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Abstract: The hot deformation behaviors of 35%SiCp/2024 aluminum alloy composites were studied by hot compression tests using 
Gleeble−1500D thermo-mechanical simulator at temperatures ranging from 350 to 500 °C under strain rates of 0.01−10 s−1. The true 
stress−true strain curves were obtained in the tests. Constitutive equation and processing map were established. The results show that 
the flow stress decreases with the increase of deformation temperature at a constant strain rate, and increases with the increase of 
strain rate at constant temperature, indicating that composite is a positive strain rate sensitive material. The flow stress behavior of 
composite during hot compression deformation can be represented by a Zener−Hollomon parameter in the hyperbolic sine form. Its 
activation energy for hot deformation Q is 225.4 kJ/mol. To demonstrate the potential workability, the stable zones and the instability 
zones in the processing map were identified and verified through micrographs. Considering processing map and microstructure, the 
hot deformation should be carried out at the temperature of 500 °C and the strain rate of 0.1−1 s−1. 
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1 Introduction 
 

Aluminum matrix composites (AMCs) reinforced 
with SiCp powder are recognized as important advanced 
structural materials due to their desirable properties, 
including high specific stiffness, high specific strength, 
high-temperature resistance and improved wear 
resistance [1,2]. However, the workability of the AMCs 
is greatly restricted by the incompatible deformation of 
the soft matrix and the hard reinforcements [3,4]. 
Scholars have done a lot of studies on the deformation 
behavior of aluminum alloy and low volume fraction 
SiCp/Al composites [5,6], but those on the medium 
volume fraction SiCp/Al composites are little. Hot 
formability studies have revealed that discontinuous 
reinforced Al matrix composites are more sensitive to 
processing variables, such as temperature and strain rate, 
than the unreinforced alloys. This is due to the presence 
of hard particles in the soft matrix which causes a plastic 
flow localisation at the particle−matrix interface [7]. 
Moreover, the stress concentration at the matrix–particle 
interfaces produces high levels of damages, which 

include particle fracture and decohesion. For these 
reasons, the workability of the SiCp reinforced AMCs is 
very sensitive to processing parameters such as 
temperature and strain rate, and the processing 
parameters have to be optimized for each composite 
system. 

In this work, the constitutive flow equations of a 
powder metallurgy (PM) processed 35%SiCp/2024Al 
composite (volume fraction) was examined. Based on 
these experimental data, a set of constitutive equations 
were established to describe the plastic flow properties. 
Furthermore, the approach of processing map has been 
introduced to study the deformation mechanisms and to 
optimize hot forming process for this material. 
 
2 Experimental 
 

The 35%SiCp/2024Al (volume fraction) composite 
was produced through the PM route. The 2024Al 
powders (Al−4.3%Cu−1.4%Mg, mass fraction), with an 
average diameter of 10 μm, were blended with a volume 
fraction of 35% α-SiC particles (with a nominal size   
of 7.5 μm) for 24 h, and subsequently cold compacted.  
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Then the as-compacted green billet was consolidated by 
hot-pressing at 580 °C and a pressure of 75 MPa for 3 h 
in vacuum. 

Cylindrical compressive specimens with 8 mm in 
diameter and 12 mm in height were machined from those 
hot-pressing-sintered billets. Uniaxial compression tests 
were conducted in the temperature range of 350−500 °C 
and the strain rate range of 0.01−10 s−1, utilizing 
Gleeble1500D to achieve isothermal constant strain rate 
deformation. In experimental process, the micro- 
processor of Gleeble collected the data automatically and 
obtained true stress–strain curves using standard 
equations. The deformed samples were prepared for 
metallographic examination using standard technique 
and were observed under a scanning electron microscope 
(SEM) and an optical microscope(OM) to observe the 
morphological changes occurring under different 
deformation conditions. 
 
