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ABSTRACT– This Study is to investigate on the wear characterization 
and heat resistance of aluminum/silicon carbide (Al/SiC) with different 
particles (3, 5, and 10 μm) composites manufactured by duplex process, 
which consists of squeeze-infiltration and squeeze casting. Also, this study 
is to investigate the effect of alloying element (Ni) on the microstructure, 
wear behavior and heat resistance of Al/SiC composite. Owing to the 
increase in interfacial area between SiC particles and matrix in both the 
as-cast and heat exposed specimens (at 250 

o
C and 350 

o
C for 5hr), the 

decrease in nano-SiC particles size resulted in the increase in the 
hardness of composites. And in case of 3 μm SiC reinforced Al composites 
as compared with other composites, the highest density of dislocation was 
generated during manufacture. Composite with 3μm SiC has the lowest 
wear amount among composites reinforced with 5 and 10μm SiC. Heat 
resistant property was improved with increasing Ni addition content (wt.) 
in Al/SiC composites. The wear resistance at 200 

o
C in argon gas on 

composite was greater than those at 200 
o
C and room temperature in the 

as-composites. 
 

1. INTRODUCTION 
Metal matrix composite materials are advanced materials, which combine tough 
metallic matrix with a hard ceramic or soft reinforcement to produce composite 
materials [1]. These materials have superior properties compared to the monolithic 
materials and can be tailarable to a specific applications [2]. In recent years the 
aerospace, military and automotive industries have been promoting the technological 
development of composite materials to achieve good mechanical strength/density and 
stiffness/density ratios. Nano-ceramic particle reinforced composites have the good 
characteristics that are good formability, lower fabrication cost, good heat and wear 
resistance due to unique particle’s properties and dispersion compared with the fiber 
reinforced composites. Al–SiC composites offer isotropic improvements in structural 
properties over their corresponding base alloys at a reasonable cost, particularly as they 
can often be produced and formed via conventional metallurgical routes [3]. In 
addition to their increased specific stiffness and strength over monolithic alloys,    
Al–SiC composites have been selected for specific engineering applications for their 
improved smooth specimen fatigue resistance over unreinforced alloys [4-8]. It is now 
well understood that the reinforcement content and nature of its distribution in the 
matrix of the composite have profound influence on the performance of composites  
[9-11]. However, it is difficult to make the homogeneous distribution of particles in the 
Al-matrix in case of subseive size (below 10 ȝm)  particle.  Therefore, a new duplex  
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process has been developed to produce Al matrix composite with homogeneous 
distribution of subseive size particles. In present study, the characteristics of the heat 
resistance and alloying element effects in SiC reinforced Al matrix composites 
manufactured by duplex process were investigated by using Optical Microscope (OM), 
X-Ray Diffractometer (XRD), Differntial Scanning Clorimetry DSC and Scanning 
Electronic Microscope (SEM). Also, wear characteristics at ambient, elevated 
temperature (200

 o
C) and 200

 o
C -Ar were investigated.  

 
2.  EXPERIMENTAL  PROCEDURES 

In the first stage for preparing the precomposite, starting material ( Pure Al ) was 
melted in electric furnace with other alloys of Al-25%Si, Al-50%Cu under argon 
atmosphere at 740

o
C. The chemical composition of the initial matrix alloy is given in 

Table 1.  Ni element was added to examine effects of alloying element on hardness 
and wear resistance. In squeeze infiltrating die, (3, 5, and 10 ȝm) SiC bed was 
preheated up to 600

 o
C and then the melt was poured into the die at 700

 o
C. To infiltrate 

by squeeze at 680
 o
C, the hydraulic ram was used to apply a pressure of 50 MPa to the 

molten metal until completion of eutectic reaction. In the second stage, the matrix alloy 
was melted in electric furnace with pre-composite for designed 10wt% SiC reinforced 
Al matrix alloy at 720

 o
C, mechanically agitated at 600 rpm and then solidified under 

pressure of 75MPa until 500
 o
C. SEM and OM were used to investigate the distribution 

of SiC particles. Hardness was measured on the B scale with steel ball indenter and a 
100 kg major load in Rockwell hardness tester. All specimens were tested to investigate 
the wear characteristics such as wear loss amount and the morphology of worn surface 
by using a TE88P wear tester of the pin on disc type under the conditions (final load: 
100N, sliding distance: 4000 m, sliding speed: 0.64 m/s,  room temperature (RT) and 
elevated temp.: 200

 o
C with and without Argon gas).  

