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Introduction
Aluminum matrix composites reinforced by SiC particles are 

widely used in aviation, aerospace, automotive, electronics, and other 
fields due to their high specific strength and specific stiffness, excellent 
wear resistance, and low density. Research efforts regarding such 
composites have been primarily focused on the characteristics of SiC 
particles, aluminum matrix selection, and the effect of the preparation 
process on the structure and performance of the composites [1-7].

Al-Mg alloys are one type of the aluminum alloys that can be heat 
strengthened, and are widely used as automotive body panel material. 
The microstructure and properties of the alloys can be further controlled 
by micro-alloying with Si and Cu elements. In general, SiC particle 
reinforced Al-Mg-based composites are prepared by casting methods, 
including infiltration casting, transfer molding and gravity casting 
method, etc. In this method, the matrix alloy is first melted, and the 
SiC particles are subsequently added to the melt, or the melt is added to 
a previously prepared SiC body. One disadvantage of this method is the 
heterogeneous distribution of the SiC particles in the matrix [5-12]. The 
powder metallurgy (PM) method, as one of the advanced preparation 
methods, is also commonly used to prepare SiC particle reinforced Al-
Mg-based composite materials [13-17]. Asgharzadeh studied the effect 
of the SiC content on the SiC distribution and microstructure during 
the sintering process of a SiC/Al-1.0Mg-0.6Si-0.2Cu-0.1Fe (mass%) 
composite [15]. Their results indicated that SiC particles reduced the 
sintering density of the composite. Yan et al. [16] studied the influence 
of SiC particle contents (25~35 vol.%) on a SiC/Al-1.0Mg-0.6Si-
0.2Cu (mass%) composite. It showed that the densification, thermal 
expansion coefficient of the composite and the tensile strength of the 
composite decreased with the increasing SiC particle content.

The microstructure and properties of SiC particle reinforced PM 
Al-Mg-based composites are affected by the particle size and volume 
fraction of the SiC particles, the matrix alloy composition and the 
sintering process employed [7,9,10,12,15]. Subsequent thermo-
mechanical treatment processes also have an effect on the mechanical 
properties of composite material, such as the solution treatment 

process [11]. However, the effects of solution treatment temperature 
and SiC particle on SiC/Al-Mg-Cu-Sn composites are not reported in 
the literature. This work is purposed to study the effects of solution 
treatment temperature and SiC particle contents on the microstructure, 
mechanical properties and corrosion behavior of PM SiC/Al-Mg-Cu-
Sn composites.

Experimental Methods
Spherical Al-0.64 Mg-0.60 Cu-0.36 Sn-0.22 Fe-0.18 Zn-0.04 Si 

(mass%) powder (Taigang Group Aluminium Powder Co., China) and 
SiC particles (99.6%) (Xuzhou Jiechuang New Material Technology 
Co., China) were used as the raw materials. The average diameters 
of the matrix alloy powders and SiC particles are 20 μm and 10 μm, 
respectively, with the SiC contents being 0 vol.% (Sample 1), 5 vol.% 
(Sample 2), and 10 vol.% (Sample 3). The three mixed powders were 
mechanically milled for 24 hours in a planetary ball milling system in 
absolute ethyl alcohol (Changsha Chemistry Co. China) under the Ar 
atmosphere using 10 mm diameter WC-5Co balls (Zhuzhou Cemented 
carbide Co. Chin) as the milling bodies. The ball-to-powder weight 
ratio was 3:1 and the milling speed was 300 rpm. The milled powder 
was first dried in a vacuum oven, and then pressed into a cylindrical 
compact under a pressure of 350 MPa. The compacts were then hot-
press sintered at 873 K for 2 h under vacuum condition. The sintered 
samples were hot extruded into bar samples at 703 K with an extrusion 
ratio of 10:1. The bar samples were solution treated at 673 K, 723 K, 
773 K, 823 K, and 848 K for 5 h, respectively, and then water quenched 
followed by aging for 7.5 h at 423 K.
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The density of the sintered composites was measured by Archimedes 
method. The hardness was tested using a Micromets 5104 Vickers 
hardness tester, and the reported result for each sample represents the 
average of 5 testing points. The as-aged samples subjected to solution 
treatment at 773 K were sectioned into samples with dimensions 15 
mm × 3.5 mm × 2 mm. The tensile properties were tested on an Instron 
3369 mechanical testing machine at a rate of 1 mm/min at both 293 K 
and 77 K. The sintered samples, the extruded samples and the tensile 
fracture morphology were observed by scanning electron microscopy 
(SEM) using an FEI Nova NanoSEM 230 high-resolution field emission 
microscope. The corrosion behaviors of the materials are determined 
by the Tafel curves of the as-aged samples in 3.5% NaCl solution by a 
CHI660E electrochemical workstation (CH Instruments, Inc., USA).

