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Abstract: Tribological behaviors of monolithic A356 aluminum alloy castings and A356−CNT nanocomposite castings, fabricated 
by fully liquid and semisolid routes were examined. Samples were prepared by melt agitation, rheocasting, stir casting, and 
compocasting techniques. Effects of addition of carbon nanotubes (CNTs), casting process and the applied load on wear properties 
and mechanisms were investigated. It was found that wear loss, wear rate and friction coefficient of nanocomposite samples 
remarkably declined by the addition of CNTs. Moreover, changing the casting process from fully liquid to semisolid routes, plus 
increasing fractions of the primary phase were the two factors that improved the wear properties of the investigated samples, 
especially nanocomposite ones. In addition, it was revealed that adhesion and delamination were the dominant wear mechanism of 
the monolithic samples produced by fully liquid and semisolid routes, respectively. However, regardless of fabrication techniques, 
the abrasion was the main wear mechanism of nanocomposite samples. 
Key words: A356 aluminum alloys; nanocomposite; compocasting; carbon nanotube (CNT); wear mechanism, wear properties 
                                                                                                             

 
 
1 Introduction 
 

Metal matrix composites (MMCs) have drawn the 
attention of both researchers and manufacturers (i.e. 
automotive and aerospace) worldwide in recent years 
owing to their unique combination of physical and 
mechanical properties. These advanced materials exhibit 
higher specific strength, hardness, stiffness, and wear 
resistance when compared to conventional metals and 
alloys [1]. 

Classical definitions indicate that MMCs consist of 
at least two chemically and physically distinct phases 
that are suitably distributed to provide properties which 
are obtainable with none of the individual phases [2]. A 
wide range of metals such as Mg, Cu, Ni alloys, metallic 
glasses, and high entropy alloys (HEAs) have been used 
as metal matrix material [3−9]. Nonetheless, aluminum 
alloys have been the most widely used matrices due to 
such remarkable properties as low density, suitable 
strength, good toughness, and excellent corrosion 
resistance [2]. 

The experiences of the last few decades have 

proven that the liquid state (casting) processes are the 
most economically viable methods for the production of 
MMCs [10]. They are relatively simple, cost-effective 
and potentially scalable to the industrial level. However, 
they suffer from some inherent problems such as 
agglomeration and poor distribution of reinforcements in 
the matrix [11]. Compocasting is an improvement in the 
liquid state methods to overcome some of these 
shortcomings. In this process, reinforcements are added 
to the matrix at a temperature corresponding to the 
solid−liquid state of the matrix alloy, following by 
intensely stirring in the semisolid slurry. In some 
researches, the addition of reinforcement is made at the 
fully liquid state and then the temperature of the slurry is 
brought down to the solid−liquid state [12,13]. 

A new concept which further enhances the 
properties of MMCs is reinforcing with nanoparticles or 
tubes. Since the discovery of CNT, many potential 
applications have been proposed and investigated. CNT 
is regarded as a suitable reinforcement material for 
MMCs because of its low density, excellent mechanical 
properties, good electrical and thermal conductivity and 
distinctive physicochemical properties originating from 
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its unique structure of cylindrical graphene sheets [14]. 
Regarding these unique properties, incorporation of CNT 
into the aluminum matrix has been reported in a large 
number of papers [15,16]. It has been demonstrated that 
incorporation of CNT into an aluminum matrix would 
result in enhancement of tensile strength, stiffness, 
hardness and elastic modulus along with a concomitant 
decrease in the coefficient of thermal expansion 
compared to those of pure aluminum [17−19]. Despite 
extensive studies conducted on methods of production 
and mechanical properties of Al−CNT composites, there 
is a lack of understanding of the tribological behavior of 
this composite system. AL-QUTUB et al [20] examined 
friction and wear behavior of Al6061 monolithic alloy 
and 1 wt.% CNTs reinforced Al6061 composite prepared 
through ball milling and spark plasma sintering. They 
found that, under mild wear conditions, the composite 
shows a lower wear rate and friction coefficient 
compared to the monolithic alloy. For severe wear 
conditions, however, the composite displays a higher 
wear rate and friction coefficient. They claimed that this 
behavior is associated with crack nucleation caused by 
the presence of pores in the composite, as well as CNTs 
agglomeration and weak CNT/Al6061 particle   
bonding in the sintered samples. BASTWROS et al [15] 
reported that Al−CNT composites produced by cold 
compaction and hot extrusion methods show superior 
wear behavior compared to a pure aluminum with the 
same process history, as well as this fact that increasing 
the CNT content in the composite significantly increases 
the wear resistance, provided that CNTs are well 
dispersed. It is concluded that the fractured CNTs create 
a carbon film that covers the surface and acts as a   
solid lubricant enhancing significantly the wear 
characteristics. ABDULLAHI et al [16] also examined 
the wear behavior of pure aluminum and Al−CNT 
nanocomposites synthesized by the powder metallurgy 
route. They demonstrated that the wear rate decreases 
with increasing the CNT content from 0 to 1.5 wt.%. 
Then it increases slightly from 1.5 to 2 wt.% CNT, and 
increases rapidly at higher CNT contents. It is suggested 
that this trend is a result of the hardness decrease of the 
nanocomposite samples having more than 1.5 wt.% 
CNT. 