 
Table 1. The chemical composition of the initial matrix alloy. 

 

Element Si Cu Fe Mg Al 
Wt.% 7.77 2.72 0.55 0.28 Bal. 

 

3.  RESULTS  AND  DISCUSSION 
 

3.1  Microstructures  And  Sic  Particles  Distribution 
In general, when adding into the melt, the subsieve size SiC floats onto the surface of 
the melt, because of large specific surface. Therefore, it is difficult to make the 
composite reinforced homogeneously subsieve size particle of under 10 ȝm. But the 
wettability of particle of 3, 5 and 10 ȝm, used in this study was improved due to 
formation of activated surface on SiC surface through squeeze infiltrating process for 
making the pre-composite.  So, in order to make subseive size (under 10 ȝm) 
SiC distribution homogeneously, duplex process which consists of squeeze infiltration 
process (1st step) and squeeze casting was used for making specimens used in this 
study.  
The optical micrographes of Al/10wt.% SiC composites fabricated by duplex 
processing were shown in Figure 1. The SiC particles was generally distributed 
homogeneously due to the formation of active surface on SiC of the precomposite 
fabricated by squeeze infiltrating process and the microstructures became finer due to 
an increase in the cooling rate by applying pressure of a squeeze casting. However, 
compare with other specimens reinforced with particle of 5, 10 ȝm SiC, a dispersion 
uniformity of 3 ȝm SiC reinforced composite appeared low because of the pushing 
effect in growing dendrite arm and great coalescencing force between particles with 
great specific surface. 
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Figure 2 shows optical micrographs of Ni added composites. The distribution of SiC 
particles became homogeneous by the addition of Ni in composite. This is because Ni 
addition makes the increase in eutectic temperature, as a result mushy zone is 
shortened.  
By the addition of finer SiC particle in aluminum matrix, the distribution of SiC 
particle became inhomogeneous. But the distribution of SiC particle became 
homogeneous with not only an addition of Ni but also with an increase of Ni content. 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Optical microstructures of final composites with various SiC,        

size (a) 3μm  (b) 5 μm  (c) 10 μm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Variation of microstructures with Ni addition in 5um SiC reinforced composite 

(a) 5μm  (b) 5μm-1%Ni (c) 5μm-3%Ni. 
 

 
3.2 Hardness 
The changes of hardness in Al/SiC composite with the various particle sizes and 
addition of Ni before and after heat exposure were shown in Figure 3. In Figure 3(a), a 
composite reinforced by SiC has higher hardness compare to a cast non-reinforced. It is 
caused by a particle dispersion reinforcement by SiC. A hardness increases with the 
size of SiC become more finer. This is because the formation of dislocation by the 
difference of heat expansion coefficient between SiC and Al matrix [12]. A hardness of 
heat exposured specimens at 250

o
C for 5hr is higher than as-cast specimens. This is 

because a formation of aging precipitation by heat exposure. It is thought that hardness 
is increased by the formation of θ' phase and Ȝ(Al5Cu2Mg8Si5) [12]. The reason of 
increasing the hardness at 3 ȝm is because the formation of precipitations is formed 
more rapidly by high dislocation density. 
Also at Figure 3(b), hardness value was increased continuously with addition of Ni. 
Because of eutectic temperature was increased by addition of Ni, α-Al become more 
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finer. Also the reason of increasing the hardness is because the intermetallic compound 
of NiAl3, and NiAl2 [13] which is more securer and harder at the high temperature was 
formed. 
 