Results and Discussion
Microstructure of the samples

Figure 1 shows the microstructures of the as-sintered base alloy and 
SiCp/Al-Mg-Cu-Sn composites. No obvious pores and other defects 
were observed in the three samples. Archimedes tests showed that the 
densities of all the three samples were greater than 95%, indicating that 
material densification was relatively high after sintering. A number of 
very small pores can be observed on the surface of Sample 1 (Figure 
1a), which formed due to the escape of gas trapped in the powder that 
had not been completely eliminated during the vacuum hot pressing 
sintering process. Some white AlSn phases are homogeneously 
distributed along the grain boundaries (Figure 1a). As shown in Figure 
1b and 1c, the SiC particles of Samples 2 and 3 distributed relatively 
uniformly and no obvious agglomeration can be observed. The number 
of the small pores reduced significantly compared to those observed 
in Sample 1, indicating that the addition of SiC particles contribute to 

the densification of the sintered alloy. High magnification examination 
(not shown) indicated that SiC particles underwent no obvious 
interfacial reaction with the Al matrix.

The microstructures of the hot-extruded samples are shown 
in Figure 2. The matrix grains of the sample 1 were fine and the 
microstructure was fibrous after hot extrusion. For Sample 2 with 5 
vol.% SiC particles, the SiC particles redistributed with some broken 
particles. This is because the SiC particles are the hard, brittle ceramic 
particles that tend to fracture during the extrusion process (Figure 
2b). When the SiC particle content was further increased to 10 vol.%, 
the SiC particles in Sample 3 redistributed more fibrously and some 
agglomeration occurred (Figure 2c).

Figure 3 shows the SEM graphs of the fracture surfaces of the 
samples after tensile testing at 293 K and 77 K. Sample 1 was a typical 
ductile fracture (Figure 3a and 3b) with obviously large-sized dimples, 
indicating its good plastic deformation ability. With 5 vol.% SiC 
particles, the fracture of Sample 2 was mainly due to matrix ductile 
rupture, and the second crack occurred simultaneously (Figure 3c and 
3d). Compared to the Sample 1, the dimple size of Sample 2 reduced 
significantly and the broken SiC particles can be found in the dimples. 
This indicates the decrease of the elongation for the composites. The 
further analysis shows there are no obviously interfacial reactions 
traces at the interface between SiC particles and the matrix. Figure 3e 
and 3f show that Sample 3 has different sizes and depths of the dimples. 
The large-sized dimples were caused by the interfacial disengagement 
between SiC particles and the matrix.

Mechanical properties of the samples

Figure 4 shows the Vickers hardness curves of the as-aged samples 
after solution treatment at different temperatures. With the volume 
fraction of the SiC particles increasing, the hardness of the as-extruded 
composites (Figure 4) increased significantly. The Vickers hardness 
values of the as-extruded Samples 2 and 3 were 62 HV and 73 HV, 
respectively, which increased by 19% and 21%, respectively, compared 
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Figure 1: SEM images of the as-sintered samples with different SiC contents. 

(a) (b)

(c)

S i C

AISn

Figure 1: SEM images of the as-sintered samples with different SiC contents.
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Figure 2: SEM graphs of the as-extruded composites with different the SiC contents. 
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Figure 2: SEM graphs of the as-extruded composites with different the SiC 
contents.
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to that of Sample 1. The increased hardness is due to the dispersion 
strengthening of the added SiC particles, as was reported in the 
previous literature [18].

The solution treatment temperature also has a significant effect 
on the hardness of the material. After solution treatment at 673 K, 
the Vickers hardness values of the three as-aged samples decreased 
compared to those of the as-extruded samples. Similar phenomena have 
been reported in literature [19]. With increasing solution treatment 
temperature, the hardness of the as-aged materials increased, with the 
maximum value obtained at 773 K. The hardness of Samples 2 and 3 
increased compared with that of Sample 1. The hardness of Samples 
2 and 3 increased by more than 20% compared to the as-extruded 
materials, while the hardness of Sample 1 was essentially unchanged 
relative to its as-extruded hardness after solution treatment at 773 K. 
This demonstrates that solution treatment has an obvious effect on 
the composites reinforced by SiC particles. For the solution treatment 
temperature of 823 K, the hardness of Samples 1 and 2 decreased 

significantly, while that of Sample 3 did not show the obvious change. 
When the solution treatment temperature increased further to 848 
K, the hardness values of the as-aged samples were further reduced. 
The burning phenomenon was also observed in the three materials, 
and result in the decrease of the hardness of the samples. The above 
results demonstrate that increasing the volume fraction of the SiC 
particles enhances the effects of solution treatment on SiC/Al-Mg-Cu-
Sn composites.

Table 1 shows the mechanical properties of the composites after 
tensile testing at the room temperature (Table 1). After adding 5 vol.% 
SiC, the ultimate tensile strength (σb) of Sample 2 was found to increase 
by 78.5% from 168 MP to 300 MPa, with that of Sample 3 improved 
by 84.5%. The yield strength (σ0.2) of Samples 2 and 3 at the room 
temperature increased by 285% and 332%, respectively, compared 
to that of Sample 1. These results demonstrate that the addition of 
SiC particles can improve the strength of Al-Mg-Cu-Sn alloys. The 
fracture elongation (δ) results at 293 K show that the elongation of the 
composites decreased from 23.5% to 8.1%. All of the three materials 
exhibit hardening, yield and plastic deformation (Figure 5). 

