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In this work, the in situ SiC/Al composites were successfully fabricated by the method

of combustion synthesis and hot press consolidation in an Al-C-Si system. The effect of

alloying elements (Mn, Zn, Ti) on the phase constitution and microstructure of in situ
SiC/Al composites were investigated. Results indicated that the Al11Mn14 and TixSiy
phases were formed in the SiC/Al composites with the addition of Mn and Ti, respec-

tively. By the addition of Mn, the size of the synthesized SiC particles was obviously
reduced, and consequently the amount of SiC particles was increased. Meanwhile, the

percentage of the submicro SiC particles increased about from 22% to 83%. However,
the addition of Zn and Ti had little effect on the size of SiC particles.
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1. Introduction

Aluminum is widely applied in industry because it possesses superior ductility and

light weight.1 However, the application of aluminum is hindered by its low wear

resistance properties and poor elevated temperature stability. To improve the me-

chanical properties of Al metal, the hard and fine ceramic particles need to be

uniformly dispersed into the Al matrix.2 The SiC ceramic particles own outstand-

ing properties such as high stiffness and hardness, good thermal stability and low

thermal coefficient of expansion. They were proposed to be added into the Al ma-

trix to form the SiC/Al composites.3 Most reports4 showed that the reinforcing SiC

particles were directly added into the Al matrix to form ex situ SiC/Al compos-

ites. Nevertheless, in such SiC/Al composites, the interface bonding between SiC

and Al matrix is weak and cracks are easy to appear due to the contamination

and existence of thin oxide layers on the surface of the ex situ SiC particles.5 In

addition, the reinforcing SiC particles are difficult to uniformly disperse into the Al

matrix.6 Compared to the ex situ methods, in the in situ fabricating methods, in

the reinforcing particles are synthesized via chemical reactions among the pristine

elemental materials themselves. It can form the stable reinforcement in the matrix

and the clean interfaces with high bonding strength between reinforcement and

matrix were formed.7 Meanwhile, the size of the synthesized reinforcing particles

is fine and the particles could uniformly distribute in the matrix.8 However, the

in situ SiC particles are difficult to be directly synthesized in Al melts, which is

due to the limited solubility of carbon in Al-Si melts.9 Nie et al.10 fabricated the

in situ SiC/Al composites by the structural evolution of TiC in Al-Si melt. They

reported that the synthesis of SiC particles occurred via the gradual reaction be-

tween TiC and Si atoms, and the simultaneously formed needle-like TiAlxSiy phase

would play a detrimental role in the mechanical properties of the composites. Du

and Gao et al.11 reported that the in situ synthesized SiC particles through gradual

phase transformation mechanism were feasible. They fabricated the in situ SiC/Al

composites by the master alloy casting method.12 While, to our knowledge, the

method of combustion synthesis combined with pressure consolidation is also an

effective way for the in situ synthesized metal matrix composites.13,14 This method

can form the dense and high purity composite with one-step process and low energy

requirement.

As we know, the phase constitution and size of SiC particles in SiC/Al compos-

ites plays a significant role in determining the comprehensive properties and actual

application for SiC/Al composites.15 While, for in situ synthesized ceramic particle

reinforced metal matrix composites, alloying element is a key factor in affecting the

phase constitution and ceramic particle size of the composites. Therefore, further

researches on the effect of different alloying elements on the phase constitution and

microstructure of the in situ synthesized SiC/Al composites are essential. Thus, in

this work, we fabricated in situ SiC/Al composites by the method of combustion

synthesis and hot press consolidation in an Al-Si-C system. Moreover, the effect of
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alloying elements (Mn, Zn and Ti) on phase constitution and microstructure of the

in situ synthesized SiC/Al composites was investigated.

2. Experimental

The commercial Al powders (99.7 wt.% purity, ∼48 µm), Si powders (99.9 wt.%

purity, ∼48 µm), C-black powders (99.9 wt.% purity, ∼0.1 µm), and powders of

alloying elements (Mn, Zn and Ti, 99.5 wt.% purity, ∼48 µm) were used for powder

blends. The above raw metal and alloy powders are provided by Shanghai st-nano

science and technology Co., Ltd. The starting composition of the green samples was

Al-20Si-5C (wt.%) and Al-20Si-5C-3Me (wt.%, Me = Mn, Zn, Ti, respectively).

First, the raw powders were sufficiently mixed in a stainless steel die by ball milling

for 8 h with low speed (∼35 rpm). Second, the mixtures were cold pressed into

cylindrical compacts with the diameter of 28 mm and height of 30 mm. Third,

the powder compact was contained in a graphite mold. The graphite mold with

powder compact was put in a self-made vacuum thermal explosion furnace. Then,

the combustion synthesis and hot press consolidation experiment were conducted.