3.3 XRD  
Intermetallic compound was identified by XRD in order to observe the compound 
behavior during heat exposure and the results were shown in Figure 4. Only aging 
precipitation of Al2Cu appeared at Ni non-addition composite. But 3%Ni added Al/SiC 
composite formed intermetallic compound of NiAl3 which is stable at high temperature 
as well as Al2Cu.   
 
 

Base

3 M
icr

on

5 M
icr

on

10 M
icr

on

As Cast

Heat up to 250oC for 5hr0

10

20

30

40

50

H
a
r
d

n
e

s
s

 H
R

B

    

5 M
ic

ro
n

5 M
ic

ro
n-1

Ni

5 M
ic

ro
n-3

Ni

As cast

Heat  up to  250oC for  5
0

10

20

30

40

50

60

70

H
r
d

n
e

s
s

 
H

R

 
 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 

Figure 4.  X-ray diffraction analysis of heat exposed specimens at 250
o
C for 5hr,  

(a) Al-7.76Si-2.75Cu-0.28Mg/10wt.%SiCp, and  
(b) Al-7.76Si-2.75Cu-0.28Mg-3Ni/10wt.%SiCp. 

a b 

40 42 44 46 48 50
0

250

500

750

1000

1250

1500

1750

2000

Al
2
Cu

 

 

In
te

n
si

ty

Angle (2)

a 

▴  

▴  ▴  

40 42 44 46 48 50
0

250

500

750

1000

1250

1500

1750

2000

 
In

te
n

si
ty

Al
2
Cu

Al
3
Ni

 

 

Angle (2)

b • 

▴ 
▴ 

▴ 

• 

▴ 

• 

Figure 3. Hardness of as-cast and heat-exposed specimens at 250oC for 5hrs 
a) without Ni addition, and b) with Ni addition 
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Figure 5 shows the elemental dot mapping results of the specimen using SEM.  
Figure 5(a) shows the morphology of 3% Ni added composite, (b) of Al dot mapping, 
(c) of Ni dot mapping and (d) of Cu dot mapping. As a result of the elemental dot 
mapping, it could be confirmed that the formation of intermetallic compounds 
consisted of Al, Ni and Cu elements. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Dot mapping of intermetallic compounds (a) SEM (3%Ni) (b) Al dot mapping 
(c) Ni dot mapping, and (d) Cu dot mapping. 

 

 
3.4 Wear Behavior of As-Cast and Heat Exposed Specimens at 
room temperature 
Figure 6(a) shows the wear amount of heat exposed composite and as-composite. 
Wear amount of composite (3 ȝm) has less than that of composite (5 ȝm), because SiC 
(3 ȝm) was acted as lubricant agent during abrasive wear. Also, wear resistance of heat 
exposed specimen for 5hr at 250

o
C was improved more than as-composite. This is 

because the hardness was increased by aging effect caused by heat exposure for 5hr at 
250

o
C. The composite exposed at 350

o
C for 5hr appeared large wear amount more than 

that of non-heat exposed specimen. It is considered because Si of α-Al was diffused 
into a near eutectic region, so its hardness was decreased. Figure 6(b) showed the 
changes of wear amount according to heat exposure temperatures (250

o
C, 350

o
C) and 

Ni addition. Wear amount of composite (5 ȝm) added 3wt%Ni has less than that of 
composite (5 ȝm). The wear amount of heat exposed specimen for 5hr at 250

o
C 

decreased than that of R.T and 350
o
C. This is because hardness is increased by the 

formation of θ' phase and Ȝ(Al5Cu2Mg8Si5) [12] during heat exposure at 250
o
C. It is 

confirmed through worn surface and debris as shown in Figure 8. Worn surface of 5 
micron heat-exposed at 350

o
C appeared adhesive wear and worn debris became 

coalesenceing (Figure 8). Figure 7 shows the variation of worn surface and debris 
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according to particle sizes in composites reinforced various particles. The worn surface 
of base alloy appeared the abrasive and fusion wear phenomenon. The worn surface of 
3M has abrasive morphology of very smooth type. Abrasive wear mechanism appears 
because of the seperated SiC acted as a lubricant on worn surface while wear is 
processing. Also debris of 10 micron was formed as bloky type broke out worn surface 
which caused by the adhesive and friction wear mechanism.  
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Figure 6. Wear amount after heat exposure at 250
o
C and 350

o
C for 5hrs a) 

Al/SiC composites, and b) composite with Ni addition. 