3 Results and discussion 
 
3.1 Initial microstructure evolution 

The original microstructures of the hot-pressing- 
sintered and hot deformed samples of 35%SiCp/2024Al 
composites are shown in Fig. 1. It is obvious that the 
microstructure of the composite is characterized by clear 
prior particle boundaries of the Al particles and the SiC 
particles distribute with clustering in some locations in 
Fig. 1(a). Figure 1(b) presents the typical microstructure 
 

 
Fig. 1 OM images of 35%SiCp/2024Al composite: (a) Original 
sintered sample; (b) Hot deformed sample showing distribution 
of SiC particles and dynamic recrystallization (temperature 500 
°C; strain rate 1 s−1) 

of the hot deformed composites sample. It is clear that 
the original microstructures have been replaced by 
recrystallized structure, which can be attributed to the 
occurrence of dynamic recrystallization (DRX) [8,9]. In 
addition, particle distribution becomes uniform. 
 
3.2 Flow stress behavior 

Typical true stress versus true strain curves obtained 
by compression tests are shown in Fig. 2. The influence 
of temperature and strain rate on the flow stress level is 
observed. All the curves exhibit a peak stress at a certain 
strain, followed by a dynamic flow softening regime up 
to the end of straining. The curves are characterized by 
an initial sharp increase in flow stress up to a maximum, 
followed by very limited flow softening. At the strain 
rate of 0.01 s−1, the stress−strain curves are flat. As 
expected, the flow stress decreases with increasing 
temperature and decreasing strain rate, the typical 
behavior of metals deformed in hot working conditions 
[10]. 
 
3.3 Determination of constitutive equations 

In hot deformation, the dependence of flow stress 
on the strain rate and temperature can be expressed as 
follows [11,12]: 
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⎝
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QZ expε&                               (1) 
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where A is a material constant, ε&  is the strain rate, σ is 
the flow stress, Q is the apparent activation energy of 
deformation, R is the gas constant and T is the 
thermodynamic temperature. 

For the low stress level (ασ<0.8) and high stress 
level (ασ>1.2), the values of F(σ) are substituted in    
Eq. (2) and the following relationships can be obtained, 
respectively:  

1
1= ,nAε σ&  ασ<0.8                            (3) 

),exp(2 βσε A=&  ασ<0.8                       (4) 
 
where A1 and A2 are the material constants, which are 
independent of the deformation temperatures. Natural 
logarithms are taken at both sides of Eqs. (3) and (4), and 
the following equations can be obtained:  

σε lnlnln 11 nA +=&                            (5) 
βσε += 2lnln A&                              (6) 

 
Then the values of the flow stress and 

corresponding strain rate are substituted into the Eqs. (5) 
and (6), and the relationship plots of ε&ln −lnσ can be 
obtained as shown in Fig. 2. And the values of n1 and β 
can be obtained from the slopes of these lines, 
respectively. After the calculation process, the value of 
α=β/n1=0.013 MPa−1. 
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For all the stress level, Eq. (2) can be represented as 
follows: 
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Differentiating Eq. (7), there is  
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Therefore, by substituting the values of deformation 
temperatures, strain rates and corresponding stresses  
into Eq. (8), the relationships of ln[sinh(ασ)]−1/T    
and ln[sinh(ασ)]− ε&ln  can be obtained, as shown in  
Fig. 4. So, the values of Q can be derived from the  
slopes of ln[sinh(ασ)]−1/T and ln[sinh(ασ)]− ε&ln  plots. 
Finally, the averaged value of activation energy is  
225.4 kJ/mol. 

 

 

Fig. 2 True stress−true strain curves of composites during hot compression at different strain rates and temperatures: (a) 350 °C; (b) 
400 °C; (c) 450 °C; (d) 500 °C 
 

  
Fig. 3 Effect of strain rate on peak flow stress at various temperatures: (a) ε&ln —σ; (b) ε&ln —ln σ 
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For all the stress level, Eq. (1) can be represented as 
 

nA
RT
QZ )][sinh(exp ασε =⎟
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⎛= &                  (9) 

 
Taking the logarithm for both sides of Eq. (9) gives 

 
ln Z=ln A+nln[sinh(ασ)]                       (10) 
 

Based on the experimental results, the relationship 
between ln[sinh(ασ)] and ln Z can be shown in Fig. 4.  

