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Abstract: Gravity die casting (GC) and squeeze casting (SC) T4-treated Al−7.0Zn−2.5Mg−2.1Cu alloys were employed to 
investigate the microstructures, mechanical properties and low cycle fatigue (LCF) behavior. The results show that mechanical 
properties of SC specimens are significantly better than those of GC specimens due to less cast defects and smaller secondary 
dendrite arm spacing (SDAS). Excellent fatigue properties are obtained for the SC alloy compared with the GC alloy. GC and SC 
alloys both exhibit cyclic stabilization at low total strain amplitudes (less than 0.4%) and cyclic hardening at higher total strain 
amplitudes. The degree of cyclic hardening of SC samples is greater than that of GC samples. Fatigue cracks of GC samples 
dominantly initiate from shrinkage porosities and are easy to propagate along them, while the crack initiation sites for SC samples are 
slip bands, eutectic phases and inclusions at or near the free surface. 
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1 Introduction 
 

The Al−Zn−Mg−Cu alloy is a kind of the high- 
strength and light-mass structural materials, which is 
now being widely used in aviation and aerospace   
fields [1−3]. It is well known that 7000 series alloys are 
developed mainly as wrought alloys and are unsuitable 
for conventionally produced castings [4]. To improve the 
mechanical properties of cast 7000 series aluminum alloys, 
attempts have been made to produce aluminum alloy 
components by various methods. The process of squeeze 
casting (SC) is one kind of such methods, which allows 
the production of gas and shrinkage free castings [4−6]. 
WILLIAMS and FISHER [7] demonstrated that the 
tensile properties of squeeze cast 7075 alloys in the T6 
and T73 temper conditions fell between the typical 
transverse and longitudinal values of the forged alloys.  
CHADWICK and YUE [4,8] reported that the mechanical 
properties of squeeze cast 7010 alloy were comparable to 
those found in the wrought form of the alloys. 

Fatigue failure in metals accounts for 90% of all 
in-service failure due to mechanical causes [9]. 

Nowadays, most of the researches on fatigue behavior of 
cast aluminum alloys are concentrated on Al−Si series 
alloys, especially A356 alloys [10−16]. Only a few 
articles about the fatigue properties of Al−Zn−Mg−Cu 
alloys have been reported. JIAN et al [17] investigated 
the fatigue fracture of wrought Al−Zn−Mg−Cu alloys 
(T7451) and demonstrated that the fatigue damage 
preferably incubated at the fractured inclusion particles 
at or near the specimens’ free surfaces. YUE [18] studied 
the fatigue behavior of Al−Zn−Mg−Cu alloys (7010-T6) 
in the form of squeeze and chill castings and rolled plate, 
and reported that the fatigue strength of squeeze cast 
material was found to lie between those of the gravity 
cast and plate material. However, the fatigue properties 
of squeeze cast Al−Zn−Mg−Cu alloy in T4 heat-treated 
condition have never been reported. In this paper, 
Al−Zn−Mg−Cu alloys were prepared by squeeze casting 
and gravity die casting. In order to obtain better 
comprehensive mechanical properties, especially the 
elongation, T4 heat treatment was adopted. Various test 
techniques were used to examine the microstructures, 
mechanical properties and low cycle fatigue behavior of 
the alloys. 
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2 Experimental 
 

Highly pure Al (99.95%), pure Zn, pure Mg and 
Al−50Cu master alloy were used to prepare the 
experimental alloys and the chemical compositions 
analyzed by an optical emission spectrometer are shown 
in Table 1. The raw materials were melted at 1053 K in a 
graphite crucible using an electric resistance furnace. 
About 10 kg melt was degassed to minimize the 
hydrogen content. Then, the melt was poured into a 
cylindrical die under the applied pressure of 0 and    
75 MPa. The die temperature was set at approximately 
493 K and the pouring temperature was set at 983 K. 
Finally, the samples were obtained with sizes of 85 mm 
in height and 68 mm in diameter. The samples were 
solution-treated at 743 K for 24 h, and then quenched 
into water at room temperature (T4). 
 