 

 

 
 

Figure 7. SEM of worn surface and debris in alloy composites with different SiC 
particle size in matrix alloy (a) base alloy (b) 3M (c) 5M and (d) 10M. 

 
 
3.5 Wear Behavior of As-Cast and Heat Exposed Specimens at 
Elevated Temperature 
Figure 9 (I) shows the results of wear test of 3ȝm composite under the various 
conditions. As shown in this figure, the wear amount in specimen increased drastically 
at elevated temperature, compared with room temperature. The worn surface 
morphology of 200

o
C-Ar wear specimen shows adhesive and abrasive wear 

phenomena, otherwhile adhesive and fusion morphologies were appeared that the 
debris was formed coarsely in case of 200

o
C wearing specimen. Using SEM and OM, 

the reason of significant decrease in wearing amount when purging argon gas was 
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clarified by Figure 9 (II). As shown in Figure 10(II), the tribological layer (30-60 ȝm 
thickness) with agglomerate of SiC reinforcement was form in worn surface and 3-4 
ȝm Al2O3 layer in the edge of its layer was form. The hardness of tribological layer is 
two times higher than that of the as-cast and higher hardened layer prevents worn 
surface from wearing. As a result, wear amount of 200

o
C-Ar composites decreased 

than that of 200-composites. Without Ar gas purging during wear test at 200
o
C, the 

tribological layer was not formed, instead ferro-oxide layer ( Fe2O3: 7-8 ȝm thickness ) 
was formed. This is because that the matrix temperature of composite during wear test 
without Ar gas became higher than that of composite with Ar gas purging, and the 
matrix became softer. 
 

 

   
 

Figure 8. SEM of worn surface and debris according to different exposure 
temperatures for 5hr (a) 5M-250

o
C (b) 5M-3Ni-250

 o
C (c) 5M-350

 o
C and  

(d) 5M-3Ni-350
 o
C. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9. Wear amount and OM, SEM of worn surface and debris according to  
the wear conditions in 3μm composite (a) R.T (b) 200

 o
C, and (c) 200

 o
C –Ar. 
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Figure 10 shows the relationship between wear amount, SEM of worn surface, and 
debris of composites according to wear conditions. In this figure, (a) is under the 
atmosphere of room temperature, (b) 200

o
C (c) 200

o
C-Ar gas. The 3 ȝm SiC composite 

experienced with exposure of 250
o
C before wear test was used in wear test as shown in 

Figure 10. Also the wear amount of 200
o
C composite was greater those of as-

composite and 200
o
C-Ar composite. The wear behavior of 200

o
C-Ar composite was 

dominated by the mixture of adhesive and abrasive wear mechanism, otherwhile that of 
200

o
C composite was dominated by fusion wear mechanism. The debris of 200

o
C 

composite was larger than those of both as-composite and 200
o
C-Ar composite. As 

shown in the photos, tribo-layer consisted of mixture of SiC agglomerate was formed 
on the surface of composite when purging with Ar gas. Without Ar gas, tribo-layer as 
mentioned above was not formed, instead Al and Fe oxides layer was found. 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 

 
Figure 10. SEM of worn surface and debris according to the wear conditions in 3 μm 

composite after exposure at 250
 o
C for 5hr. (a) R.T (b) 200

 o
C (c) 200

 o
C –Ar. 

