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Abstract: The differences in the microstructure and elevated temperature tensile properties of gravity die cast, squeeze 
cast, and semi-solid thixoformed Al−Si−Cu−Mn−Fe alloys after thermal exposure at 300 C were discussed. The results 
demonstrate that the elevated temperature tensile properties of semi-solid thixoformed alloys were significantly higher 
than those of gravity die cast and squeeze cast alloys, especially after thermal exposure for 100 h. The ultimate tensile 
strength (UTS) of semi-solid thixoformed alloys after thermal exposure at 300 C for 0.5, 10 and 100 h were 181, 122 
and 110 MPa, respectively. The UTS values of semi-solid thixoformed alloys were higher than those of heat resistant 
aluminum alloys used in commercial applications. The enhanced elevated temperature tensile properties of semi-solid 
thixoformed experimental alloys after thermal exposure can be attributed to the combined reinforcement of precipitation 
strengthening and grain boundary strengthening due to thermally stable intermetallic phases as well as suitable grain 
size. 
Key words: Al−Si alloys; iron-rich intermetallics; semi-solid thixoforming; microstructure; tensile properties; thermal 
exposure 
                                                                                                             

 

 

1 Introduction 
 

Al−Si cast alloys have excellent cast ability 
and high specific strength, corrosion resistance, and 
thermal conductivity. Therefore, the Al−Si alloys 
have a broad range of applications as heat-resistant, 
light, structural components in the aerospace, 
military, marine, and transportation industries. To 
develop green economy, it is crucial to improve the 
engine efficiency of diesel oil engines to save 
energy and reduce emission. Consequently, the 
heat-resistant Al−Si alloys with super high 
performance in diesel oil engine components   
have drawn significant attention in the aerospace, 

military, marine, and transportation industries. 
Thermal exposure testing at elevated 

temperatures has been commonly employed to 
simulate the temperature changes and stress states 
of the automotive engines under real service 
conditions. Also, it is used as a basis for the 
automotive engine design. Elevated temperature 
thermal exposure may cause some changes in the 
microstructure, such as the coarsening of secondary 
intermetallic particles, increase in precipitate free 
zones, dislocation movement, and grain boundary 
sliding [1]. Therefore, the tensile properties are 
affected by the evolution of microstructure after 
thermal exposure treatment. The addition of 
elements to form heat-resistant phases, such as Sc  
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by DING et al [2], Zr by TZENG et al [3], Ni and 
Mn by ABDELAZIZ et al [4], and Mn and Fe by 
WANG et al [5], is an efficient approach to improve 
the elevated temperature tensile properties of heat- 
resistant Al−Si alloys after thermal exposure. DING 
et al [2] reported that the formation of nano Al3Sc 
precipitates can be responsible for the improvement 
of tensile properties of A356 alloys under thermal 
exposure at 200 °C. TZENG et al [3] found that the 
Zr addition improved the elevated temperature 
tensile properties of A357 alloys after thermal 
exposure at 250 °C, which can be attributed to the 
formation of Al3Zr precipitates. ABDELAZIZ    
et al [4] concluded that the addition of Mn or Ni 
contributed only little to tensile properties of 
Zr-containing Al−Si−Cu−Mg cast alloys after 
elevated temperature thermal exposure. In our 
previous work [6], gravity die cast alloys with 
different Ti and Cu additions were designed and 
excellent elevated temperature tensile properties 
after thermal exposure at 300 °C were achieved. 
These improved tensile properties could be  
attributed to high thermal stability of precipitated 
particles, such as T (Al20Cu2Mn3) and α-Fe 
(Al15(FeMn)3(CuSi)2) phases. However, the 
improvement rate in elevated temperature tensile 
properties with grain refinement decreased with the 
rise in thermal exposure duration. The reason for 
the phenomenon can be attributed to the grain 
boundary sliding during long thermal exposure 
duration [6]. Hence, to develop the heat-resistant Al 
alloys with highly enhanced elevated temperature 
tensile properties after long thermal exposure, it is 
important to increase the precipitated particles in 
the aluminum matrix and the heat-resistant 
intermetallics around the grain boundary, as well as 
control the grain size. 

Semi-solid thixoforming is a green casting 
technology, which was firstly developed by 
FLEMINGS et al [7]. Semi-solid thixoforming 
increases the number of precipitated particles in the 
α(Al) matrix because of high cooling rate during 
high-pressure solidification. Also, the heat-resistant 
intermetallics precipitate around the grain boundary 
during semi-solid thixoforming [8]. As reported by 
ZHANG et al [9], the grain size can be controlled 
by adjusting the holding time during semi-solid 
isothermal treatment process. Therefore, semi-solid 
thixoforming may be an efficient method to develop 

heat-resistant aluminum alloys. Till date, most 
studies have focused on the room temperature 
tensile properties of semi-solid alloys [10−13]. 
KANG and SOHN [10] found that Si content and 
forging pressure are important for improving the 
mechanical properties of semi-solid Al−Si−Mg 
alloys at room temperature. QI et al [11] reported 
that the thermal conductivity, corrosion resistance, 
and room temperature mechanical properties were 
improved by using rheological high pressure die 
casting. KUMAR et al [12,13] studied the effect of 
semi-solid thixoforming on the tensile properties of 
A356 and A356−5TiB2 alloys and found that the 
improved room temperature mechanical properties 
of semi-solid thixoformed alloys were achieved. 
Only a few researchers have reported on the 
elevated temperature tensile properties of semi- 
solid alloys after thermal exposure. 

