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Abstract: The effect of thermal exposure at 350 °C for 200 h on microstructure and mechanical properties was 
investigated for Al−Si−Cu−Ni−Mg alloy, which was produced by permanent mold casting (PMC) and high pressure die 
casting (HPDC). The SEM and IPP software were used to characterize the morphology of Si phase in the studied alloys. 
The results show that the thermal exposure provokes spheroidization and coarsening of eutectic Si particles. The 
ultimate tensile strength of the HPDC alloy after thermal exposure is higher than that of the PMC alloy at room 
temperature. However, the TEPMC and TEHPDC alloys have similar tensile strength around 67 MPa at 350 °C. Due to 
the coarsening of eutectic Si, the TEPMC alloy exhibits better creep resistance than the TEHPDC alloy under studied 
creep conditions. Therefore, the alloys with small size of eutectic Si are not suitably used at 350 °C. 
Key words: Al−Si−Cu−Ni−Mg alloy; thermal exposure; coarsening; creep behavior 
                                                                                                             

 
 

1 Introduction 
 

To develop fuel-efficient diesel engines, 
light-weight and high-performance piston is one of 
strategies pursued [1,2]. Aluminum and its alloys, 
hypereutectic and eutectic Al−Si alloys in particular, 
are widely used in the automotive industry owing to 
their good castability, high specific strength, low 
coefficient of thermal expansion (CTE), and 
excellent wear resistance [3−5]. However, with 
greater demands for engine power output, the alloys 
used for fabricating the piston must be served at  
the higher temperatures and stresses, and thus   
the development of superior piston alloys  

becomes urgent. 
The aluminides such as Q-Al5Cu2Mg8Si6, 

AlSiMn(Cr)Fe, δ-Al3CuNi and γ-Al7Cu4Ni are 
generated in Al−Si alloys with the addition of Cu, 
Ni, Mg, Mn and Cr elements, which significantly 
improved the mechanical performance of the alloys 
at elevated temperatures [6,7]. Some researchers 
attempted to adjust the content of alloy elements to 
develop a new alloy with higher mechanical 
properties [8−10]. LI et al [11] reported the effect of 
Cr addition on the microstructure and mechanical 
properties of Al−12Si−3.5Cu−2Mn heat resistant 
alloys. ZUO et al [10] found that the mechanical 
properties of Al−Si−Cu−Mg alloys increased with 
Cu and Mg elements. Microstructure refinement of  
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Al−Si−Cu−Ni−Mg heat-resistant alloy has become 
another research hotspot [12−14]. The transition 
elements such as Zr, Ti, and Sc were widely used to 
refine the microstructure. HAN et al [15] found that 
the microstructure and mechanical properties of 
Al−12Si−4Cu−2Ni−0.8Mg alloys varied with the 
Nd content. PRAMOD et al [16] reported the effect 
of Sc addition on the secondary dendritic arm 
spacing, eutectic Si modification, and intermetallic 
phase modification. Meantime, rapid cooling is also 
used to refine the microstructure of Al−Si−Cu−Ni− 
Mg alloy. ZHANG et al [17] reported that the 
ductility and ultimate tensile strength of cast A356 
alloy were significantly improved with near-rapid 
solidification and thermo-mechanical treatment. 
Rapid cooling can be routinely achieved in 
industrial practice through high pressure die casting 
(HPDC). Al−Si−Cu−Ni−Mg alloy fabricated by 
HPDC exhibited higher mechanical properties 
including tensile and creep performance at elevated 
temperatures compared with conventional 
permanent mold casting (PMC) [18]. 

It is well known that the top of piston operates 
at temperature above 350 °C and peak stress above 
20 MPa. The mechanical properties of the materials 
used to fabricate piston have to be stable under 
in-service condition. Therefore, it is critical and 
mandatory to evaluate the stability of 
microstructure and mechanical properties at 
elevated temperatures for safety-critical 
applications. Some researchers reported that Si with 
long-range three-dimensional (3-D) interconnected 
rigid network was considered to be the key factor 
for enhancing mechanical properties through load 
transfer mechanism [19−22]. The shape, size, 
distribution and connectivity of Si phase are critical 
for the heat-resistant Al−Si−Cu−Ni−Mg alloys. 
However, the evolution of Si particles was rarely 
studied during thermal exposure at elevated 
temperatures, especially for the microstructure of 
refined Al−Si−Cu−Ni−Mg alloys. 