  
 
 

4. CONCLUSIONS 
 

The following conclusions can be derived from the results presented above: 
1- The composite of Al as a matrix and SiC with size (3, 5, and 10 ȝm) as reinforce 

with homogeneous distribution was fabricated by duplex process.  
2- In the composites (Al/10wt%SiCp) manufactured by Duplex process, the sliding 

wear characteristics under conditions of ambient temperature, 200
o
C and 200

o
C-

Ar gas and microstructures were studied using OM, SEM.  
3- The hardness of Al/SiC composites increased with the decrease in SiC particle 

size and with Ni addition in both the as-cast and the as-heat exposed states.  
4- In Al composite reinforced with 10wt.% SiC, wear amount decreased with the 

decrease in particle size. The wearing amount of 200
o
C composite was greater 

than those of as-composites and 200
o
C-Ar composite 
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Βمرك ΓادϤل  Γري ومقاومة الحرارΒومسحوق  ةخصائص ال ϡمن االومنيو
ϥيكوϠكربيد الس 

 
ήΒي لΓΩΎϤ مήكΒه من  ΍للمميونمو سمونحمر كήبونΪ بحث خصΎئص ΍ل إليتهΪف  ΍لϤقΎلΔهάه 

موϜنήسϥ سدنΪ تنم عنيΎذΔ هنάه ΍لϤنΓΩΎ ب ή قنΔ  01, 5, 3بأحجنΎو  إضنΎتهه΍لولوϜم΍ ϥلάي تم 
مزΩسجΔ حوث تهϜمϥ م  خ متو  ΍لهوή ب مع ΍لعصή س ΍لونΎΒكΔ منع ΍لعصنήذ كنάلن ت  نه 

Ύئي سذلني سنلما ΍لΒنήي م΍ ΓΩΎليوϜل بيوب مΨهلفΔ ذلي ΍لهήكوب ΍لΒي إضΎتΔتأثو΍έΩ  ήسΔتم 
ΔسمننΎقϤل΍س  Ϊذ سدننΔننΒكήϤل΍ ΓΩΎننϤل΍ هάلهنن Γέ΍ήهنن للحننΒأث  ϥأ Δسنن΍έΪل΍ΔتΎإضنن  Ϊبوننήموننحمر ك

΍ ΓΩΎ ίلصاΓΩ للήϤكب تي حΎلهه ΍لهي تم ΍لحصمϝ ذلوه  إلي΍لولوϜمϥ بأحجΎو عغوΓή أΩي 
 Γέ΍ήح ΔجέΩ Ϊذي Ύ έ΍ήلجهه حΎمع Ϊأس بع ΕΎلجΎمع ϥسΪب ΔكΎΒلو΍  351أس  051م  ΔجنέΩ

دنΕΩ΍ί Ϊ للήϤكنب تني حΎلنه  ΍لϜثΎتن΍ΔليهنΎئ  بنأϥ  أظهنΌΕήم Δ سلΓΪϤ خϤن  سنΎذΕΎ, كϤنΎ م
 ήبق نن ϥمϜلوننلو΍ Ϊبوننήو موننحمر ك΍ΪΨسننه΍3  ϥΪعننϤل΍ ΔوننϤك ϥ لن تننάسكنن ,ϥسήننϜموΓΩفقننمϤل΍ 

 ذي΍ Ϊسه΍ΪΨو ΍ Ε΍ΫلϤوحمر ب΍ Ε΍άلق ήذ ΍أدل هوج΍ ΔلήΒي كΎ   هي 
 ΔحونΎ   يمنήكنب  أخنήϤل΍ ΔسمننΎمق ΔعنوΎتحوني  خ Ϊتقنن Γέ΍ήللحنΪذينن  Ϊنل, سدننϜليو΍ تهΎضن΍

έΩجΔ مΌم Δ ستي  ΍011ليهΎئ  بأϥ مقΎسم΍ ΔلήΒي له΍ ΍άلήϤكب ذيέΩ ΪجΔ حΓέ΍ή  أسضح 
 ΔلΎتي ح Ύذيه ΕΩ΍ί Ϊد ϥجمέل΍ ίΎمحوط م  غ Ωءسجم΍ήإج  Γέ΍ήحن ΔجنέΩ Ϊذي ΏέΎلهج΍

 ΍لغήتΔ أس ذيέΩ Ε΍Ϋ Ϊج΍ ΔلحΓέ΍ή سلϜ  بΪسϥ غ΍ ίΎلέجمϥذ