During the process, the compact was heated at the speed of 20◦C/min in a vacuum

atmosphere, the temperature was controlled by W5-Re26 thermocouples. When the

temperature reached the goal value, the compact was hot pressed with 30 MPa for

15 min and then the sample was cooled down to ambient temperature.

The phase constitution of the samples was investigated by X-ray diffraction

(XRD, Model D/Max 2500PC, Rigaku, Tokyo, Japan) with Cu Kα (λ = 0.154 nm)

radiation. The morphology was observed by scanning electron microscopy (SEM,

Model Evo18 Carl Zeiss, Oberkochen, Germany). The size measurement and distri-

bution statistics of SiC particles were performed with the Nano Measurer software.

3. Results and Discussion

3.1. Formation of in situ SiC/Al composites

in the Al-20Si-5C system

The sinter temperature is a thermodynamic factor of synthesis SiC. In order to

investigate the effects of sintering temperature on the synthesis reaction and deter-

mine the suitable sintering temperature, we fabricated the SiC/Al composites at

the temperature of 750◦C, 850◦C and 950◦C, respectively.

Figure 1 shows the XRD patterns of the Al-20Si-5C samples fabricated at differ-

ent sintering temperatures. It can be seen from Fig. 1(a) that there are no diffraction

peaks corresponding to the SiC phase. However, the Al4C3 phase is detected in the

composite fabricated at 750◦C. When the sintering temperature increases to 850◦C,

it can be seen that both Al4C3 phase and SiC phase are presented, as shown in

Fig. 1(b). When the sintering temperature increases up to 950◦C, the Al4C3 phase

disappears and the diffraction peak intensity of SiC phase increases, as shown in

Fig. 1(c).
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Fig. 1. (Color online) The XRD patterns of the sample fabricated at different sintering

temperatures.

Fig. 2. The in situ reaction process of SiC/Al composites.

The XRD results indicate that the Al4C3 phase forms firstly during the prepa-

ration of the SiC/Al composites. Then the Al3C4 as the transition phase provides

carbon source which reacts with Si to generate SiC.11 Therefore, the in situ syn-

thetic reaction process of SiC particle by the method of combustion synthesis and

hot press consolidation is presented, as shown in Fig. 2.

When the sintering temperature is 750◦C, based on the thermodynamic data

listed in Table 1, the formation energy of Al4C3 is about −180.79 kJ/mol, while

the formation energy of SiC is −65.09 kJ/mol, which illustrates the formation of

Al4C3 is more favorable in the low-temperature aluminum melt. The Gibbs free

1940048-4
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Table 1. The thermodynamic Gibbs free energy change in the Al-Si-C system.16

Reaction ∆G0, J/mol (T , K)

Si(s)→ Si(l) ∆G0 = 50540− 30.0T (298K < T < 1680K)
Si(s) + C(s)→ SiC(s) ∆G0 = −73220 + 7.95T

C(s) + 4/3Al(l)→ 1/3Al4C3(s) ∆G0 = −69092 + 8.63T
i(l)→ [i] ∆G0 = −RT ln(100Mi/γ

h
i Mi)

energy change of reaction 2 is as follows:

∆G0 = 3∆GSiC + 4RT ln a[Al] − ∆GAl4C3 − 3RT ln a[Si], (1)

where the ∆GSiC and ∆GAl4C3
are the Gibbs formation energy of SiC and Al4C3,

respectively. The a[Al] and a[Si] are the activities of [Al] and [Si] in the Al-Si binary

system, respectively. On the basis of the Wilson equation and an extended Miedema

model,12 the G0 can be expressed as

∆G0 = 3∆GSiC − ∆GAl4C3 +RT ln
(χAl · γAl)

4

(χSi · γSi)3
, (2)

where χi is the mole fraction in aluminum melt, γi is the activity coefficient. When

the sintering temperature increases to 850◦C, the ∆G0 is calculated to be about

−28.019 kJ/mol, indicating that the reaction 2 can take place spontaneously at

850◦C. However, the Al4C3 phase can still be detected at this moment [Fig. 1(b)].

Until the sintering temperature increases to 950◦C, the generated Al4C3 phases

are completely consumed. The reason is that the system energy increases with the

increase of sintering temperature, which in favor of the diffusion of Si atoms in the

aluminum melt.