In this study, the evolution of Si particles in 
HPDC and PMC alloys was quantitatively 
characterized before and after thermal exposure at 
350 °C for 200 h. In order to find out the 
relationship between changes of Si particles and 
mechanical properties, the tensile performances at 
room and elevated temperatures of the studied 
alloys were investigated. Furthermore, the 
compressive creep was also compared before and 

after thermal exposure to identify whether the 
HPDC alloy was suitable for use after thermal 
exposure. The results provide indispensable 
information for the development and designing of 
the piston alloys. 
 
2 Experimental 
 

The Al−12Si−3.5Cu−2Ni−0.8Mg alloy 
containing 12.0 Si, 3.5 Cu, 2.0 Ni, 0.8 Mg, 0.4 Fe, 
0.15Zr, and 0.15 Ti (in wt.%), was prepared by 
melting high-purity Al, Mg, and Al−23%Si, 
Al−50%Cu, Al−10%Ni, Al−20%Fe, Al−4%Zr and 
Al−5%Ti commercial master alloys in a steel 
crucible at approximately 740 °C. After the process 
of refining, the melt was subsequently settled and 
homogenized in furnace at the temperature of 
720 °C for about 10 min before casting. Finally, the 
melt was cast through PMC and HPDC to obtain 
bulk PMC and HPDC samples, respectively.  
Figure 1 shows the diagrams of the molds and 
the selected areas of PMC and HPDC alloys. The 
 

 

Fig. 1 Selected sections (marked with red) for preparing 
standard testing samples from PMC (a) and HPDC (b) 
alloys (unit: mm) 
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HPDC samples were prepared using a cold- 
chamber die-cast machine (TOYO BD−350 V5). 
The HPDC die includes a rod creep specimen with 
a gauge length of 100 mm and a cross section 
diameter of 10 mm, and a flat tensile specimen with 
2.2 mm in thickness, 40 mm in width, and 190 mm 
in length. The detailed procedures of sample 
preparation including melting and casting were 
described in previous work [18]. In the following 
thermal exposure experiments, the as-cast samples 
were exposed at 350 °C for 200 h, followed by 
water quenching at 60 °C to room temperature. The 
PMC and HPDC samples after thermal exposure 
were named as TEPMC and TEHPDC, respectively. 

Metallographic samples were prepared by the 
standard technique and then etched with Keller 
reagent (95 vol.% H2O, 2.5 vol.% HNO3, 1.5 vol.% 
HCl and 1 vol.% HF) for 15 s. The microstructure 
of each alloy was characterized by Zeiss-Axio 
Observer A1 optical microscopy and FEI NOVA 
Nano 230 field-emission scanning electron 
microscope (SEM) equipped with AZtec X-Max 80 
X-ray energy dispersive spectroscopy (EDS). 

The size, aspect ratio and roundness of eutectic 
Si were statistically analyzed using the image 
analysis software Image-Pro Plus 6.0 (IPP). The 
aspect ratio of eutectic Si was calculated based on 
the ratio of the average length to width. The 
roundness (Ra) of eutectic Si particles was 
calculated as follows [23]: 
 

2
a / (4 )R p A                           (1) 

 
where p is the perimeter and A is the area of each Si 
particle. To get reliable statistical character, at least 
600 eutectic Si particles were analyzed for each 
alloy. 

The flat tensile specimen with 15 mm in gauge 
length, 3.5 mm in width, and 2 mm in thickness was 
tested on a WDW−10S universal tensile tester (TE, 
Jinan, China) within an attached high temperature 
furnace controlled within ±2 °C. The tensile tests 
were carried out at 25 °C and 350 °C in air with a 
crosshead speed of 0.45 mm/min. In all elevated 
temperature testing, specimens were heated to the 
desired temperature and held for 15 min before 
conducting tensile tests. To ascertain reproducibility, 
each tensile property reported was the average 
value obtained from at least three tensile specimens. 

Cylindrical specimens for compression creep 
tests with 10 mm in diameter and 10 mm in height, 
were cut from the TEPMC and TEHPDC alloys by 

an electric discharge machine (EDM). The 
compression creep tests were carried out inside 
furnace at temperatures ranging from 200 to 300 °C 
and applied stresses ranging from 20 to 130 MPa on 
an ATS 16001 creep testing machine (Butler, PA, 
USA). The displacement was measured by 
averaging from two linear variable differential 
transformers (LVDT) attached to the creep 
specimen through rigid rods. 
 