Herein, semi-solid thixoforming was employed 
to develop experimental alloys with high- 
performance tensile properties under elevated 
temperature thermal exposure. The differences in 
the microstructures and elevated temperature tensile 
properties of gravity die cast, squeeze cast, and 
semi-solid thixoformed alloys have been discussed 
in detail. This study is beneficial to widening the 
industrial applications of semi-solid aluminum 
alloys in the fabrication of light, heat-resistant, 
structural components in the aerospace, military, 
marine, and transportation industries. The Fe 
content is considered to be unavoidable in 
aluminum alloys and always is accumulated after 
recycling. The development of Al−Si−Cu−Mn 
alloys with high Fe content would be beneficial to 
the recycling of waste aluminum alloys. 
 
2 Experimental 
 

The experimental alloys were prepared by pure 
Al (99.5 wt.%) and Al−20wt.%Si, Al−50wt.%Cu, 
Al−5wt.%Mg, Al−10wt.%Mn, Al−5wt.%Fe, and 
Al−5wt.%Ti master alloys. The chemical 
composition of the experimental alloys is listed in 
Table 1. 
 
Table 1 Chemical composition of experimental alloy 

(wt.%) 

Si Cu Mn Fe Ti Mg Sr Al

6.72 3.90 0.59 0.59 0.22 0.12 0.01 Bal.
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The detailed melting and degassing processes 
of the experimental alloys have been presented in 
our earlier-stage work [6]. The aluminum melts 
were poured into an H13 cylindrical die and 
solidified at 0 MPa to obtain the gravity die cast 
samples. For the squeeze cast samples, the 
aluminum melts were poured into an H13 
cylindrical die and solidified at 75 MPa. The 
pouring and die temperatures were 730 and 250 °C, 
respectively. Our experimental alloys are similar  
to the A319 alloys. The appropriate process 
temperature for semi-solid isothermal heat 
treatment of A319 alloys is about 571 °C [14,15]. 
The semi-solid isothermal treatment samples with 
the size of d10 mm × 10 mm were cut from the 
gravity die cast samples. Then, the samples were 
isothermally treated in a holding furnace at 
550−580 °C for 30−90 min. Then, the semi-solid 
isothermal treatment samples were immediately 
quenched in room temperature water to maintain 
the semi-solid microstructure. The optimization   
of semi-solid isothermal treatment process     
was determined by the suitable liquid fraction   
and granule roundness of α(Al) for semi-solid 
thixoforming. Finally, the semi-solid samples were 
formed in an H13 cylindrical die under 75 MPa. 

The shape factor of α(Al) and the liquid 
fraction were quantitatively calculated by using 
Image-Pro Plus software. The shape factor of α(Al) 
can be described using Eq. (1): 
 

2

4 A
K

P


                                (1) 

 
where K is the shape factor of α(Al), A is the 
surface area, and P is the perimeter. 

According to the reports by WANG et al [5], 
the T6 heat treatment is generally employed for 
Al−Si alloys to stabilize the microstructure. The T6 
heat treatment process can also be found in our 
previous work [6]. After T6 heat treatment, the 
samples were machined into standard tensile test 
bars of 70 mm in length and 5 mm in diameter. 
Then, the tensile specimens were placed in a heat 
treatment furnace at the temperature of 300 C for 
different time (0.5, 10, and 100 h). The elevated 
temperature tensile properties were also studied in 
our previous work [16]. The tensile property values 
were the average of at least three testing samples. 

The samples for microstructural observation 
came from the gripping parts of the tensile 

properties test bars. To reveal the intermetallics and 
precipitated particles, the samples were etched in a 
Keller solution for 10−15 s. Subsequently, a Leica 
optical metallographic microscope was employed to 
observe the microstructure of the samples. The 
samples for grain structure observation were etched 
in a 5 vol.% HBF4 solution under a direct current 
source at the voltage of 10 V and current of 0.1 A 
for 1.5 min. Then, the samples were etched in the 
solution of Keller reagent. The grain size of the 
alloys was quantitatively analyzed by using the 
linear intercept method with a Leica optical 
microscope equipped with the image analysis 
software. The morphologies of secondary inter- 
metallic phases and surface fractures were analyzed 
under a scanning electron microscope (Nova Nano 
SEM 430). The changes in the precipitates and 
dislocation in the α(Al) matrix were analyzed  
using a transmission electron microscope (JEOL 
JEM−3010) at 200 kV. 
 