To the best of authors’ knowledge, no research has 
been published on tribological behavior of Al−CNT 
nanocomposites fabricated by compocasting method. 
The aim of this work is therefore to investigate the 
tribological properties of compocast A356−CNT 
nanocomposites and to draw a comparison between the 
tribological behaviors of these semisolid composites and 
those produced by the fully liquid casting method. 

 
2 Experimental 

 
2.1 Materials 

A356 aluminum alloy and commercially pure 
magnesium ingots were used as the matrix alloy and the 
wetting agent, respectively. Chemical analyses of these 
materials measured by spark emission spectroscopy (SES) 
are provided in Table 1. 
 

Table 1 Chemical analyses of used A356 aluminum alloy and 

pure magnesium ingots (wt.%) 

Sample Si Mg Fe Cu Mn Zn Ti Others Al

A356 7.3 0.3 0.4 0.1 0.02 0.04 0.01
Max
0.02

Bal.

Mg 0.02 Bal. − <0.01 <0.03 <0.01 − − 0.02

 

Furthermore, Al−Ni−P−CNT composite powders 
produced by the electroless plating process were used for 
the addition of the reinforcement to the melt. The 
procedure for electroless co-deposition of Ni−P coating 
and CNTs on aluminum powder has been reported 
elsewhere [21]. The list of materials used in this process 
includes: (1) Commercially pure aluminum powder with 
an average particle size of 50 µm manufactured by 
Khorasan Powder Metallurgy (Iran); (2) A commercial 
electroless plating solution (Slotonip 70A series) 
produced by Schloetter Company (Germany), and (3) 
Multiwall carbon nanotubes (MWCNTs) with 95% 
purity and outer diameters in the range of 10−30 nm 
produced by Research Institute of Petroleum Industry 
(Iran). A transmission electron microscopy (TEM) 
micrograph of the as-received MWCNTs is shown in 
Fig. 1. 
 

 
Fig. 1 TEM micrograph of as-received MWCNTs 

 
2.2 Fabrication of A356−CNT nanocomposites 

A356−CNT nanocomposite samples were produced 
by a special compocasting method, as previously 
described in details in Ref. [22]. In each experiment, a 
given amount of the alloy was heated up and melted in a 
top-loading electric furnace to 700 °C. Then, 1 wt.% 
pure magnesium ingot was added to the melt. 
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Subsequently, a ceramic-coated stirrer rotating at    
500 r/min was introduced in the melt. At the same time, a 
given amount of Al−Ni−P−CNT composite powder, 
corresponding to 2 vol.% of CNTs, was injected on the 
surface of the melted alloy by argon flow, as a carrier  
gas. Once the injection completed, while the slurry was 
being concurrently stirred, the temperature was 
decreased to a predetermined temperature, subsequently, 
the slurry was cast into a steel die placed below the 
furnace. The used casting temperatures were 700 °C 
(fully liquid, hence stir casting) as well as 610 and 
601 °C (semisolid, hence compocasting), corresponding 
to solid fractions of 15% and 30% according to Scheil 
equation, respectively. Analogous castings, but without 
reinforcement addition, were also produced for 
comparison. 