3 Results and discussion 
 
3.1 Microstructural evolution 

Figure 2 shows the representative optical 
micrographs of the studied alloys. The 
microstructure of Al−12Si−3.5Cu−2Ni−0.8Mg 
PMC alloy consists of ductile α(Al) dendrites 
surrounded by eutectic Si and aluminides in the 
interdendritic region. There is no significant 
difference between the microstructures of the PMC 
and the TEPMC alloys, except for the fragmented 
and spheroidal eutectic Si particles (Figs. 2(a) and 
(c)). On the contrary, the microstructure of the 
HPDC alloy dramatically changes after thermal 
exposure as shown in Figs. 2(b) and (d). The HPDC 
alloy exhibits equiaxed α(Al) grain and fine eutectic 
Si, while TEHPDC alloy shows remarkably coarse 
eutectic Si with uniform distribution, and coarse 
α(Al) by merging equiaxed α(Al) grain and eutectic 
Al grain. It is hard to discriminate α(Al) grain and 
Al−Si eutectic. The aluminides in HPDC and 
TEHPDC alloys are difficult to distinguish under 
the optical microscopy. 

The SEM images in BSE mode of the 
investigated alloys are shown in Fig. 3. Based on 
the EDS analysis, main phases of the PMC and 
HPDC alloys include Si, ε-Al3Ni, δ-Al3CuNi, and 
Q-Al5Cu2Mg8Si6 phases, as shown in Figs. 3(a) and 
(b), identified in previous studies [18]. No obvious 
differences are found for phase compositions of the 
two alloys after thermal exposure by comparing 
Figs. 3(a) and (c), and Figs. 3(b) and (d), 
respectively. The shapes and sizes of blocky-shape 
δ-Al3CuNi and ε-Al3Ni phases are almost constant 
before and after thermal exposure, indicating that 
these Ni-rich phases are thermally stable at 350 °C, 
which is in good agreement with the previous 
studies [7,8]. The corresponding XRD analysis after 
thermal exposure is shown in Fig. 4, which is 
consistent with phases determined by EDS. 
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Fig. 2 Optical images of studied alloys: (a) PMC; (b) HPDC; (c) TEPMC; (d) TEHPDC 
 

 

Fig. 3 Backscattered electron SEM images of intermetallics present in alloys: (a) PMC; (b) HPDC; (c) TEPMC;      

(d) TEHPDC 
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Fig. 4 XRD patterns of TEPMC and TEHPDC alloys 

 

Figure 5 shows the morphology of eutectic Si 
in the two alloys before and after thermal exposure 
at 350 °C for 200 h. As displayed in Figs. 5(a) and 
(b), the Si particles exhibit an elongated rod-like 
morphology with sharp edges in both PMC and 
HPDC alloys. The Si particles become larger and 
more spherical without sharp edges for both alloys 
after thermal exposure, indicating that the eutectic 

Si is unstable at 350 °C. The aspect ratio,  
roundness, and size of eutectic Si are further 
characterized in detail as follows. 

The effect of thermal exposure at 350 °C on 
the evolution of eutectic Si is quantitatively 
characterized. The distribution of the aspect ratio of 
eutectic Si for the studied alloys is shown in Fig. 6. 
After thermal exposure, the frequency with lower 
aspect ratio of eutectic Si particles increases at the 
cost of higher aspect ratio, and the average value 
decreases accordingly. For PMC, the average value 
of aspect ratio of eutectic Si decreases from 2.49 for 
PMC to 2.19 for TEPMC alloy. Also, for the HPDC 
and TEHPDC alloys, the average values are 2.9 and 
1.85, respectively. After thermal exposure, around 
70% eutectic Si particle in the TEHPDC sample 
exhibits an aspect ratio <2. This indicates that the 
shape of eutectic Si is gradually transformed from 
long-strip into sphere during thermal exposure at 
350 °C. 