Table 1 Chemical composition of experimental alloys (mass 
fraction, %) 

Zn Mg Cu Fe Si Al 
7.0 2.5 2.1 <0. 02 <0.02 Bal. 

 
The tensile test was carried out on a SANS 

CMT5105 standard testing machine and the reported 
values were tested for at least three samples, both as-cast 
and T4-treated samples were tested. Total strain- 
controlled low cycle fatigue (LCF) test was carried out 
on a computer-controlled servo-hydraulic testing 
machine MTS809−25KN at room temperature in air with 
pull-push loading at a constant strain rate of 8×10−3 s−1 
with zero mean strain (R=−1). Only T4-treated samples 
were tested. The specified strain amplitudes were from 
0.2% to 0.6% and specimens were tested up to failure. 
Digital microhardness tester HVS−1000 was used to test 
the hardness of α(Al) matrix. The density test was carried 
out on a Sartorius BS−224B electronic balance. 

Samples for metallographic observation were cut in 
the gauge length part from the selected tensile specimens. 
Metallographic samples were etched with 1 mL HF +  
199 mL H2O solution for 30 s. A Leica optical 
microscope equipped with the image analysis software 
Leica materials workstation V3.6.1 was used to 
quantitatively analyze the α(Al) dendrite size. The 
microstructures of fatigue specimens were analyzed 
using a Quanta 2000 SEM equipped with an 
energy-dispersive X-ray analyzer (EDX) and a JEOL 
JEM−3010 transmission electron microscope (TEM) at 
200 kV. 
 
3 Results and discussion 
 
3.1 Microstructures and mechanical properties 

Figure 1 shows the microstructures of the as-cast 

samples prepared by GC and SC process, respectively. 
The microstructures of the as-cast alloys are typical 
dendrites with non-equilibrium eutectic phases,  
η(MgZn2) and T(Al2Mg3Zn3), distributing among the 
grain boundaries and secondary dendrite boundaries. A 
lot of shrinkage porosities are seen in GC samples, while 
nearly no shrinkage porosities are observed in SC 
samples. The mean secondary dendrite arm spacing 
(SDAS) was 15−25 µm for SC samples and 25−35 µm 
for GC samples. These differences in microstructural 
characteristics are considered to be due to different 
solidification speeds. The research by CHADWICK and 
YUE [4] suggests that the applied pressure in the process 
of solidification can reduce the air gap between the mold 
and casting and improve the interface heat transfer 
coefficient, which fastens the cooling rate of castings. 
 

 

Fig. 1 Microstructures of Al−7.0Zn−2.5Mg−2.1Cu samples 
under as-cast condition: (a) GC; (b) SC 
 

The density of SC samples (2.8383 g/cm3) is higher 
than that of GC samples (2.7943 g/cm3). The research by 
HASHEMI et al [19] shows that all samples prepared by 
squeeze casting with pressures above 50 MPa are fully 
dense. Therefore, the porosity percentage of the GC 
samples can be estimated by the following equation 
(regard the 75 MPa samples as fully dense) [20]: 

%100
SC

GCSC ×
−

=
ρ

ρρf                         (1) 
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where f is the porosity percentage, ρGC is the density of 
GC sample, and ρSC is the density of SC sample. Thus, 
the porosity percentage of the GC sample is about 
1.55%. 

Figure 2 shows the microstructures of the T4-treated 
samples produced by GC and SC, respectively. A vast of 
non-equilibrium eutectic phases dissolve into α(Al) 
matrix. The volume fraction of eutectic phases decreases 
apparently compared with that of the as-cast condition. 
 

 

Fig. 2 Microstructures of samples under T4 condition: (a) GC; 
(b) SC 
 

The static mechanical properties of GC and SC 
alloys are presented in Table 2. The ultimate tensile 
strength and elongation are improved significantly after 
T4 heat treatment. This is contributed to solution 
strengthening. So, only T4-treated alloys are considered 
in present study. Furthermore, the ultimate tensile 
strength and elongation of SC samples are higher than 
those of GC samples under both as-cast and T4 
conditions. Under T4 condition, the ultimate tensile 
strength and elongation are improved by 32.2% and 
286% respectively by SC processing. This is mainly 
attributed to the decrease of the secondary dendrite arm 
spacing, disappearance of the casting defects such as 
shrinkage porosities after squeeze casting processing. 