Table 2 shows the experimental conditions in 
different experiments. The designation A-X-Y was 
employed for identification of the samples, where “A” 
represents the A356 aluminum alloy, “X” indicates the 
solid fraction of the matrix alloy at the time of casting, 
and “Y” denotes the volume fraction of CNTs injected 
into the melt. “Melt agitation” and “rheocasting” 
methods were applied for casting monolithic samples at 
the fully liquid and the semisolid conditions, respectively. 
“Stir casting” and “compocasting” methods were 
implemented for casting composite samples at the fully 
liquid and the semisolid conditions, respectively. 
 
Table 2 Experimental conditions in different experiments 
(Stirring speed: 500 r/min, reinforcement injection temperature: 
700 °C) 

Sample Y(CNT)/vol.% 
Casting 

temperature/°C 
Method 

A-0-0 0 700 Melt agitation

A-15-0 0 610 Rheocasting

A-30-0 0 601 Rheocasting

A-0-2 2 700 Stir casting 

A-15-2 2 610 Compocasting

A-30-2 2 601 Compocasting

 
2.3 Microstructural characterization 

Microstructural characteristics including CNTs 
distribution, secondary dendrite arm spacing (SDAS) for 
the melt agitated stir cast samples and primary particle 
size of α(Al) grains for the rheocast and compocast 
samples were studied using optical (OM) and scanning 
electron (SEM) microscopy. Further details are shown 
elsewhere [22]. Moreover, energy dispersive X-ray 
analysis was employed for analyzing the wear debris 
after the test. 
 
2.4 Density measurement 

The experimental density of the composites was 

obtained by the Archimedes method, while the 
theoretical density was calculated using the mixture rule. 
The porosities of the produced composites were 
evaluated from the difference between the expected and 
the observed densities of each sample. The porosity of 
the composites was estimated using the following 
relation:  

mc

m CNT CNT CNT

[1 ] 100%
(1 )

P
V V


 

  
 

         (1) 

 
where P is the porosity, ρmc is the measured density of 
the composites, ρm is the theoretical density of the matrix 
alloy, ρCNT is the theoretical density of the reinforcement 
and VCNT is the volume fraction of CNT. 
 
2.5 Wear test 

Disc-shaped samples with 50 mm-diameter and 
5 mm-thickness were cut from the cast specimens for the 
wear tests. The dry wear and the sliding friction 
behaviors were studied using a pin-on-disk tribometer. 
The pin (counterpart) was made from bearing steel with a 
diameter of 5 mm and an average hardness of HBN 695. 

Wear tests were carried out at a sliding distance of 
500 m, a constant sliding velocity of 0.11 m/s and three 
different applied loads of 1, 2 and 3 N. The room 
temperature and humidity were (23±2) °C and (56±5)%, 
respectively. The mass variations of discs were measured 
after the sliding distances of 10, 20, 30, 40, 60, 80, 100, 
150, 200, 250, 300, 400 and 500 m by a precision 
balance with 0.0001 g resolution. Moreover, the wear 
surfaces and the wear debris of the selected samples, as 
well as their counterpart surfaces, were investigated by a 
Philips XL30 scanning electron microscope (SEM) to 
determine the governing wear mechanisms. 
 
3 Results and discussion 
 
3.1 Microstructure 

Microstructural studies show the dendritic 
microstructures for the samples cast from the full liquid 
state, and non-dendritic microstructures for those cast 
within the semi-solid temperature range. In addition, it is 
observed that CNTs uniformly distributed in the Al 
matrix. It is worth noting that the average SDAS 
decreased by the addition of CNTs for samples which 
cast from the full liquid state (i.e. A-0-0 and A-0-2). 
Furthermore, the average cell size declined in the present 
of CNTs for samples cast from the semi-solid state (i.e. 
A-15-2 and A-30-2), which indicates that nanocomposite 
samples have smaller α(Al) particles than their 
corresponding monolithic samples. More detailed review 
can be seen in Ref. [22]. 
 