 

 

Fig. 4 Calculation of constitutive parameters: (a) Relation    
of ln[sinh(ασ)] − ε&ln ; (b) ln[sinh(ασ)]−1000/T to calculate 
activation energy; (c) Variation of flow stress with Zener− 
Hollomen parameter for true strain of 0.5 

Then, the values of ln A and n are the intercept and slope 
of lnZ−ln[sinh(ασ)] plot, respectively. So, the value of A 
can be easily calculated as 2.58×1015. Meanwhile, the 
value of n can be updated as 9.075. 

The activation energy calculated from given 
compression test data gives information on the 
micromechanics of deformation at elevated temperatures. 
It was reported [13] that the value of Q is higher than the 
activation energy of self-diffusion of Al (142 kJ/mol). 
High Q value is the result of additional matrix hardening 
due to the constraints imposed by reinforcements. 
 
3.4 Processing map 

The data of high-temperature compression tests 
were used to construct processing maps. Following the 
procedure adopted by PRASAD and 
SESHACHARYULU [14], power dissipation maps were 
constructed by plotting iso-contours of the dissipation 
efficiency (η) through metallurgical process, given by 
η=2m/(m+1), on a two-dimensional plot with log strain 
rate and temperature as the axes. The η parameter 
describes the constitutive response of the workpiece in 
terms of the various microstructural mechanisms that 
operate in a given range of temperature and strain rate. 
The power dissipation map may exhibit different 
domains which may be directly correlated with specific 
microstructural mechanisms. 

The instability criterion was used to identify the 
regimes of flow instability, i.e., the variation of the 
instability parameter ξ, defined as 
 

0)]1/(ln[)( >+
∂

+∂
= mmm

ε
εξ

&
&                  (11) 

 
Figure 5 shows the processing map from 

compression data at ε=0.5. The contour numbers 
represent the power dissipation efficiency and the shaded 
domain indicates the regions of flow instability (negative 
flow instability parameters). From Fig. 5, it can be seen 
that the processing map includes two typically stable 
domains. The first domain occurs in the range of 
370−420 °C for a strain rates of 0.01−10 s−1. The second 
domain occurs in the temperature range of 350−500 °C 
for wide strain rates of 0.15−10 s−1. The maximum 
efficiency in this domain is 0.18. Microstructure analysis 
reveals that the original microstructure (Fig. 1(a)) has 
been replaced by recrystallized structure (Fig. 1(b)). 
Consequently, this domain can be interpreted to the 
effect of DRX. Generally, DRX is a beneficial process in 
hot deformation since it can produce stable flow. 

The shaded domain in Fig. 5 represents the 
instability domain which occurs in the strain rates range 
of 0.1−0.01 s−1 between temperature ranges of 350−360 
°C and 430−490 °C. Considering both the power 
dissipation efficiency and stability, thermal deformation 
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Fig. 5 Deformation processing map at a strain of 0.5 
 
of composite should be conducted at the temperature of 
500 °C with the strain rate of 0.1−1 s−1. Although these 
maps give the general guidelines, the interpretation of the 
different domains in the present map will have to be 
microstructurally validated. 
 
3.5 Microstructure evolution 

The flow behaviour of composites is accompanied 
with their imprint on the morphological changes in the 
material. The flow stress behaviour of metal matrix 
composites is governed by two main processes: the 
transfer of load from the ductile matrix to the hard 
particles and the microstructural transformations such as 
recrystallization or damage phenomena; in this case the 
material can present decohesion at the interfaces between 
matrix−particles or several particle cracking. When the 
material is able to dissipate the provided power through 
the load transfer or through metallurgical transformations 
it does not reach high levels of damage [15]. 