3 Results 
 
3.1 Optimization of semi-solid isothermal 

treatment process 
Figure 1 displays the microstructures of the 

alloys after semi-solid isothermal treatment at 
different temperatures for 90 min. When the 
semi-solid isothermal treatment temperature was 
550 °C, the microstructure demonstrated no clear 
change. With the increase in semi-solid isothermal 
treatment temperature, the liquid fraction clearly 
increased, and the grains became globular. When 
the semi-solid isothermal treatment temperature 
was 580 °C, the liquid fraction slightly increased, 
and the grains became more globular. The shape 
factor of α(Al) was 0.65. 

Figure 2 shows the microstructures of the 
alloys after semi-solid isothermal treatment at 
580 °C for different time. When the semi-solid 
isothermal treatment time was 30 min, a little liquid 
was found on the samples. With the rise in 
semi-solid isothermal treatment time, the liquid 
fraction clearly increased, and the grains became 
globular. With further increase in semi-solid 
isothermal treatment time to 90 min, that is, 
120 min, grains became more globular. However, 
when the semi-solid isothermal treatment time was 
above 90 min, the liquid faction tended to reach 
equilibrium. 
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As per the results, the α(Al) displayed 
spheroidizing during the semi-solid isothermal heat 
treatment. The mechanism of spheroidizing has 

been discussed in several works [17−20]. The 
mechanism of spheroidizing can be attributed to the 
evolution of α(Al) dendrite edge blunting, α(Al) 

 

 
Fig. 1 Microstructures of alloys after semi-solid isothermal treatment at different temperatures for 90 min: (a) 550 °C; 

(b) 560 °C; (c) 570 °C; (d) 580 °C 

 

 

Fig. 2 Microstructures of alloys after semi-solid isothermal treatment at 580 °C for different time: (a) 30 min;        

(b) 60 min; (c) 90 min; (d) 120 min 
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dendrite dissolution, grain spheroidization, grain 
maturation, and coarsening [17,18]. Figure 3 
displays the liquid fractions of semi-solid isothermal 
treatment samples at different temperatures and 
time. It can be found that the liquid fraction 
increased with rise in temperature and time. When 
the semi-solid isothermal treatment temperature 
was 580 °C and time was 90 min, the liquid fraction 
of the samples was about 40%. Most of the works 
have reported that the suitable liquid fraction for 
semi-solid thixoforming is 30−50% [19,20]. Hence, 
the appropriate process for semi-solid isothermal 
heat treatment of 4Cu−0.2Ti alloys is heating at 
580 °C for 90 min. 
 

 

Fig. 3 Liquid fractions of semi-solid isothermal treatment 

samples at different temperatures (a) and time (b)  

 

3.2 Secondary intermetallics in experimental 
alloys 
Figure 4 shows the OM, SEM image and 

energy dispersive X-ray spectroscopy (EDS) maps 
of the gravity die cast experimental alloys. The 
secondary intermetallics included Al2Cu, α-Fe 
(Al15(FeMn)3(CuSi)2), Si particles, β-Fe(Al7Cu2Fe), 

and TiAlSi phases, which have also been reported 
in our previous work [6]. 

Figure 5 presents the microstructures of 
experimental alloys formed by different processes 
after thermal exposure for 0.5 h. Several pores and 
needle-like phases were found in the gravity die 
cast samples. In the squeeze cast and semi-    
solid thixoformed samples, the porosities were 
significantly decreased as compared to the gravity 
die cast samples. Also, the needle-like intermetallic 
phases in the squeeze cast and semi-solid thixo- 
formed samples disappeared, which indicated   
that the applied pressure efficiently prevented   
the formation of needle-like intermetallic phase. 
However, some large block-shaped iron-rich 
intermetallics, called sludge, were found in the 
squeeze cast samples. 

The sludge consists of the primary iron-rich 
intermetallics, which is formed in the Al−Si−Cu 
alloys depending on the Fe, Mn, and Cr contents, 
the holding temperature, as well as the cooling rate. 
The formation tendency of sludge in the Al−Si−Cu 
alloys can be predicted by the sludge factor 
equation. The sludge factor is affected by the Fe, 
Mn, and Cr contents, and can be described by 
Eq. (2): 
 
sf=wFe+2wMn+3wCr                                (2) 
 
where sf is the sludge factor; wFe, wMn, and wCr are 
the mass fractions of Fe, Mn, and Cr, respectively. 
Herein, the sludge factor was 1.77 (Mn, 0.59 wt.%; 
Fe, 0.59 wt.%). HWANG et al [21] reported that 
when the sludge factor was 1.8 (Mn, 0.65 wt.%; Fe, 
0.5 wt.%), there was no sludge formed in the A319 
alloys. However, when the sludge factor was 2.2 
(Mn, 0.85 wt.%; Fe, 0.5 wt.%), the sludge was 
formed in the A319 alloys. 