Figure 7 shows the roundness distribution of 
the eutectic Si for the studied alloys. As shown in 
Fig. 7(a), the roundness of eutectic Si particles in  

 

 

Fig. 5 Secondary electron SEM images of eutectic Si particles in studied alloys: (a) PMC; (b) HPDC; (c) TEPMC;    

(d) TEHPDC 
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Fig. 6 Aspect ratio distribution of eutectic Si in studied alloys: (a) PMC; (b) HPDC; (c) TEPMC; (d) TEHPDC 

 

 
Fig. 7 Roundness distribution of eutectic Si in studied alloys: (a) PMC; (b) HPDC; (c) TEPMC; (d) TEHPDC 
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the PMC alloy is in the range of 1−10, and about 
34% of them vary from 1 to 2. After thermal 
exposure, the number of the eutectic Si particles 
with a roundness lying in the range of 1−2 increases, 
as shown in Fig. 7(c), and the average value of the 
roundness decreases from 3.17 to 3.02. For the 
HPDC alloy, it is observed that the roundness of the 
eutectic Si particles dramatically decreases after 
thermal exposure. As shown in Fig. 7(b), the 
roundness of the eutectic Si particles in the HPDC 
alloy is in the range of 1−10, and only 30% of them 
are in the range of 1−2. For the TEHPDC alloy, 
nearly 81% of eutectic Si particles have small 
roundness (<2), and the average roundness is 
greatly reduced from 3.06 to 1.59. The reduction of 
eutectic Si roundness during thermal exposure is 
attributed to spheroidizing, which is driven by 
reducing the surface energy and elastic strain 
energy [24]. Therefore, the reduction of eutectic Si 
roundness of the HPDC alloy with smaller particle 
size and higher surface energy is much more 
significant than that of the PMC alloy. 

Figure 8 shows the size distribution of eutectic 
Si particles in the studied alloys. The data on size 
distribution were analyzed by curve fitting using  

the maximum likelihood estimation (MLE)  
method [25]. The results show that the eutectic Si 
sizes of the PMC and TEPMC alloys follow the 
log-normal distribution. The average sizes of 
eutectic Si particles for PMC and TEPMC alloys 
are 1.4 and 1.8 μm, respectively. By contrast, the 
initial normal distribution of eutectic Si particles  
for the HPDC alloy transforms into the  
log-normal distribution for the TEHPDC alloy. The 
average sizes of eutectic Si particles of the HPDC 
and TEHPDC alloys are 0.4 and 1.6 μm, 
respectively. The coarsening of eutectic Si particles 
may follow the Ostwald ripening mechanism where 
larger particles grow at the expense of the smaller 
ones. Meanwhile, adjacent eutectic Si particles tend 
to overlap and aggregate when the atomic  
matching between the contacted surfaces of two 
particles is beneficial for crystal growth. These 
coarsening processes are favorable from the 
thermodynamic point of view where the system 
tends to lower interfacial energy reported in many 
studies [26−28]. 

An interesting phenomenon is that both 
TEHPDC and TEPMC alloys exhibit almost equal 
mean size of eutectic Si particles, which reveals that 

 

 
Fig. 8 Size distribution of eutectic Si in studied alloys: (a) PMC; (b) HPDC; (c) TEPMC; (d) TEHPDC 
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the coarsening rate of eutectic Si is higher for the 
smaller mean size in the high pressure die casting 
alloy. As described in Ref. [29], the solidification 
rate of HPDC is about 10 times higher than that of 
PMC, leading to finer microstructure for HPDC 
alloy. Possibly due to high pressure during rapid 
solidification for the HPDC alloy, elastic energy is 
stored and less energy is required to activate the 
diffusion process during thermal exposure. 
Furthermore, smaller size results in higher surface 
energy and shorter inter-particle spacing between 
eutectic Si particles, and it is favorable for 
inter-particle diffusion and coarsening for the 
HPDC alloy. 
 