What’s more, the microhardness values of samples 
produced by two casting methods are also listed in  
Table 2. It can be seen that a higher hardness is obtained 
for SC samples, which is about 13.3% higher under 

as-cast condition and 2.9% higher under T4 condition 
than that of GC samples. The difference of the hardness 
of α(Al) matrix between GC and SC samples can be 
attributed to different SDASs and solid solubilities. 
 
Table 2 Static mechanical properties of GC and SC alloys 

σb/MPa δ/%  Microhardness (HV)
Process

As-cast T4 As-cast T4  As-cast T4 

GC 149 376 0.7 5.0  105 136

SC 300 497 2.4 19.3  119 140

 
3.2 Cyclic hysteresis loop 

Figure 3 shows the engineering stress−strain 
hysteresis loops of the T4-treated experimental alloys 
prepared by GC and SC at total strain amplitudes of 
0.3%, 0.4% and 0.5%, respectively. The plastic strain 
range (Δεp) is determined from the width of hysteresis 
loop by subtracting the elastic stain range (Δεe) from the 
total strain range (Δεt). At the first cycle, there is nearly 
no Δεp for both GC and SC samples at total strain 
amplitudes of 0.3% and 0.4%, while a small Δεp is 
observed when the total strain amplitude is up to 0.5%. 
At half-life cycle, nearly no Δεp can be observed for both 
SC and GC samples at all specified total strain 
amplitudes. Therefore, the experimental alloys can be 
regarded as exhibiting elastic cyclic fatigue under the 
specified total strain amplitudes. The same phenomenon 
also occurred in 7050-T7451 alloys studied by    
CHEN [21]. 
 
3.3 Cyclic hardening behavior 

Cyclic stress response curve exhibits the change of 
stress with cycle timely in the process of cyclic loading. 
Figure 4 shows the cyclic stress response curves of GC 
and SC samples at total strain amplitudes of 0.3%, 0.4% 
and 0.5%, respectively. At low total strain amplitudes 
(0.3%, 0.4%), the stress amplitudes remain essentially 
constant for SC and GC alloys as cyclic deformation is 
progressed. At a total strain amplitude of 0.5%, SC and 
GC alloys exhibit continuously serious cyclic hardening 
to 200 cycles followed by cyclic stabilization. In addition, 
under the same total strain amplitudes, the maximum 
value of cyclic hardening of SC samples is greater than 
that of GC samples. 

Figure 5 shows the cyclic stress−strain curves of 
T4-treated GC and SC samples. For comparison, the 
static tensile curves are also plotted. For GC and SC 
samples, the cyclic stress−strain curves almost coincide 
with the tensile curves at low total strain amplitudes 
(below 0.4%). This indicates that the alloys exhibit 
cycling stabilization at low total strain amplitudes. At 
higher total strain amplitudes such as 0.5% and 0.6%, the 
cyclic stress values are significantly higher than the static 
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Fig. 3 Cyclic hysteresis loops of GC and SC alloys at first cycle and half-life cycle: (a) GC sample at first cycle; (b) GC sample at 
half-life cycle; (c) SC sample at first cycle; (d) SC sample at half-life cycle 
 

 
Fig. 4 Cyclic stress response curves of GC and SC samples at total strain amplitudes of 0.3%, 0.4% and 0.5%: (a) GC sample; (b) SC 
sample 
 

 
Fig. 5 Cyclic stress−strain curves of T4-treated GC and SC 
samples 

tensile stress values, which demonstrates that the alloys 
exhibit cyclic hardening at higher total strain amplitudes. 
This phenomenon is consistent with the cyclic stress 
response curves. 