3.2 Density 

The measured densities are listed in Table 3 for the 
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various methods. As can be seen, the density of the 
monolithic sample grows by increasing the solid fraction 
phase. It is claimed that porosity can form by gas 
entrapment during stirring, air bubbles entering the slurry 
either independently or as air envelops around the 
reinforcement particles, water vapor on the surface of the 
particles, hydrogen evolution and solidification 
shrinkage [23]. In addition, the turbulent flow of the 
liquid alloy into the mold can result in the entrapment of 
air and mold gases into the melt, which in turn may 
translate into micro and macro porosity (voids or  
oxides) [24]. The reduction of turbulent flow during 
rheocasting results in decreasing the porosity formation 
that originates from entrained air [25]. Moreover, the 
nanocomposite samples have higher porosity than the 
unreinforced counterpart. This is due to the presence of 
interstitial voids in clusters and discontinuity caused 
during stirring such as gas entrapment and solidification 
shrinkage [24,25]. It should be noted that the compocast 
samples have less porosity than the stir cast one. Since  
in compocast samples, a considerable portion of 
solidification has taken place before pouring the slurry 
and the temperature of the slurry is lower than that in stir 
casting, the porosity arising from the solidification 
shrinkage and hydrogen evolution is smaller [12]. Also, 

less air entrapment is expected during pouring and mold 
filling due to the relatively high viscosity of composite 
slurries [26]. 
 
Table 3 Measured densities of different samples 

Sample Density/(gꞏcm−3) Relative density/% Porosity/%

A-0-0 2.624 98.68 1.32 

A-15-0 2.632 98.98 1.02 

A-30-0 2.638 99.20 0.80 

A-0-2 2.559 97.15 2.85 

A-15-2 2.582 98.03 1.97 

A-30-2 2.584 98.10 1.90 

 

3.3 Effect of CNT on wear properties 
Figures 2 and 3 show the variations of mass loss 

and wear rate versus the sliding distance under an 
applied load of 3 N for all samples, respectively. Figure 2 
shows that the slopes of the wear loss curves for all the 
samples are sharp at the beginning of sliding distances 
but smooth out at higher distances. The reason for this 
behavior is that with the continuation of the sliding 
process, the temperature between metal−metal surfaces 
increases, and causes oxidation of the exposed metal. 
Then, the oxide debris is compacted and comminuted  

 

 
Fig. 2 Mass loss versus sliding distance under load of 3 N for monolithic samples (a), nanocomposite samples (b), samples produced 

without solid fraction (c) and samples produced with solid fraction of 30% (d) 
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Fig. 3 Wear rate versus sliding distance under load of 3 N for monolithic samples (a), nanocomposite samples (b), samples produced 

without solid fraction (c) and samples produced with solid fraction of 30% (d) 

 

between the sliding surfaces to develop the wear- 
protective oxide layer [27]. 

In Fig. 2 (a), it can be seen that the mass loss of 
monolithic specimens is almost identical in the first   
40 m, but after that, they exhibit different wear behaviors 
that root in the amount of their initial solid fraction. At 
the end of the test, sample A-30-0 that has the highest 
initial solid fraction possesses the lowest mass loss after 
a sliding distance of 500 m. Although all monolithic 
samples exhibit approximately identical wear rates   
(Fig. 3(a)). The reason for this behavior, in spite of the 
difference in the mass loss, is rooted in the difference in 
sample density. On the other hand, the wear properties of 
nanocomposite samples are more sensitive to the casting 
method (Figs. 2(b) and 3(b)). To be more precisely, the 
compocast samples (i.e. A-15-2 and A-30-2) demonstrate 
better wear properties than the stir cast one. Furthermore, 
the wear properties of the compocast samples with a 
higher solid fraction (A-30-2) improve in comparison 
with sample A-15-2. 

It is also clear from Figs. 2(c, d) and 3(c, d) that the 
wear properties of nanocomposite samples are 
considerably better than the monolithic ones. For 
example, Fig. 3(d) demonstrates that at the end of the 

sliding distance (500 m), the wear rate of rheocast 
sample A-30-0 is 8.49×10−3 mm3/m, whereas that of  
the corresponding compocast sample A-30-2 is 
2.4×10−3 mm3/m. Improvement in the wear properties of 
nanocomposite samples can be attributed to the 
enhancement of the hardness and resistance to plastic 
deformation of the samples in the presence of CNTs as 
well as the self-lubrication effects of CNTs [15,28]. 

Archard’s equation (Eq. (2)) determines the 
relationship of wear volume (V), hardness (H) and 
sliding distance (L). 
 

3

kPL
V

H
                                    (2) 

 
where k is a dimensionless constant known as the wear 
coefficient and P is the load. According to this equation, 
the wear volume is diminished by increasing the 
hardness. 