3.2 Tensile properties 

The yield strength (YS), ultimate tensile 
strength (UTS), and elongation (δ) of the studied 
alloys at both room temperature and 350 °C are 
summarized in Table 1. After thermal exposure at 
350 °C for 200 h, the UTS of the PMC alloy 
decreases from 244 to 208 MPa at room 
temperature. However, the elongation increases 
from 0.69% to 1.1%. In the case of HPDC 
processing, the UTS declines from 310 MPa for 
HPDC alloy to 246 MPa for TEHPDC alloy, while 
the elongation increases from 0.35% to 1.3% for 
TEHPDC alloy. The reduction of tensile strength 
for the alloys after thermal exposure is attributed to 
the coarsening of Si phase, which means that the 
load bearing capacity of the alloys is decreased after 
thermal exposure. The spheroidization of the Si 
particles is believed to be the main mechanism for 
the high elongation. According to the Hall−Patch 
relationship, the TEHPDC alloy shows superior 
tensile properties compared to the TEPMC alloy at 
room temperature possibly related to the 
microstructure refinement and homogenization for 
the TEHPDC alloy. The small grain size existing in 
the TEHPDC alloy is due to the rapid cooling rate 

during the die casting process. 
As shown in Table 1, the tensile strength of the 

alloys decreases after thermal exposure at elevated 
temperature and the elongation of the alloys shows 
a reverse trend. It should be noted that the tensile 
strength of the HPDC alloy is much higher than that 
of the PMC alloy at elevated temperature before 
thermal exposure. However, the tensile strength of 
the TEHPDC alloy is nearly the same as the 
TEPMC alloy. In general, grain boundary 
strengthening is not apparent for enhancing high 
temperature strength due to the occurrence of 
cross-slips induced by thermally activated process. 
Thermally stable phases such as δ-Al3CuNi remain 
almost unchanged during thermal exposure shown 
in Fig. 3, which means that these stable phases do 
not lead to the tensile strength decreasing tested at 
350 °C. Combining the statistical average particle 
size of the eutectic Si shown in Fig. 8, it is found 
that the alloys with smaller size have higher tensile 
strength at 350 °C as shown in Table 1. The 
TEHPDC and TEPMC alloys exhibit a similar 
eutectic Si size and similar tensile strength at 
elevated temperature. Consequently, it is reasonable 
to infer that for Al−Si eutectic alloys the tensile 
properties at high temperature have close relations 
with the size and distribution of Si phase. These 
phenomena observed for TEPMC and TEHPDC 
alloys are in good agreement with dispersion 
hardening model [30,31]. Therefore, to stablize the 
eutectic Si phase may be an effective way to 
enhance the tensile strength at evelated 
temperatures. 

Figure 9 shows the fracture surfaces of the 
TEPMC and TEHPDC alloys tested at room 
temperature. For the TEPMC alloy, mixed-rupture 
characteristics are observed as dimples in α(Al) and 
cleavage cracks and cleavage facets in brittle phases 
(Figs. 9(a) and (b)). Some dimples are found in the 
Al matrix, indicating the plastic deformation of the  

 
Table 1 Tensile properties of studied alloys at room temperature and 350 °C 

Alloy 
At room temperature At 350 °C 

UTS/MPa YS/MPa δ/% UTS/MPa YS/MPa δ/% 

PMC [18] 244 221 0.69 101 81 4.3 

HPDC [18] 310 282 0.35 135 103 5.6 

TEPMC 208 204 1.1 68 67 5.8 

TEHPDC 246 213 1.3 67 66 6.7 
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Fig. 9 Fractographs of TEPMC (a, b) and TEHPDC (c, d) alloys tested at room temperature after thermal exposure 

 
ductile matrix. During tensile testing, the plastic 
deformation of the Al matrix leads to dislocation 
pileup along the interface of the brittle intermetallic 
phase and Al matrix, resulting in crack initiation on 
the hard phase due to the stress concentration [32]. 
Similar fracture characteristic is also observed for 
the TEHPDC alloy, although dimples and brittle 
facets are much finer and more uniform, which is 
consistent with higher elongation of the TEHPDC 
alloys after thermal exposure. Previous work found 
that the PMC and HPDC alloys before thermal 
exposure exhibited brittle fracture at room 
temperature [18]. The transition from a brittle 
fracture mode to a mixed-rupture mode is identified 
after thermal exposure, which is consistent with the 
increase of the elongation. 