The cyclic hardening behavior is the result of 
dislocation entanglement, dislocation accumulation and 
dislocation interaction with the second phases. In 
consideration of the same cyclic hardening behavior of 
SC and GC alloys as mentioned above, only SC samples 
were used for TEM analysis. TEM images of SC samples 
(T4) without cyclic loading and with cyclic loading at 
total strain amplitudes of 0.3% and 0.5% are shown in 
Fig. 6. Under T4 heat treatment condition without cyclic 
loading, a few quenching dislocations and nearly no 
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Fig. 6 TEM images of T4-treated SC samples without cyclic loading (a) and with cyclic loading at total strain amplitudes of 0.3% (b, 
c, d) and 0.5% (e, f) 
 
precipitated phase in α(Al) matrix are observed     
(Fig. 6(a)). 

As shown in Fig. 3, there is nearly no macroscopic 
plastic strain at a total strain amplitude of 0.3%. 
However, plastic deformation has occurred in some 
grains. It is clear that a few dislocations occur in the 
alloys under a total strain amplitude of 0.3% as the 
plastic strain is very small. As shown in Fig. 6(b), the 
dislocation density is low, only slight entanglements are 

observed. Figure 6(c) shows the accumulation of 
dislocations formed by wave-slipping at the grain 
boundary. Figure 6(d) shows that dislocations pile up in 
the bulky undissolved second phase. 

As shown in Figs. 3 and 4, at a total strain 
amplitude of 0.5%, there is a small plastic strain at the 
first cycle. Dislocation in α(Al) matrix proliferates vastly 
in cyclic loading. With the increase in the number of 
cycle, dislocation density, dislocation entanglement, 
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dislocation accumulation and interaction between 
dislocations and grain boundaries increase continuously. 
So, the alloys exhibit cyclic hardening at higher total 
strain amplitudes, such as 0.5%. 

What’s more, TEM micrograph (Fig. 6(f)) of the 
T4-treated specimen subjected to a total strain amplitude 
of 0.5% shows stress-induced precipitation and a 
continuous increase in dislocation density with the 
increase in number of cycles. VENKATESH et al [22] 
also found this phenomenon in T4-treated AA6061 alloys. 
It is universally acknowledged that the precipitated phase 
is η′(MgZn2). In the process of cyclic loading, the 
movement of dislocation leads to the fact that some small 
dispersion phases precipitate from the supersaturated 
solid solution. The second phases are so small that it is 
very difficult for dislocations to cut through, so they 
cause the pinning effect. A lot of dislocations move 
around the tiny second phases and tangle mutually, and 
then dislocation dipoles offset and dislocation loops form 
near the tiny precipitated phases. This is also one of the 
important reasons for cyclic hardening behavior at a total 
strain amplitude of 0.5%. 

Compared with the microstructures of the GC 
samples, the dendrites and secondary dendrite arm 
spacing of SC samples are smaller, and the free path of 
dislocation slip is shorter under cyclic loading. Therefore, 
the degrees of dislocation accumulation and 
entanglement are greater, so does the interaction between 
dislocations and grain boundaries or second phases. As a 
consequence, SC samples show greater degree of cyclic 
hardening behavior. 
 
3.4 Fatigue life 

The fatigue lives of GC and SC samples are listed in 
Table 3. It is clear that excellent fatigue properties are 
obtained for SC alloy compared with GC alloy. 

The total strain amplitude can be expressed as 
elastic strain amplitude (Δεe/2) and plastic strain 
amplitude (Δεp/2) [9], i.e., 
 

222
pet εεε Δ

+
Δ

=
Δ                             (2) 

 
It is universally known that low cycle fatigue life is 

often described by Mason−Coffin equation [9]: 
 

c
b

N
E
N )2()2(

222 ff
ffpet εσεεε ′+

′
=

Δ
+

Δ
=

Δ          (3) 
 
where E is the elastic modulus, Nf is the fatigue life or 
number of cycles to failure, σ′f is the fatigue strength 
coefficient, b is fatigue strength exponent, ε′f is the 
fatigue ductility coefficient and c is the fatigue ductility 
exponent. 