The holding temperature of sludge formation 
depends on the Fe content, which can be described 
as follows: 
 
Tsp=645.7+ 2

Fe34.2w                         (3) 
 
where Tsp is the sludge precipitation temperature. 
As per SHABESTARI [22], when the holding 
temperature was below the sludge precipitation 
temperature (657.6 °C in this study), the sludge  
was formed in the Al−Si−Cu alloys. The holding 
temperature in this study was 730 °C; hence,    
the sludge was not formed in the gravity die cast 
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Fig. 4 Images of microstructures (a, b) and EDS maps (c−f) of gravity die cast experimental alloys: (a) OM image;   

(b) SEM image; (c) Al2Cu; (d) α-Fe; (e) β-Fe; (f) TiAlSi 

 

 
Fig. 5 Microstructures of experimental alloys formed by different processes after thermal exposure for 0.5 h:        

(a, b) Gravity die cast alloys; (c, d) Squeeze cast alloys; (e, f) Semi-solid thixoformed alloys 

 
samples. The formation of sludge in squeeze cast 
samples can be attributed to the high cooling rate. 
HE also suggested that the high cooling rate 

promotes the formation of sludge, which can be 
attributed to the segregation of iron at high cooling 
rate in the squeeze cast samples. 
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Moreover, some coarse block-shaped Si 
particles were found in the semi-solid thixoformed 
samples, which can be attributed to the growth of Si 
particles during the semi-solid isothermal treatment. 
Besides, Fe-rich intermetallics and Si developed 
chain- or annular-like distributions around the grain 
boundary. 

Figure 6 displays the microstructures of 
experimental alloys formed by different processes 
after thermal exposure for 100 h. Nearly no 
microstructural changes were found in the samples, 
indicating that the secondary intermetallics, such as 
Si and Fe-rich intermetallics, remained stable after 
thermal exposure for 100 h. 
 

 
Fig. 6 Microstructures of experimental alloys formed  

by different processes after thermal exposure for 100 h: 

(a) Gravity die cast alloys; (b) Squeeze cast alloys;    

(c) Semi-solid thixoformed alloys 

Figure 7 illustrates the grain sizes of 
experimental alloys formed by different processes 
after thermal exposure for 0.5 h. The grain size was 
significantly refined in the squeeze cast samples. 
The grain sizes of the alloys formed by different 
processes were quantitatively analyzed. The grain 
size of the squeeze cast alloy was estimated to be 
118 μm, which was significantly less than that of 
the gravity die cast alloy (437 μm). While, that for 
semi-solid thixoformed alloy was estimated to be 
209 μm, which was much coarsened than that of the 
squeeze cast alloy. The coarsening of grain size in 
semi-solid thixoformed alloys can be attributed to 
the grain growth during the semi-solid isothermal 
treatment. 
 

 

Fig. 7 Grain sizes of experimental alloys formed by 

different processes after thermal exposure for 0.5 h:    

(a) Gravity die cast alloys; (b) Squeeze cast alloys;    

(c) Semi-solid thixoformed alloys 
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3.3 Precipitated particles in α(Al) matrix 
Figure 8 shows changes in the number of 

precipitated particles in the α(Al) matrix of alloys 
formed by different processes after elevated 
temperature thermal exposure for different time. 
The OM images suggested that the precipitated 
particles were significantly decreased with the 
increase in thermal exposure time. Furthermore,  
the precipitated particles in the squeeze cast    
and semi-solid thixoformed alloys increased 
significantly compared to the gravity die cast  
alloys, which can be attributed to the increase in 
solid solubility because of the applied pressure. 

Figure 9 shows the TEM images of the 
precipitated particles of squeeze cast experimental 
alloy after thermal exposure at 300 C for 0.5 h. 
Figure 9(a) displays the high-resolution TEM image 
of the θ′(Al2Cu) phase. Some rod- and block-shaped 
phases were also observed in the experimental alloy 

(Fig. 9(b)). The EDS results in Fig. 9(c) 
demonstrate that the alloy contains Al, Cu, and Mn 
elements, indicating that the rod-shaped phase was 
T (Al20Cu2Mn3). The EDS results in Fig. 9(d) show 
that the alloy contains Al, Cu, Mn, Fe, and Si 
elements, which suggests that the block-shaped 
phase is the α-Fe(Al15(FeMn)3(CuSi)2) phase. 
Consequently, the dispersoids in the experimental 
alloys were nano-sized θ′(Al2Cu) and α-Fe and 
micro-sized T(Al20Cu2Mn3), which was reported in 
our previous work [6] and other reports [23,24]. As 
the change in θ′(Al2Cu) has been studied before and 
after thermal exposure at 300 C, the evolution of 
θ′(Al2Cu) was not studied in this work [25]. 