The fracture surfaces of the TEPMC and 
TEHPDC alloys tested at 350 °C are illustrated in 
Fig. 10. For the TEPMC and TEHPDC alloys, the 
fracture surfaces exhibit large amounts of 
micro-voids and deep dimples marked with blue 
arrows, which are the characteristics of ductile 
fracture. At the same time, slip lines enclosed by the 

blue boxes (Figs. 10(b) and (d)) are found, 
suggesting that the plastic deformation occurs in the 
α(Al) matrix. During tensile process at the elevated 
temperature, micro-voids nucleate in the soft matrix 
due to the localized strain discontinuity along the 
interface between soft matrix and brittle phases and 
blunt cracking. Subsequently, the micro-voids grow, 
coalesce and ultimately lead to the rupture of the 
specimens with the continuous increase of external 
load. In addition, the size of dimples for TEHPDC 
alloy is smaller than that of TEPMC alloy, and the 
depth of the dimples of TEHPDC alloy is higher 
than that of TEPMC alloy, which is consistent with 
the higher elongation of TEHPDC alloy. 
 

3.3 Compression creep behavior 
Figure 11 shows the typical compression creep 

curves of the alloys tested at 250 °C and under 
stress levels ranging from 20 to 130 MPa. Creep 
strain increases with the applied external stress, and 
significant plastic deformation occurs with 
accumulated creep strain above 15% when the 
external stress reaches 100 MPa for both TEPMC  
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Fig. 10 Fractographs of alloys tested at 350 °C after thermal exposure: (a, b) TEPMC; (c, d) TEHPDC 

 

 
Fig. 11 Typical compressive creep curves of alloys tested at 250 °C and under stresses ranging from 20 to 130 MPa:   

(a) TEPMC; (b) TEHPDC 

 
and TEHPDC alloys holding for 100 h at 250 °C. In 
contrast, the creep strain gets stabilized when the 
applied creep stress is less than 50 MPa, and the 
total creep strain is less than 2%. 

The creep strain rate is calculated by 
differentiating strain with respect to time, and the 
curves consist of the primary creep stage and 
secondary creep stage based on creep strain rate. At 

the primary creep stage, the creep strain rate 
decreases with increasing creep time due to 
working hardening. In the secondary creep stage, 
the creep strain rate reaches the minimum value and 
becomes constant, and the constant creep rate is 
called steady-state creep rate. The steady creep 
stage is dominant during the compression creep. 
The minimum creep rates of the investigated alloys 
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under various creep conditions are shown in Fig. 12. 
The minimum creep rates of the alloys after thermal 
exposure are higher than those of the as-cast alloys, 
indicating that the reduction in creep resistance 
occurs after thermal exposure. In addition, the 
minimum creep rates of the TEHPDC alloy are 
higher than those of the TEPMC alloy under 
various creep conditions, which means that the 
TEPMC alloy has better creep resistance than the 
TEHPDC alloy. However, a reverse trend in the 
high-stress and high temperature regions is 
observed for HPDC and PMC alloys before thermal 
exposure. 
 

 

Fig. 12 Minimum creep rates of investigated alloys 

treated at 250 °C and stresses of 20−130 MPa (a), and at 

temperatures of 200−300 °C under stress of 80 MPa (b) 

 
The minimum creep rate has strong relation 

with creep temperature and applied stress, which is 
generally characterized by the following power-law 
type constitutive equation [18]: 
 

0 exp( )n Q
A

RT
                          (2) 

where   is the minimum creep rate, A0 is the 
material constant, σ is the applied creep stress, n is 
the stress exponent, Q is the activation energy, R is 
the universal gas constant, and T is the 
thermodynamic temperature. Figure 13(a) shows 
the log plots of the minimum creep rate versus 
applied stress based on Eq. (2) for the TEPMC and 
TEHPDC alloys at 250 °C. There is a clear 
transition at 50 MPa, and the creep stress can be 
divided as low stress region (≤50 MPa) and high 
stress region (>50 MPa). The n values in the low 
stress region for the TEPMC and TEHPDC alloys 
are 0.69 and 0.81, respectively, while the n values 
in the high stress region are 6.18 and 5.75, 
respectively. Figure 13(b) shows the Arrhenius plot 
of the minimum creep rate versus T−1/10−3R on 
log-linear axes for the TEPMC and TEHPDC alloys 
at 80 MPa. The activation energy (Q) also exhibits 
two different regions at the transition point of 
225 °C. In the low temperature region, the Q values 
of the TEPMC and TEHPDC alloys are 20.0 and  
48.9 kJ/mol, respectively. The Q values are higher  
 

 

Fig. 13 Creep mechanism of TEPMC and TEHPDC 

alloys based on power-law: (a) Stress exponent;       

(b) Activation energy 
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in the high temperature (>225 °C) region, that is, 
109.1 and 192.9 kJ/mol for the TEPMC and 
TEHPDC alloys, respectively. 