From the hysteresis loops discussed above, there is 
nearly no plastic strain amplitude (Δεp/2) at the half-life  

Table 3 Low cycle fatigue lives of GC and SC alloys 
GC sample

No. 
Δεt/2 2Nf  

SC sample 
No.  

Δεt/2 2Nf

1 0.20 36408  1 0.3 56182
2 0.21 26296  2 0.3 21000
3 0.22 10792  3 0.35 18480
4 0.25 3896  4 0.35 48226
5 0.25 6919  5 0.35 12592
6 0.25 5738  6 0.4 8978
7 0.30 4736  7 0.4 10064
8 0.30 4494  8 0.5 2308
9 0.40 2354  9 0.5 4438
10 0.40 1302  10 0.5 4580
11 0.50 340  11 0.6 878
12 0.50 506  12 0.6 1280

 
cycle for both SC and GC alloys, so, Eq. (3) can be 
modified as Eq. (4) by ignoring small plastic strain 
amplitudes (Δεp/2) at high total strain amplitudes. 
 

E
N b)2(

2
fft σε ′

=
Δ                              (4) 

 
To obtain the fatigue parameters required for the 

calculation of fatigue life, curves of Δεt/2 vs 2Nf are 
plotted in Fig. 7. It is clear that the experimental data fit 
with Eq. (4) well and the relevant parameters are 
summarized in Table 4. 
 

 
Fig. 7 Plots of total strain amplitude (Δεt/2) vs number of 
reversals to failure (2Nf) 
 
Table 4 Low cycle fatigue parameters for GC and SC alloys 

Pressure/MPa σ′f /MPa b Adj. R-square

0 1231.59 −0.22 0.92 

75 1387.70 −0.17 0.91 
 
3.5 Failure characteristics 

Figures 8 and 9 show the fracture surfaces of GC 
and SC samples after fracture by cyclic loading. From 
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Fig. 8 SEM images of fracture surfaces of GC samples after fracture by cyclic loading at total strain amplitude of 0.3%: (a) Total 
zone; (b) Zone I; (c) Zone II; (d) Zone III 
 
the observation at low magnifications, three fracture 
zones are obvious for SC samples, corresponding to 
crack initiation sites, crack propagation zone and final 
rapid fracture zone, while the crack propagation zone and 
final rapid fracture zone are hard to distinguish for GC 
samples. What’s more, the fracture surfaces of GC 
samples are rough and a lot of shrinkage porosities can 
be observed, while the fracture surfaces of SC samples 
are relatively smooth and several secondary cracks can 
be seen. 

Black arrows indicate the locations of the fatigue 
crack initiation (FCI) sites on individual samples. GC 
and SC samples exhibit multi-source fatigue, but there 
are more fatigue crack initiation sites on GC samples 
than on SC samples. For GC samples, almost all fatigue 
cracks initiate from big shrinkage porosities, while there 
is nearly no shrinkage for SC samples and other defects 
become the fatigue crack initiation sites. As shown in  
Fig. 9, slip bands, eutectic phases and inclusions at or 
near the surface become the crack initiation sites of SC 
samples. The result coincides with the conclusion by 
COUPER et al [10] and WANG et al [12] that big 
shrinkage porosities are the most harmful defects for 
fatigue, when the sizes of porosities decrease to some 
critical values, and other defects like eutectic phases and 

inclusions become the possible crack initiation sites. 
Striation-like formation can be seen clearly in the 

crack propagation zones of GC and SC samples. But the 
striation width of the SC samples, which indicates the 
fatigue crack propagation rate, is smaller than that of the 
GC samples. The smaller the width is, the slower the 
fatigue crack propagation rate is. This striation-like 
formation is created at different directions as indicated 
by the arrows in GC and SC samples which result from 
the variations in lattice orientation. What’s more, the 
cracks are easy to extend along shrinkage porosities for 
GC samples, while many broken second phases can be 
seen in the crack propagation zone of SC samples. 