TEM observations were employed to study the 
morphological changes in the dispersoids in Al 
matrix. Figure 10 shows the TEM images of the 
experimental alloys formed by different processes 
for different thermal exposure time. When the  

 

 
Fig. 8 Morphologies of precipitates in α(Al) matrix observed under OM: (a) Gravity die cast alloys, 0.5 h; (b) Gravity 

die cast alloys, 100 h; (c) Squeeze cast alloys, 0.5 h; (d) Squeeze cast alloys, 100 h; (e) Semi-solid thixoformed alloys, 

0.5 h; (f) Semi-solid thixoformed alloys, 100 h 
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Fig. 9 Dispersoid morphologies (a, b) and EDS spectra (c, d) of squeeze cast experimental alloys after thermal exposure 

at 300 C for 0.5 h: (a) TEM image of θ′(Al2Cu); (b) TEM image of T(Al20Cu2Mn3) and α-Fe; (c) EDS spectrum of 

T(Al20Cu2Mn3); (d) EDS spectrum of α-Fe 

 

thermal exposure time was 0.5 h, several nano-sized 
θ′(Al2Cu) phases were observed in the samples. 
When the thermal exposure time was further 
increased to 100 h, the θ′(Al2Cu) decreased 
significantly. In the squeeze cast and semi-solid 
thixoformed samples, the size of dispersoids was 
significantly decreased, while their volume fraction 
was significantly increased as compared to that of 
the gravity die cast samples. 

The size of dispersoids was quantitatively 
analyzed using the Image J software (Fig. 11). The 
size of θ′(Al2Cu) was measured for the samples 
after thermal exposure for 0.5 h. The sizes of 
T(Al20Cu2Mn3) and α-Fe phases were measured for 
the samples after thermal exposure for 100 h. The 
size of θ′(Al2Cu) was measured to be 136 nm in 
gravity die cast samples, 58 nm in squeeze cast 
samples, and 62 nm in semi-solid thixoformed 
samples. The size of α-Fe was measured to be 
138 nm in gravity die cast samples, 64 nm in 
squeeze cast samples, and 68 nm in semi-     
solid thixoformed samples. Finally, the size of 

T(Al20Cu2Mn3) was measured to be about 1 μm and 
little changes were observed among different 
forming processes. 
 

3.4 Elevated temperature tensile properties of 
experimental alloys after thermal exposure 
Figure 12 demonstrates elevated temperature 

tensile properties of alloys after thermal exposure. 
The increase of thermal exposure duration 
deteriorated the elevated temperature strength but 
increased the elongation. As the thermal exposure 
time increased from 0.5 to 10 h, the thermal 
exposure strength decreased sharply, and then, it 
reduced a little as the thermal exposure time was 
further increased to 100 h. The elevated temperature 
tensile properties of the squeeze cast alloys 
demonstrated higher values than the gravity die cast 
alloys after thermal exposure for 0.5 h, which were 
then decreased to almost the same values after 
thermal exposure for 100 h. The elevated 
temperature tensile properties of the semi-solid 
thixoformed alloys displayed significantly higher 
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Fig. 10 Dispersoid morphologies in α(Al) matrix of alloys observed under TEM: (a) Gravity die cast alloys, 0.5 h;    

(b) Gravity die cast alloys, 100 h; (c) Squeeze cast alloys, 0.5 h; (d) Squeeze cast alloys, 100 h; (e) Semi-solid 

thixoformed alloys, 0.5 h; (f) Semi-solid thixoformed alloys, 100 h 

 
values than the gravity die cast and squeeze cast 
alloys, especially, after thermal exposure for    
100 h. KAUFMAN [26] investigated the UTS of 
commercial aluminum alloys after thermal  
exposure at 300 C for different time. WANG    

et al [5] studied the high temperature strength of 
experimental alloys and found that the UTS reached 
up to 144 MPa after thermal exposure at 300 C for 
0.5 h. LIAN et al [27] and SUI et al [28] also 
reported the UTS of Al−12Si−4Cu−2Ni−0.8Mg to 
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Fig. 11 Dispersoid size in alloys formed via different 

processes 

 

 
Fig. 12 Elevated temperature tensile properties of alloys 

formed via different processes after thermal exposure:  

(a) UTS; (b) YS; (c) Elongation 

be 109.5 and 140 MPa, respectively. AIKAWA   
et al [29] developed two kinds of Al−Si−Cu− 
Mg−Ni−V piston alloys with different Cu contents 
and found that Cu content had no clear effect on the 
elevated temperature UTS of the alloy. TAKASAKI 
and YOSHIMURA [30] prepared Al−13.0Si− 
3.3Cu−1.3Mg−1.6Zn piston alloys and found that 
the elevated temperature UTS of this piston alloy 
was 132−145 MPa. Herein, to evaluate the elevated 
temperature UTS, the results of the experimental 
alloys formed by gravity die cast, squeeze cast, and 
semi-solid thixoforming processes were compared 
to those of the heat-resistant aluminum alloys for 
commercial applications in the above references 
after thermal exposure at 300 C. The results are 
presented in Table 2. The elevated temperature UTS 
values of all the experimental alloys were higher 
than those of the heat-resistant aluminum alloys for 
commercial applications, such as the wrought 
aluminum alloy and Al−Si alloys. For instance, 
after thermal exposure at 300 C for 0.5, 10, and 
100 h, the UTS values of the semi-solid 
thixoformed experimental alloys were 181, 122, 
and 110 MPa, respectively. The UTS values of  
the semi-solid thixoformed alloys were nearly 
two-fold higher than those of some of the 
heat-resistant aluminum alloys for commercial 
applications. The UTS of semi-solid thixoformed 
experimental alloys after thermal exposure at 
300 C for 100 h were increased by 37.5% and 31% 
as compared to the gravity die cast and squeeze cast 
alloys, respectively. 
 
