The degree of recrystallization after hot compressed at different compression temperatures: (a) 350 �C; (b) 400 �C; (c) 450 �C
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grains are formed (marked by the black arrow) at 400 �C,
which are characterized by a DRX mechanism. Moreover, the
irregular grains still exist in some local areas, indicating the
main softening mechanism of DRX. After hot compression at
450 �C, the recrystallized grains (marked by the black arrows in
Fig. 5c1) are formed due to the DRX. The average sizes of
grains are refined to approximately 8.6 lm at this condition.
The (110) h001i, (111) h110i and (110) h112i are the main
grain orientation at 350 �C/0.1 s�1. The high density (110)
h112i orientation disappear at 400 �C. As the compression
temperature increases to 450 �C/0.1 s�1, the (111) h112i and
(112) h111i orientation are also formed except for (110) h001i
orientation. In this condition, the relatively stronger h111i
orientation plays a key role in developing the recrystallization
grains.

As the compression temperature increases from 350 to
450 �C, the grain misorientation angle increases, as shown in
Fig. 5(a3)–(c3). The number of sub-grains with low-angle grain
boundaries is approximately 50%, which are mainly caused by
the slip of dislocations. It implies that the high-angle grain
boundaries (HAGBs, > 15�) are transformed from the low-
angle grain boundaries (LAGBs, 2�-15�) with increasing
compression temperature. Thus, the sub-grains with LAGBs
are continuously transformed into the recrystallized grains with

HAGBs due to the DRX. Figure 6 shows the degree of
recrystallization, deformed and undeformed of the high Zn
alloy after hot compressed at different compression tempera-
tures with the strain rate of 0.1 s�1. The ‘‘substructured’’
represents the undeformed microstructure. As the temperature
increases from 350 to 450 �C, the degree of recrystallization
increases from 27.7 to 60.8% (Fig. 6c). It indicates 119%
increase in the degree of recrystallization. Thus, it concludes
that the grain sizes, grain orientation and morphologies are
highly affected by the studied compression temperature and
strain rate.

Figure 7 and 8 show the EBSD images of the Al-Zn-Mg-Sc
alloy with high Zn concentration after hot compressed at
different strain rates. The grain orientation, grain size and
misorientation distribution of the alloy at the temperature of
450 �C are presented in Fig. 7. The relative smaller grains
accompanied by the LAGBs are formed inside the deformed
grains, as shown in Fig. 7(c1), (c2). It can be found that the
average sizes of grains are refined to approximately 6.1 lm at
the condition of 450 �C/1 s�1. This result implies that the
recrystallized grain growth is suppressed at the high strain rate
due to insufficient time of heat dissipation and microstructure
softening. In addition, the driving force of DRX increases with
decreasing strain rate, leading to the increases in the nucleation

Fig. 7 EBSD IPF images, grain size and misorientation after hot compressed at different strain rates: (a1–a3) 0.01 s�1; (b1–b3) 0.1 s�1; (c1–
c3) 1 s�1
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rate of the grains. At the strain rates of 0.01 and 0.1 s�1, the
grain size increases, and many HAGBs are generated, as
presented in Fig. 7(a1), (a2), (b1), and (b2). The fine DRX
grains are also produced along the initial grain boundaries. The
dislocations continue to be absorbed by the sub-grains with
LAGBs with decreasing strain rate. Meanwhile, the sub-grains
are transformed into recrystallized grains, leading to the
increases in the HAGBs and the large degree of accumulative
strain in the original grains, as shown in Fig. 7(a3)–(c3). In
addition, the main grain orientations are characterized by the
(111) h112i, (332) h113i, (001) h110i and (112) h111i at
450 �C/0.01 s�1. And the (111) h110i and (110) h112i
orientations are dominate at 450 �C/1 s�1, accompanied by
many fine DRX grains with HAGBs. The change of grain
orientation clarify that the recrystallized grains and microstruc-
ture softening behavior are also affected by the studied
compression temperature and strain rate.

Figure 8 presents the degree of recrystallization, deformed,
and undeformed of the Al-Zn-Mg-Sc alloy after hot com-
pressed at different strain rates. The degree of recrystallization
is approximately 32.1% at the condition of 450 �C/1 s�1, and
the undeformed grains reaches to 64.9%. The degree of
recrystallization increases from 32.1% at 450 �C/1 s�1 to
60.8% at 450 �C/0.1 s�1. It implies 89% increment in the
degree of recrystallization and 41% decrement in the degree of
undeformed grains, respectively. Unfortunately, the degree of
recrystallization reduces to 46.8% in turn with decreasing strain
rate continuous to 0.01 s�1, as shown in Fig. 8(a). Since there
is a sufficient time for the heat dissipation and DRX with
decreasing strain rate, leading to the growth of recrystallized
grains. Thus, the above results indicate that the DRV and DRX
are the main softening mechanism of the Al-Zn-Mg-Sc alloy
with high Zn concentration, which are closely associated with
the studied compression temperature and strain rate.

4. Conclusions

(1) The true stress of the Al-Zn-Mg-Sc alloy with high Zn
concentration increases rapidly with increasing accumu-
lative strain, and finally reaches to a steady state. As the
compression temperature decreases and strain rate in-
creases, the peak value of true stress increases. The
competing mechanism between work hardening and
flow softening produce a crucial effect on the hot com-
pression behavior of the high Zn alloy.

(2) The constitutive model with the activation energy of
102.657 kJÆmol�1 is established to describe the hot
compression behavior of the Al-Zn-Mg-Sc alloy with
high Zn concentration:

_e ¼ 6:17� 106½sinhð0:01783rÞ�5:6505exp½�102:657

RT
�

(3) The softening mechanism is closely associated with com-
pression temperature and strain rate. The DRV dominates
under the low temperature and high strain rate. And the
Al-Zn-Mg-Sc alloy is characterized by both the DRV and
DRX at the high temperature and low strain rate. The rela-
tively stronger h111i orientation plays an important role
in developing the recrystallization grains. As the applied
compression temperature increases and strain rate de-
creases, many sub-grains with LAGBs are transformed
into recrystallized grains with HAGBs. The main soften-
ing mechanism is also transformed from DRV to DRX.
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