The SEM images of the composites deformed at 
instability domain are shown in Fig. 6. In Fig. 6, the 
electron micrographs corresponding to 350 and 450 °C at 
the strain rate of 0.1 s−1 are shown. The structure in this 
domain is characterized by particle cracking, voids 
formation and partially interface debonding due to flow 
localization shown in Fig. 6(a). The structure is 
characterized by the presence of many fractured particle 
in particular at 450 °C at the strain rate of 0.1 s−1. 

Figure 7 shows SEM images and optical 
microscopy image of the composites deformed at 
stability domain and high power dissipation zone. They 
are characterized by small voids and few fractures of SiC 
particles, as shown in Fig. 7(a). There is no cracking at a 
strain rate of 1 s−1 and at 450 °C (Fig. 7(b)). In Fig. 7, it 
can be seen that uniform and small equiaxed grains were 
formed, which can be attributed to the occurrence of 
dynamic recrystallization (DRX). Traditionally, DRX is  

 

 
Fig. 6 SEM images showing particle cracking and void 
formation in deformed composites at following conditions:   
(a) 350 °C, 0.1 s−1; (b) 450 °C, 0.1 s−1 
 
associated with hot working of low-stacking fault energy 
(SFE) metals which exhibit flow softening after reaching 
a critical strain. Aluminium is a high-stacking fault 
energy material and is characterized by easy dislocation 
climb and cross slip during deformation. However, the 
added SiC particles affect the density and distribution of 
dislocations in the matrix, and may influence the driving 
force for recrystallization. In addition, the accumulation 
of dislocations in the vicinity of SiC particles may lead 
to the fact that those regions become sites for 
recrystallization nucleation [16]. The presence of a large 
volume fraction of SiC particles in the aluminium matrix 
shifts the DRX domains to higher strain rates and 
temperature and also reduces the efficiency of power 
dissipation. 
 
4 Conclusions 
 

1) The true stress−true strain curves showed a peak 
stress at certain strain, after which the softening 
mechanisms were considered responsible for leveling the 
curve off. The peak stress level increased with 
decreasing deformation temperature and increasing strain 
rate. 

2) The flow behaviour described by the 
hyperbolicsine constitutive equation permits the 
calculation of an activation energy of 225.4 kJ/mol larger 
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Fig. 7 SEM images of composite deformed under (500 °C,  
0.1 s−1) (a) and (450 °C, 1 s−1) (b), optical image of composite 
deformed at (500 °C, 1 s−1) (c) 
 
than the activation energy for self-diffusion in Al. The 
formulated constitutive equations are 
 

)]/(4.225exp[)]013.0[sinh(1058.2 075.915 RT−×= σε&  
 

)]/(104.225exp[ 3 RTZ ×= ε&  
 

3) The processing map was established to evaluate 
the efficiency of the forging process in the ranges of 
temperatures and strain rate investigated. The optimal hot 
deformation conditions were individuated in the 
temperature and strain rate ranges of 500 °C and 0.1−1 
s−1, respectively. 

4) DRX was characterized by reconstitution of the 
prior particle boundaries and fine grained structure. In 
instability domain, the microstructures display particle 
cracking and void formation. 
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35%SiCp/2024A1 复合材料的热变形行为 
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摘  要：采用 Gleeble−1500D 热模拟试验机，对 35%SiCp/2024A1 复合材料在温度 350~500 °C、应变速率 0.01~10 

s−1的条件下进行热压缩试验，研究该复合材料的热变形行为与热加工特征，建立热变形本构方程和加工图。结果

表明，35%SiCp/2024A1 复合材料的流变应力随着温度的升高而降低，随着应变速率的增大而升高，说明该复合

材料是正应变速率敏感材料，其热压缩变形时的流变应力可采用 Zener−Hollomon 参数的双曲正弦形式来描述；

在本实验条件下平均热变形激活能为 225.4 kJ/mol。为了证实其潜在的可加工性，对加工图中的稳定区和失稳区

进行标识，并通过微观组织得到验证。综合考虑热加工图和显微组织，得到变形温度 500 °C、应变速率 0.1~1 s−1

是复合材料适宜的热变形条件。 

关键词：金属基复合材料；本构方程；加工图；显微组织；粉末冶金 
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