Figure 3 shows the SEM images and EDS result of the etched surfaces of Al-

20Si-5C sample fabricated at the sintering temperature of 950◦C. It can be seen

that a large quantity of irregular blocky-shaped particles is distributed in the Al

Fig. 3. (Color online) The SEM images of the sample fabricated at 950◦C and EDS analysis.
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matrix and there are some submicro-particles in the vicinity of the irregular blocky-

shaped particles. These particles are identified as SiC by EDS analysis, which can

be confirmed by the element contents of Si and C. These above results indicate that

the SiC/Al composites can be in situ synthesized at the sintering temperature of

950◦C by combustion synthesis and hot press consolidation.

3.2. Effects of alloying elements

In order to investigate the effect of alloying element addition on the SiC/Al com-

posites, 3 wt.% Mn, 3 wt.% Zn and 3 wt.% Ti were added into the Al-20Si-5C

system, respectively. Then the in situ synthesized experiments were performed at

the sintering temperature of 950◦C.

Figure 4 shows the XRD patterns of the SiC/Al composites with the additions of

Mn, Zn and Ti. The products in these samples all contain SiC phase. In addition,

the Al11Mn14 and TixSiy are identified in the Al-20Si-5C-3Mn and Al-20Si-5C-

3Ti samples, respectively, as show in Figs. 4(a) and 4(c). Besides, there are no

zinc compounds or Zn are detected in the Al-20Si-5C-3Zn system, as shown in

Fig. 4(b). This could be attributed to the evaporation of the Zn during the heating

and combustion processes.17

Figure 5 shows the SEM images of the etched surfaces of the SiC/Al composites

with the additions of Mn, Zn and Ti. It clearly reveals the irregular blocky-shaped

SiC particles in these samples, indicating that these alloying elements cannot affect

the morphology of SiC particle. Nevertheless, compared to Figs. 3(a) and 5, it is

obvious to find that the size of SiC particles decreases in different degrees with the

addition of different alloying elements.

Figure 6 shows the corresponding size distribution histograms of the SiC

particles in the fabricated in situ SiC/Al composites with different alloying ele-

ment addition. As shown in Fig. 6(a), the maximum size and average size of SiC

particles in the SiC/Al composite without alloying element addition are about 4.1

Fig. 4. (Color online) The XRD patterns of the SiC/Al composites with the alloying element.
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Fig. 5. SEM images of the etched surfaces of the SiC/Al composites with the alloying element.

Fig. 6. (Color online) Size distribution of the SiC particles in these composites.

and 1.6 µm, respectively. In addition, the percentage of the SiC particles in sub-

micro size is about 22% in total. As shown in Fig. 6(b), by addition of 3 wt.% Mn,

the maximum size and average size of SiC particle are reduced to 1.3 and 0.7 µm,

and the size of some SiC particles can even reach to less than 0.2 µm. Meanwhile,

the percentage of submicro-particle increases to about 83%. That means the ad-

dition of Mn element can significantly reduce the size of SiC particles and lead to

1940048-7
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more uniform distribution of the particle size. As shown in Figs. 6(c) and 6(d), by

addition of Zn and Ti, the maximum size of SiC particle reduces to 3.6 and 3.1 µm,

respectively. The addition of Zn and Ti has a little influence on the size of SiC

particle relative to the addition of Mn.

The reason for the size refinement of SiC particles by addition of Mn should be

that Mn addition can decrease the solidus temperature of the Al-Si-C system.18 The

lower solidus temperature results in the formation of liquid phase at lower tempera-

ture. These contribute to the decrease of the synthesis temperature of SiC particles,

leading to high degree of supercooling and increase of SiC nucleation rate. Thus, the

amount of SiC particle increases and consequently the size of SiC particle decreases.

According to the report,19 the strength of aluminum matrix composites can be im-

proved by approximately 20% when the reinforcement particle size is decreased

from a micrometer to a sub-micrometer. Therefore, it is reasonable to believe that

the addition of Mn element is beneficial to the in situ SiC/Al composites.

4. Conclusions

In this work, the in situ SiC/Al composites were successfully fabricated by the

method of combustion synthesis and hot press consolidation. The Al11Mn14 and

TixSiy phases were formed in the SiC/Al composites with the addition of Mn and

Ti, respectively. The addition of Mn leads to a more uniform distribution of the

SiC particle size. Meanwhile, it reduces the maximum size and average size of SiC

particles from 4.1 and 1.6 µm to 1.3 and 0.7 µm, respectively. Besides, by addition of

Mn, the percentage of submicro SiC particles increases from 22% to 83%. However,

the addition of Zn and Ti had little effect on the size of SiC particles.
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