The hardness of the samples has been reported 
previously [22], where it is shown that hardness is 
significantly increased by the addition of CNTs, and the 
compocast A-30-2 sample has the highest hardness 
among the investigated samples. This is attributed to the 
decrease in the grain size of the matrix as well as the 
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potential increase in the dislocation density at the 
interface of CNTs and the matrix due to the CTE 
(coefficients of thermal expansion) mismatch between 
them which would hinder the movement of the 
dislocations. It is also shown that the hardnesses of 
semisolid cast samples are higher than those of the 
corresponding fully liquid cast samples. This is 
associated with the less gas and shrinkage defects formed 
in the samples, as well as more uniform reinforcement 
dispersion in the matrix in the semisolid cast [29]. These 
results are consistent with the improvements observed in 
the wear properties as presented in Figs. 2 and 3, where 
the lowest mass loss and wear rate belong to the 
nanocomposite sample which was cast at the highest 
solid fraction, i.e. compocast A-30-2 sample. 

Another reason that can be taken into account to 
describe the improvement of wear properties in 
nanocomposite samples is the self-lubrication effect of 
CNTs [30]. By formation of a CNT film on the surface, 
friction and wear are reduced, which is often correlated 
to the ability of CNTs to roll, thus, separate the rubbing 
surfaces. In fact, CNTs smear on the surface and create a 
tribolayer, which reduces the direct contact between the 
base body and the counterpart and results in smoother 
sliding. 

The friction coefficient of all the samples is also 
determined. As examples, the friction coefficients versus 
sliding distance of samples A-30-0 and A-30-2 at an 
applied load of 3 N are shown in Fig. 4. 
 

 

Fig. 4 Friction coefficient versus sliding distance under load of 

3 N: (a) Sample A-30-0; (b) Sample A-30-2 

 

As shown in Fig. 4, in all cases, the friction 
coefficient tends to increase first, then it decreases and 
stabilizes. This seems to be due to the separation of 

impurities sticking on the sample surface as well as 
oxidation of the exposed metal, as mentioned  
previously [27,31]. It is obvious from Fig. 4(a) that the 
friction coefficient in the steady-state region fluctuates 
between 0.38 and 0.65 for the rheocast sample A-30-0, 
and 0.28 to 0.4 for the compocast sample A-30-2. This 
indicates that the mean friction coefficient is decreased in 
the presence of CNTs. This can be also related to the 
greater hardness of nanocomposite samples, as well as 
the self-lubricating property of CNTs. It is believed that 
on the harder surfaces of nanocomposite samples, the 
counterpart is not able to penetrate as much as it does on 
the softer surfaces of monolithic samples. As a result, the 
force required for plastic deformation decreases and the 
frictional force and friction coefficient are declined. 
 
3.4 Effect of casting process on wear properties 

Comparison of the mean friction coefficients of 
various samples produced in this study (Fig. 5) indicated 
that the semisolid cast samples have smaller friction 
coefficients than their corresponding fully liquid cast 
samples. Graph of friction coefficient versus sliding 
distance for two of the nanocomposite samples, i.e. stir 
cast sample A-0-2, and compocast sample A-30-2 are 
depicted in Fig. 6. As it is evident, the steady-state 
friction coefficient for these examples fluctuates in the 
range of 0.35−0.55 for the stir cast sample and in the 
range of 0.2−0.3 for the compocast sample. 
 

 
Fig. 5 Mean steady-state friction coefficient of monolithic and 

nanocomposite samples 

 
Figures 2, 3, 5 and 6 demonstrate that tribological 

properties of both monolithic and nanocomposite 
samples are improved by using the semisolid route and 
by increasing the solid fraction of the primary phase 
before casting, i.e. casting at lower temperatures within 
the semisolid region. 

Higher hardness of semisolid cast samples (both 
rheocast and compocast) than their corresponding fully 
liquid cast samples is believed to be due to smaller grain 
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size and lower gas and shrinkage defects formed in the 
semisolid cast samples [22]. Furthermore, as discussed in 
the Section 3.2, the samples fabricated by semisolid 
technique possess the higher densities which result in the 
improvement of mechanical properties. 
 