The fatigue crack propagation rate of SC samples is 
slower than that of GC samples, which mainly includes 
the following three reasons: 1) the matrix strength and 
plasticity are improved by SC processing as indicated by 
microhardness, so, the fatigue propagation resistance is 
larger; 2) the porosity percentage of GC samples is 
1.55% and the fatigue cracks are easy to propagate along 
the porosities. This decreases the fatigue propagation 
resistance; 3) SC processing refines the dendrites, and 
the refined dendrite boundaries can alter the crack 
propagation path, so as to reduce the crack propagation 
rate. 
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Fig. 9 SEM images of fracture surfaces of SC samples after fracture by cyclic loading at total strain amplitude of 0.3%: (a) Total zone; 
(b) Zone I1; (c) Zone I2; (d) Zone I3; (e) Zone II; (f) Zone III 
 

At the final fracture stage, the rugged fracture 
surfaces are observed for both GC and SC samples. For 
SC samples, a dimple-like fracture and some glide  
steps can be seen, whereas brittle rupture with a lot    
of shrinkage porosities is the main feature for GC 
samples. 

To further understand the failure characteristics of 
GC and SC alloys, cross-sectional micrographs of the 
samples adjacent to fracture surfaces were performed. 
For GC samples, many porosities can be seen along the 
cross-section, which indicates that the cracks are prone to 
extend along them (Figs. 10(a) and (b)). For SC samples, 
some bulky broken eutectic phases can be observed and 

fatigue cracks are inclined to propagate along them  
(Fig. 10(c)). However, small second phases (about 10 μm) 
can alter crack propagation path, which increase crack 
propagation resistance (Fig. 10(d)). This is in favor of 
fatigue property. 

From these observations, it is clear that different 
failure modes occur in SC and GC alloys, the crack 
initiation sites for SC samples are slip bands, eutectic 
phases and inclusions at or near the free surface, while 
fatigue cracks of GC samples dominantly initiate from 
porosities and are easy to propagate along them, and 
these are responsible for their different fatigue properties 
as indicated above. 
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Fig. 10 Cross-sectional micrographs of GC (a, b) and SC (c, d) samples adjacent to fracture surfaces 
 
 
4 Conclusions 
 

1) The mechanical properties of squeeze cast (SC) 
Al−Zn−Mg−Cu alloy are significantly better than those 
of gravity die cast (GC) alloy due to less cast defects and 
smaller secondary dendrite arm spacing (SDAS). 

2) Excellent fatigue properties are obtained for the 
SC alloys compared with the GC alloys. GC and SC 
alloys both exhibit cyclic stabilization at low total strain 
amplitudes (less than 0.4%) and cyclic hardening at 
higher total strain amplitudes. The degree of cyclic 
hardening of SC samples is greater than that of GC 
samples. 

3) Different failure modes occur in the SC and GC 
alloys. Fatigue cracks of GC samples dominantly initiate 
from shrinkage porosities and are easy to propagate 
along them, while the crack initiation sites for SC 
samples are slip bands, eutectic phases and inclusions at 
or near the free surface. 
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挤压铸造和重力铸造 T4 态 
Al−Zn−Mg−Cu 合金的低周疲劳行为 
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摘  要：研究重力铸造和挤压铸造制备的 Al−7.0Zn−2.5Mg−2.1Cu 合金(T4 态)的显微组织、力学性能和低周疲劳

行为。结果表明：挤压铸造制备的合金铸造缺陷较少，二次枝晶间距较小，其静态力学性能明显优于重力铸造制

备合金的；挤压铸造制备的合金具有优异的疲劳性能。在较低总应变幅下(小于 0.4%)，两种方法制备的合金均呈

循环稳定特征；在较高总应变幅下均呈循环硬化特征，且挤压铸造制备的合金循环硬化程度高于重力铸造制备合

金的。在重力铸造条件下，疲劳裂纹主要起源于缩松、缩孔处，并且易于沿着这些铸造缺陷扩展；在挤压铸造条

件下，裂纹起源于表面和靠近表面处的滑移带、共晶相以及夹杂。 

关键词：Al−Zn−Mg−Cu 合金；挤压铸造；重力铸造；显微组织；力学性能；低周疲劳 
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