3.5 Fractured surfaces 

Figure 13 illustrates the fractured surfaces of 
the experimental alloys after thermal exposure at 
300 C. All the fractured surfaces displayed the 
characteristics of a ductile fracture after elevated 
temperature thermal exposure. These characteristics 
increased with the rise in thermal exposure time. As 
shown in Figs. 13(a, b), several pores were found 
on the fractured surfaces of the gravity die cast 
alloy, which led to low elongation. Some small and 
deep dimples were observed on the fractured 
surfaces of squeeze cast alloys (Figs. 13(c, d)). The 
fractured surfaces of squeeze cast alloys displayed 
more ductile fracture features as compared to the 
gravity die cast alloys. The improvement of 
elongation in squeeze cast alloys can be attributed 
to the refinement of microstructure and decrease in  
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Table 2 Mechanical properties of Al−Si−Cu−Mn−Fe alloys and previously reported alloys after elevated temperature 

thermal exposure  

Alloy (Condition) 
Temperature/

C 

UTS after thermal exposure/MPa 
Source

0.5 h 10 h 100 h 

GC (T6) 300 150 84 80 This work

SC (T6) 300 168 94 84 This work

SF (T6) 300 181 122 110 This work

2024 (T6) 315 110 85 69 [26] 

6061 (T6) 315 85 62 41 [26] 

7075 (T6) 315 70 62 59 [26] 

356.0 (T6) 315 52 45 38 [26] 

319.0 (T6) 315 90 75 66 [26] 

Al−Si−Cu−Fe−Mn (T6) 300 144 − − [5] 

Al−12Si−4Cu−2Ni−0.8Mg (T6) 300 109.5 − − [27] 

Al−12Si−4Cu−2Ni−0.8Mg (T6) 300 140 − − [28] 

Al−13.00Si−4Cu−0.92Mg−1.90Ni−0.16V (T6) 300 93 − − [29] 

Al−13.72Si−2Cu−1.08Mg−2.36Ni−0.20V (T6) 300 94 − − [29] 

Al−13.0Si−3.3Cu−1.3Mg−1.6Zn (T5) 315 132−145 − − [30] 

 

 
Fig. 13 Fractured surfaces of experimental alloys after thermal exposure at 300 C: (a) Gravity die cast, 0.5 h;       

(b) Gravity die cast, 100 h; (c) Squeeze cast, 0.5 h; (d) Squeeze cast, 100 h; (e) Semi-solid thixoformed, 0.5 h;       

(f) Semi-solid thixoformed, 100 h 

 

porosities and needle-like iron-rich intermetallics. 
Some block-shaped Si particles and cracks were 
found on the fractured surfaces of semi-solid 
thixoformed alloys. These results implied that the 
semi-solid thixoformed alloys demonstrated worse 
ductile failure features as compared to the squeeze 

cast alloys (Figs. 13(e, f)). 
Figure 14 displays the morphologies of 

intermetallics and pores on or beneath the fractured 
surfaces of the experimental alloys in the 
longitudinal direction after thermal exposure at 
300 C. On the fractured surface of gravity die cast 
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Fig. 14 Morphologies of intermetallics and pores on or beneath fractured surfaces of experimental alloys in longitudinal 

direction after exposure at 300 C: (a) Gravity die cast, 0.5 h; (b) Gravity die cast, 100 h; (c) Squeeze cast, 0.5 h;     

(d) Squeeze cast, 100 h; (e) Semi-solid thixoformed, 0.5 h; (f) Semi-solid thixoformed, 100 h 

 
alloys, large number of pores, eutectic Si particles, 
and needle-like intermetallics phases were observed 
on or beneath the fractured surface. These brittle 
intermetallics and pores in the gravity die cast 
alloys resulted in crack formation and propagation, 
which finally led to fracture failure (Figs. 14(a, b)). 
Numerous eutectic Si particles and iron-rich 
intermetallics (sludge or α-Fe) were observed on the 
fractured surface of squeeze cast alloys. The 
morphology of fractured surface in squeeze cast 
alloys suggested that the eutectic Si particles, 
sludge, or α-Fe were the main sources of cracks, 
which led to the fracture failure of squeeze cast 
alloys (Figs. 14(c, d)). As shown in Figs. 14(e, f), 
multiple coarse Si particles and α-Fe can be 
observed on or beneath the fractured surface of the 
semi-solid thixoformed alloys, which indicated that 
the coarse Si particles and α-Fe formed a weak 

location that resulted in the formation and 
propagation of cracks during tensile loading. 
 