 

Fig. 6 Friction coefficient versus sliding distance under load of  

1 N: (a) Sample A-0-2; (b) Sample A-30-2 

 
Furthermore, it has been evidently shown that 

compocasting improves the distribution and    
increases the incorporation of the reinforcements in the 
slurry [12,13,32−34]. In fact, during stirring within the 
semisolid temperature range of the matrix alloy, the 
primary solid particles formed are constantly colliding 
and rubbing against each other. This will result in the 
deagglomeration of the reinforcements and their better 
distribution in the slurry. The higher viscosity of the 
semisolid slurry and existence of solid particles in the 
slurry, reduce the chance of reinforcement segregation 
during casting and subsequent solidification in the mold. 
These benefits are supplementary to those mentioned for 
rheocasting. That may be the reason why the effects of 
the casting process are more pronounced in the 
composite samples. 

It is interesting to see that not only the compocast 
sample in Fig. 6 has a smaller average friction coefficient 
than the stir cast sample, but its oscillation range is 
smaller than that of the stir cast sample. The latter is 
thought to be mainly due to better incorporation and 
distribution of CNTs in the matrix [35]. 
 
3.5 Effect of applied load on wear properties 

Curves of mass loss versus sliding distance under 
the load of 3 N for all the samples are shown in Fig. 2. 
Furthermore, Fig. 7 depicts a similar graph under the 

load of 1 N. It can be concluded that the wear resistance 
of samples improves by both CNT addition to the matrix 
and semisolid processing (rheocasting/ compocasting). In 
addition, the sample A-30-2, reinforced by 2 vol.% CNT 
and cast at a solid fraction of 30%, experiences the 
lowest wear loss. The reasons for such behavior are 
explained in the previous sections. 
 

 

Fig. 7 Curves of mass loss versus sliding distance under load of 

1 N 

 

Furthermore, it is interesting to note that under the 
load of 1 N (Fig. 7), the mass loss curves of 
nanocomposite samples are situated relatively close to 
each other, whereas, in the case of the monolithic 
samples, they are more widely spaced. However, under  
3 N, the opposite is true (Figs. 2(a) and (b)). Apparently, 
this is due to the fact that the produced samples response 
differently to the wear process under various loads. It can 
be hypothesized that under 1 N, the wear intensity is low 
and the presence of CNTs in the structure can drastically 
drop the wear loss. Therefore, the microstructural 
characteristics have a lower influence on the wear rate of 
nanocomposite samples. However, in the absence of 
CNTs, the structural characteristics play a more 
remarkable role, and the less defective structure of 
rheocast samples produces a better wear resistance. 

Under the load of 3 N, the wear condition is severer, 
hence the applied load could easily activate different 
wear mechanisms regardless of the sample’s structure. 
Under such conditions, the dispersion of CNTs in the 
matrix improves the wear resistance of the samples 
through the various mechanisms, discussed in Section 
3.6. Higher incorporation and better distribution of CNTs 
in the matrix will further improve the wear properties of 
the compocast samples. 

The effects of applied load on the mass loss and 
wear rate of monolithic and nanocomposite samples are 
plotted in Figs. 8(a) and (b), respectively. As it is evident, 
the mass loss and the wear rate of both monolithic and 
nanocomposite samples increase by the applied load  
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Fig. 8 Effect of applied load on mass loss (a) and wear rate (b) of samples (The presented data measured after sliding distance of  

500 m) 

 

raise. This behavior can be justified by changing the 
wear regime from mild to severe mode. The increase in 
the applied load leads to increase in penetration of the 
hard asperities of the counterpart surface to the softer 
disk surface (produced samples), increasing the 
microcracking tendency of the subsurface, and also 
increases in the deformation and fracture of asperities of 
the softer surface [36]. 

In addition, Fig. 8 shows that the mass loss and the 
wear rate decrease by the addition of CNTs and 
processing in the semisolid condition. 
 

3.6 Wear mechanism 
Under the action of a normal force, the contact 

surfaces between a base body and a counterpart could 
bond to each other by inter-diffusion and interatomic 
(Van de Waal’s) forces at their asperities. Wear occurs 
when the interfaces in contact are made to slide resulting 
in separation of locally adhered regions. This separation 
may occur by one or more mechanisms [37]. 