The determination of stress exponent and 
activation energy is an available guide to evaluate 
different dominant creep mechanisms. It is 
generally accepted that diffusion creep (n=1), grain 
boundary sliding (n=2) and dislocation creep 
(n=3−7) are three main creep mechanisms for 
aluminum alloys [33,34]. The corresponding 
activation energy gives the information about the 
specific diffusion mode under a certain creep 
mechanism. As reported by FROST and    
ASHBY [35], the typical activation energies for 
grain boundary diffusion and lattice self-diffusion 
in pure Al are 82 and 142 kJ/mol, respectively. The 
stress exponents of the TEPMC and TEHPDC 
alloys are lower than 2, indicating that the grain 
boundary creep dominates the secondary creep 
stage in the low stress region. Dislocation climb is 
considered to make strong contribution to the 
secondary-stage creep, especially when the n values 
are 4−7 in the high stress region for both alloys. 
The different creep activation energies also indicate 
a variation of the creep mechanism in the different 
temperature regions. The Q values (20 and     
48.9 kJ/mol) of the TEPMC and TEHPDC alloys in 
the low temperature region indicate that grain 
boundary creep is regarded as the predominant 
steady-state creep mechanism. In the high 
temperature region, the Q values are consistent with 
the dislocation creep for the aluminum alloys. 

When the applied stress level is below 50 MPa 
and service temperature is below 225 °C, grain 
boundary creep mechanism dominates with low 
stress component <1 and low activation energy. 
Similar trend was found in both alloys before 
thermal exposure. Grain boundary creep is the 
dominant mechanism in the low stress and 
temperature regions, while dislocation climb is 
suggested to control the creep in the high stress and 
temperature regions [18]. However, after thermal 
exposure the critical stress and critical temperature 
for distinguishing different creep deformation 
mechanisms diminish from 80 to 50 MPa and from 
250 to 225 °C, respectively. The decrease of creep 
resistance resulting in creep mechanism transition is 
consistent with the study by PANDEY et al [34]. 

 
4 Conclusions 
 

(1) The spheroidization and coarsening of 
eutectic Si occur during the thermal exposure at 
350 °C. Although the HPDC alloy has much smaller 
size of eutectic Si than PMC alloy, the sizes of 
eutectic Si particles of the TEHPDC and TEPMC 
alloys after thermal exposure are almost equal. 

(2) Thermal exposure results in a decrease in 
tensile strength and an increase in ductility of 
thermally exposed alloys compared with the 
corresponding as-cast alloys. The tensile strength of 
the TEHPDC alloy at room temperature is higher 
than that of the TEPMC alloy. However, the tensile 
strength of the TEHPDC alloy at 350 °C is almost 
identical to that of the TEPMC alloy, which is 
mainly ascribed to the equal size of eutectic Si 
obtained in the TEPMC and TEHPDC alloys. 

(3) The minimum creep rates of both alloys 
after thermal exposure are higher than those of the 
as-cast alloys. The TEPMC alloy exhibits better 
creep resistance than the TEHPDC alloy in the high 
stress and high temperature regions controlled by 
dislocation creep mechanism, while a reverse trend 
of creep resistance is observed for HPDC and PMC 
alloys before thermal exposure. 

(4) Al−Si eutectic alloys with a small size of 
eutectic Si particles produced by HPDC technology 
are not suitably used at 350 °C due to the rapid 
coarsening of eutectic Si. 
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摘  要：研究 350 °C 热暴露 200 h 对金属型铸造与高压铸造 Al−Si−Cu−Ni−Mg 合金组织和力学性能的影响。用扫

描电镜和图片分析软件 IPP 表征合金中硅相的形貌。研究结果表明，高温热暴露促进共晶硅的球化和粗化。热暴

露后，高压铸造合金的室温抗拉强度高于金属型铸造的，但 350 °C 时两种合金的高温抗拉强度均为 67 MPa 左右。

由于共晶硅的粗化，热暴露后金属型铸造合金的抗蠕变性能均优于高压铸造合金。因此，拥有细小尺寸共晶硅的

合金不适于在 350 °C 的条件下应用。 

关键词：Al−Si−Cu−Ni−Mg 合金；热暴露；粗化；蠕变行为 
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