After tensile testing at 77 K, the σb and δ of Sample 2 increase from 
300 MPa to 397 MPa, 9.8% to 16.8%, respectively, compared to that of 
Sample 1 (Table 1). It means that the SiCp/Al-Mg-Cu-Sn composites 
exhibit a strong temperature dependence of the tensile strength 
between 293 K and 77 K. This is different compared with other fields 
of materials, where an inverse dependence of ductility and strength is 
invariably seen [20].
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Figure 3: SEM graphs of fracture surfaces of the ageing samples at 293 K (a, c, e) and 77 K (b, d, f).Figure 3: SEM graphs of fracture surfaces of the ageing samples at 293 K (a, 
c, e) and 77 K (b, d, f).
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Figure 4: The Vickers-hardness curves of the as-aged samples with respect to the temperature 
of the solution treatment for different SiC contents.Figure 4: The Vickers-hardness curves of the as-aged samples with respect to 
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Figure 5: The engineering stress-strain curves of the 
samples at 293 K (a) and 77 K (b). 

Figure 5: The engineering stress-strain curves of the samples at 293 K (a) 
and 77 K (b).

Sample Testing temperature σb (MPa) σ0.2 (MPa) δ (%)

Sample 1
293 K 168 63 23.5
77 K 251 106 48.5

Sample 2
293 K 300 263 9.8
77 K 397 305 16.8

Sample 3
293 K 310 276 8.1
77 K 411 327 13.5

Table 1: Tensile properties of the samples at 293K and 77 K.
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Corrosion behavior of the samples

To determine the influence of the SiC particle content and solution 
treatment temperature on the corrosion behavior of the matrix 
material, the Tafel curves in a 3.5% NaCl solution at room temperature 
were obtained for the as-aged samples subjected to solution treatment 
at different temperatures, as shown in Figure 6. The electrochemical 
corrosion parameters obtained from the Tafel curves are shown in Table 
2. The solution treatment temperature obviously affects the corrosion 
resistance of the as-aged samples with different SiC contents. For 
Sample 1, the corrosion potential gradually decreases by increasing the 
solution treatment temperature from 673 K to 823 K (Figure 6a). The 
as-aged specimen shows the worst corrosion resistance at this solution 
temperature with 823 K. Table 2 shows that the corrosion current (Icorr) 
of Sample 1 exhibits little change with respect to the solution treatment 
temperature, indicating that the solution treatment temperature has 
no obvious influence on the corrosion rate of Sample 1. For Sample 2 
and Sample 3, the corrosion potential (Ecorr) decreases to a minimum 
with increasing solution treatment temperature to 773 K, and then 
increases with further increasing solution treatment temperature 
(Figure 6b and 6c). This indicates that the composite corrosion 
resistance firstly decreases and then increases with the increasing 
solution treatment temperature. Samples 2 and 3 exhibit a maximum 
value of Icorr at 773 K, indicating that the material has a maximum 
corrosion rate at this solution temperature. Table 2 also demonstrates 
that the corrosion behaviors of the materials vary with respect to the 
SiC particle content when they were subjected to solution treatment at 
the same temperature. After solution treatment at 773 K, the value of 
Ecorr decreases with the increasing SiC particle content, indicating that 
the corrosion resistance trends of the samples diminished. The solution 
treatment temperature of 823 K indicates a better corrosion resistance 
of composites containing SiC particles because of the higher corrosion 
potentials compared with that of Sample 1. 

The corrosion resistance of SiCp/Al-Mg composites depends 
on many factors, such as the SiC contents and size, Al-Mg alloy 
composition, Si/Mg molar ratios, heat treatment, microstructure, 
environment, and properties of the Al2O3 film covering the alloy matrix 
surface in the aggressive solution [21-25]. The silicon carbide particles 
are conductive and act as local cathodes for the reduction of oxygen 
in the composites [21,22]. The study by Zakaria showed that reducing 
the SiC particles size and/or increasing the volume fraction of the SiC 
particulates reduces the corrosion rate of the Al/SiC composites [21]. 
However, the mechanism of the solution treatment temperature on the 
corrosion behavior of SiCp/Al-Mg-Cu-Sn composites requires further 
studies.

Conclusions
1. The solution treatment temperature has a minor effect on the 

hardness of the as-extruded PM Al-Mg-Cu-Sn alloy, but a greater 
effect on SiCp/Al-Mg-Cu-Sn composites. The maximum hardness of 
composites was obtained after solution treatment at 773 K. 

2. The tensile properties of SiCp/Al-Mg-Cu-Sn composites 
increase significantly relative to those of the base alloy. After solution 
treatment at 773 K, the yield strength of the as-aged Al-Mg-Cu-Sn alloy 
containing 10 vol% SiC particles increases from 106 MPa to 327 Mpa. 
The tensile strength of the SiCp/Al-Mg-Cu-Sn composites exhibits a 
strong dependence of the temperature between at 293 K and 77 K.

3. The corrosion behavior of the matrix alloy is affected by the 
added SiC particles as well as the solution temperature.
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