4 Discussion 
 
4.1 Deterioration of elevated temperature tensile 

properties of squeeze cast alloys after long 
thermal exposure 
As shown in Fig. 12, the tensile properties of 

squeeze cast alloys at elevated temperatures were 
higher than those of gravity die cast alloys after 
thermal exposure for 0.5 h, which then decreased to 
almost the same value as the thermal exposure time 
increased to 100 h. As per Fig. 7, the grain size of 
the squeeze cast alloy (118 μm) was significantly 
lower than that of the gravity die cast alloy 
(437 μm). In general, it is not suitable to develop 
the heat-resistant aluminum alloys by using refined 
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grain strengthening, as grain boundary movement 
or sliding often occurs at long elevated temperature 
thermal exposure. This phenomenon has been 
reported by LI et al [31]. They found that the grain 
refinement was beneficial to the improvement of 
room temperature tensile properties of Al−Si−Cu− 
Ni−Mg piston alloys. Also, the group observed that 
the tensile properties at 350 C decreased, which 
was attributed to the grain refinement of grain  
size and non-uniform distribution of the heat    
resistant secondary intermetallic compound. 
Besides, QIAN [32] concluded that the squeeze 
casting is harmful to the elevated temperature 
tensile properties of Al−Si−Cu−Ni−Mg piston alloy, 
which was attributed to the increased precipitation 
of thermolabile Mg2Si phases and refinement of 
grain size. In the current study, the decreased 
improvement of high temperature strength in 
squeeze cast alloys can be attributed to the grain 
boundary softening or sliding as a result of grain 
refinement, as well as the decrease in θ′ phases 
during long thermal exposure compared with the 
gravity die cast alloys. As shown in Fig. 10, the 
amount of θ′ phases in squeeze cast samples was 
more than that in the gravity die cast samples after 
thermal exposure for 0.5 h. However, amount of θ′ 
phases in squeeze cast samples was nearly the same 
as that in the gravity die cast samples after thermal 
exposure for 100 h, indicating that the θ′ phases 
were heat labile after long thermal exposure at 
300 C. DAR and LIAO [33] concluded that the θ′ 
phases were heat labile in Al−Cu alloys when   
the thermal exposure temperature was above    
300 C. Consequently, the deterioration of elevated 
temperature tensile properties of the squeeze cast 
alloys after long thermal exposure can be attributed 
to the grain boundary softening or sliding and the 
decrease in θ′ phases during long thermal exposure. 
 
4.2 Enhanced elevated temperature tensile 

properties of semi-solid thixoformed alloys 
after long thermal exposure 
The elevated temperature tensile properties of 

semi-solid thixoformed alloys demonstrate higher 
values as compared to the gravity die cast and 
squeeze cast alloys. As is well known, prevention of 
dislocation movement in α(Al) and grain boundary 
sliding is an efficient method to improve the 
elevated temperature tensile properties of 
heat-resistant Al alloys. The highly enhanced 

elevated temperature tensile properties of the 
experimental alloys fabricated via semi-solid 
thixoforming can be attributed to the combined 
reinforcement of precipitation strengthening and 
grain boundary strengthening owing to thermally 
stable intermetallic phases. 
4.2.1 Grain boundary strengthening 

In general, at elevated temperatures, the grain 
boundary softens, causing a decreased strength of 
heat-resistant aluminum alloys. Therefore, the 
formation of heat-resistant intermetallics around the 
grain boundary prevents grain boundary sliding, 
which amplifies the high temperature strength of 
heat-resistant aluminum alloys. As shown in Fig. 6, 
the morphologies of Fe-rich intermetallics and Si 
particles were not affected after thermal exposure  
at 300 C for 100 h. After semi-solid isothermal 
treatment and semi-solid thixoforming, the eutectic 
Si particles again precipitated around the grain 
boundary, forming a chain-like distribution. These 
heat-resistant Fe-rich intermetallics and eutectic Si 
particles, which exhibit a chain-like distribution, 
can prevent grain boundary sliding in the Al−Si 
piston alloys during tensile loading at high 
temperatures. As has been reported earlier, the 
shape of heat-resistant secondary intermetallics 
phases also plays a great role in the elevated 
temperature tensile properties. YANG et al [34] 
noted that the grain boundary is the weak phase 
during long time thermal exposure. Compared to 
the coarse secondary intermetallics, the chain-  
type heat-resistant secondary intermetallics phases 
precipitated around the grain boundary can prevent 
the grain boundary sliding more effectively during 
thermal exposure. Figure 15 displays a TEM image 

 

 
Fig. 15 TEM image showing dislocation prevention from 

intermetallic precipitates with chain-like distribution 
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where dislocation prevention from intermetallics 
with chain-like distribution can be observed, further 
validating the above results. 
4.2.2 Precipitation strengthening 

The formation of thermally stable intermetallic 
particles in the aluminum matrix prevents the 
dislocation movement, and it is known to amplify 
the high temperature strength of heat-resistant Al 
alloys [35]. The TEM images in Fig. 16 show   
the interaction between the precipitates and 
dislocations in the semi-solid thixoformed alloys. 
These results indicate that the T phases and α-Fe 
dispersoids can efficiently prevent dislocation 
motion and consume strain energy during tensile 
deformation, even after thermal exposure for 100 h. 
Multiple researchers have reported that T phases 
and α-Fe dispersoids in the Al−Cu and Al−Si alloys 
are thermally stable intermetallics, which favor  
the improvement of elevated temperature tensile  
 

 
Fig. 16 TEM images revealing interactions between 

precipitates and dislocations in semi-solid thixoformed 

alloys 

properties [23,24]. In the precipitation-strengthened 
materials, high temperature strength can be explained 
in terms of Orowan bypass mechanism [36−38]. 
Therefore, the resultant high strength at high 
temperatures can be partially attributed to the 
precipitation strengthening of fine T phases and 
α-Fe particles. 