Figure 9 illustrates representative SEM images of 
the worn surface of all the samples. As represented in  
Fig. 9, several mechanisms are involved in the wearing 
of the samples. The backscattered electron (BSE) SEM 
images shown in Fig. 9 can be helpful for the 
identification of the wear mechanism. In these images, 
any color change indicates an alteration in the material 

and the chemical composition of the worn surface. The 
aforementioned color variations can be linked to oxide 
layers, oxide wear debris, and the presence of carbon 
arising from CNTs on the worn surface. 
3.6.1 Wear mechanism of monolithic samples 

Figure 9(a) shows signs of metal flow and deep 
craters on the worn surface of the monolithic sample 
produced by the melt agitation technique (sample A-0-0). 
Evidence of metal flow and stretch of coarse particles on 
each other are clearly visible on the wear debris     
(Fig. 10(a)). Figure 10 (c) depicts the energy dispersive 
X-ray spectrometry (EDS) spectra for the coarse particles 
indicated in Fig. 10(a). The result indicates that there is 
no metal transfer from counterpart to the disk. Moreover, 
the oxygen pick confirms the presence of an oxide layer 
on the surface of the aluminum alloy disk. Metal transfer 
to the counterpart pin used in the wear test of this sample 
is shown in Fig. 10(b). Additionally, the steel pin used in 
the test gained 0.8 mg after a sliding distance of 500 m. 
These indications present an extreme plastic deformation 
and effective transfer of material from the basebody to 
the counterpart during the wear test. Such characteristics 
of the worn surface indicate the predominant wear 
mechanism of sample A-0-0 to be the adhesive one. 

Figures 9(c) and (e) indicate that the dominant wear 
mechanism for rheocast samples A-15-0 and A-30-0 is 
delamination. According to the delamination mechanism, 
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Fig. 9 SEM images (SE and BSE modes) of wear surfaces of different samples under load of 3 N: (a, b) A-0-0; (c, d) A-15-0;      

(e, f) A-30-0; (g, h) A-0-2; (i, j) A-15-2; (k, l) A-30-2 

 

 

Fig. 10 SEM image of wear debris of monolithic sample A-0-0 produced by melt agitation (a), surface of counterpart pin used in 

wear test of sample (b) and EDS analysis (c) of wear debris shown in Fig. 10(a) 

 

plastic deformation and crack nucleation and propagation 
at a subsurface of the basebody lead to the separation of 
wear particles. 

Delamination is based on the theory of dislocation 
accumulation at the subsurface [38]. At the early stages 
of wear, dislocations close to the surface do not have a 

high density, because the atomic layers on the surface 
bond only from one side. Therefore, the surface 
dislocations are able to show themselves as plastic 
deformation. That is why the work hardening 
phenomenon does not dramatically occur below and on 
the surface of the samples at the beginning of the wear. 
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By increasing the sliding distance, dislocations can 
accumulate at the subsurface. This will cause plastic 
deformation and consequently lead to void formation. 
The voids are stretched by the continuation of the wear 
process leading to the formation of cracks. Then, the 
cracks propagate and join together and eventually reach 
the surface of samples, which results in delamination. 
Cracks caused by delamination are clearly visible in  
Figs. 9(c) and (e). 
3.6.2 Wear mechanism of nanocomposite samples 

As depicted in Figs. 9(g), (i) and (k), the wear 
surfaces of the nanocomposite samples consist of many 
grooves which are signs of the abrasive wear mechanism. 
These figures also show that depth and width of the 
grooves are reduced by changing the casting process 
from stir casting (A-0-2) to compocasting (A-15-2 and 
A-30-2) and by increasing the solid fraction from 15% to 
30% in the compocast samples. Figure 11 displays that 
morphology of the wear debris has changed from coarse 
delaminates, which prevailed in monolithic samples, to 
finer rather equiaxed particles. Therefore, it is clear that 
the predominant wear mechanism has changed from 
delamination to abrasion by the addition of CNTs in the 
matrix. ZHOU et al [39] reported the same mechanism 
for wear of Al−CNT nanocomposites fabricated by a 
pressureless infiltration process. 
 

 

Fig. 11 SEM images of wear debris of compocast sample 

A-30-2 

 
It has been suggested that surfaces with hardness 

less than half of that of the abrasive material, are 
typically prone to the abrasion mechanism [40]. In this  
study, the hardness of the counterpart surface used was 

HBN 695. The hardness of the basebodies [22], is equal 
or less than HBN 75 which is by far less than half of this 
value. Consequently, the occurrence of abrasive wear is 
very likely in these composites. Figures 9(a), (c) and (e) 
illustrate that the abrasive wear has also occurred in the 
monolithic samples. Nevertheless, it is not the 
predominant mechanism as discussed before. 