Suitable grain size and decrease in needle-like 
phases and pores in the semi-solid thixoformed 
alloys were also beneficial to the improvement of 
elevated temperature tensile properties after long 
thermal exposure. The decrease in elevated 
temperature tensile properties of the squeeze cast 
alloys after long thermal exposure further proves 
the importance of suitable grain size. 

Herein, the combined reinforcement of 
precipitation strengthening and grain boundary 
strengthening due to thermally stable intermetallic 
phases as well as the suitable grain size was 
achieved by employing the semi-solid thixoforming 
method. The treatment led to highly enhanced 
elevated temperature tensile properties in the 
experimental alloys, especially, after long thermal 
exposure. This study is beneficial to the application 
of semi-solid aluminum alloys as light, heat- 
resistant, structural components in the military and 
marine industries. However, some pores could also 
be found in the semi-solid thixoformed samples, 
which indicates that the applied pressure is still 
inadequate. A higher applied pressure would be 
explored in our future work. As shown in Fig. 6, a 
few coarse Si particles were also found in the 
semi-solid thixoformed samples, which can be 
attributed to the growth of Si particles during 
semi-solid isothermal treatment for a long duration. 
Hence, the rapid heating technology and fast 
spheroidization treatment of α(Al) would be studied 
in our further work, such as induction heating, 
ultrasonic treatment, etc. 
 
5 Conclusions 
 

(1) The elevated temperature tensile properties 
of squeeze cast alloys demonstrated higher values 
than the gravity die cast alloys after thermal 
exposure for 0.5 h, which were then decreased to 
almost same values when the thermal exposure time 
was increased to 100 h. This result was attributed  
to the grain boundary softening or sliding and 



Bo LIN, et al/Trans. Nonferrous Met. Soc. China 31(2021) 2232−2249 

 

2247

decrease in θ′ phases during long thermal exposure, 
implying that the squeeze cast technology is 
unsuitable for the development of heat-resistant 
aluminum alloys. 

(2) The elevated temperature tensile properties 
of semi-solid thixoformed alloys demonstrated 
significantly higher values than those of the gravity 
die cast and squeeze cast alloys. The highly 
enhanced elevated temperature tensile properties 
after thermal exposure of experimental alloys 
formed by semi-solid thixoforming could be 
attributed to the combined reinforcement of 
precipitation strengthening (due to thermally stable 
mico-sized T (Al20Cu2Mn3) and nano-sized α-Fe 
precipitated particles) and grain boundary 
strengthening (due to thermally stable chain-like 
Fe-rich intermetallics and eutectic Si particles). 
Suitable grain size and reduction in needle-like 
phases and pores in the semi-solid thixoforming 
alloys were also beneficial to the improvement of 
elevated temperature tensile properties after long 
thermal exposure. 

(3) The UTS values of semi-solid thixo- 
formed alloys after thermal exposure at 300 C for 
0.5, 10, and 100 h were 181, 122, and 110 MPa, 
respectively. The UTS of semi-solid thixoformed 
alloys was nearly two-fold higher than those of the 
heat-resistant aluminum alloys for commercial 
applications. The UTS of semi-solid thixoformed 
experimental alloys at 300 C after thermal 
exposure for 100 h increased by 37.5% and 31% as 
compared to the gravity die cast and squeeze cast 
alloys, respectively. 

(4) The semi-solid thixoforming technique is 
an efficient method for the development of novel 
heat-resistant aluminum alloys by the combined 
reinforcement of precipitation strengthening and 
grain boundary strengthening due to thermally 
stable intermetallic phases, as well as the suitably 
adjusted grain size. 
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摘  要：对比分析重力铸造、挤压铸造、半固态触变成形制备的 Al−Si−Cu−Mn−Fe 合金在 300 C 热暴露下的组

织演变和高温拉伸力学性能。结果表明：相比重力铸造和挤压铸造合金，半固态触变成形 Al−Si−Cu−Mn−Fe 合金

具有更优异的高温力学性能，尤其是当热暴露时间为 100 h 时。半固态触变成形 Al−Si−Cu−Mn−Fe 合金在 300 C

热暴露时间为 0.5、10 和 100 h 时的高温极限抗拉强度分别为 181、122 和 110 MPa, 高于大部分商用耐热铝合金。

半固态触变成形 Al−Si−Cu−Mn−Fe 合金获得高强热暴露力学性能的主要原因是耐热相导致的晶界和晶内弥散协

同强化以及合适的晶粒尺寸。 

关键词：铝硅合金；富铁金属间化合物；半固态触变成形；显微组织；拉伸性能；热暴露 
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