Abrasive wear occurs when a hard and rough 
surface has a sliding motion against a soft and smoother 
one. Due to the usually small size of the contact points 
between the abrasive and the basebody surfaces, very 
high local pressures may occur at the contact points. 
During the relative movement of the surfaces, scratches, 
grooves, and waves are formed on the surface of the 
softer surface which are typical wear forms of the 
abrasive wear [41]. There are two general situations for 
abrasive wear, i.e. two-body and three-body abrasions. In 
the latter, the hard surface is the third body, which 
usually consists of small abrasive particles, is a hard 
surface caught between the two other surfaces. The third 
body is sufficiently harder and is able to abrade one or 
both mating surfaces [42]. It should be noted that the 
intensity of the abrasive wear depends on the basebody 
hardness. 

It was noticed that surfaces of nanocomposite 
samples would oxidize during the wear tests. Similar 
findings are reported by DONG et al [43] and ZHOU   
et al [39] in the case of copper matrix and aluminum 
matrix composites reinforced by CNTs, respectively. It is 
shown that during the wear test, such oxide films fracture 
and turn to oxide debris between the two surfaces. This 
will result in a three-body abrasion of the sample surface. 
With gradual abrasion of the metal matrix, the 
near-surface CNTs are revealed and maybe also  
abraded to form a low-friction lubricant layer between 
the two surfaces that significantly reduces the abrasive 
wear [43,44]. DICKRELL et al [45] allege that 
MWCNTs which perpendicularly aligned to the contact 
plane consistently show a high friction coefficient 
(μ=0.795). However, when they are parallelly aligned to 
the contact plane, the friction coefficient would be very 
low (μ=0.090). Considering this, ARAI et al [46] believe 
that during the wear process, when the matrix around the 
CNTs is removed, plastic deformation gradually arranges 
the revealed CNTs, in which one of their ends is still 
locked into the matrix in the transverse direction. This 
causes that CNTs act as a solid lubricant resulting in a 
lower friction coefficient. It is also possible that some of 
the CNTs detach from the matrix and prevent direct 
contact of the counterpart and the basebody. These very 
small and tubular CNTs can easily move and slide in the 
tribolayer. As a result, the wear rate and friction 
coefficient drop drastically. 

It should be noted that such conditions diminish the 
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load transmission to the subsurface of the basebody and 
result in less subsurface plastic deformation and, 
consequently, a lower chance of activation of the 
delamination mechanism. This may be why no indication 
of delamination is detected on the worn surfaces of the 
composite samples in this work. It is postulated that in 
monolithic samples since no surface lubrication occurs, 
load transfer through the surface results in large 
subsurface plastic deformation and activation of 
delamination mechanism as discussed in the previous 
section. 
 
4 Conclusions 
 

(1) The addition of CNTs to the A356 matrix could 
substantially reduce the wear loss, wear rate and friction 
coefficient of nanocomposite samples. 

(2) The wear properties of nanocomposite samples 
are more sensitive to the casting technique rather than 
monolithic ones, and improved by changing the casting 
process from fully liquid (melt agitation or stir casting) 
to semisolid routs (rheocasting or compocasting) and 
also by casting at higher fractions of the primary phase. 

(3) The adhesion and delamination are the dominant 
wear mechanism of monolithic samples fabricated by 
fully liquid or semisolid routes. 

(4) The abrasion mechanism is the main wear 
mechanism of nanocomposite samples, regardless of the 
casting methods. 

(5) The difference in the wear mechanisms is 
discussed in terms of the effects of CNTs on the friction 
coefficient of the surfaces and the load transfer to 
subsurface areas of the nanocomposite samples. 
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不同铸造工艺制备 A356−CNT 纳米复合材料的摩擦学行为 
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摘  要：研究液态成形和半固态成形法制备的 A356 铝合金整体铸件和 A356-CNT 纳米复合铸造件的摩擦学行为。

采用熔体搅拌、流变铸造、搅拌铸造、复合铸造等不同工艺制备样品。研究碳纳米管(CNTs)的加入、铸造工艺和

施加载荷对磨损性能和磨损机理的影响。结果表明，添加碳纳米管显著降低了纳米复合材料的磨损量、磨损率和

摩擦因数。铸造工艺由液态成形变为半固态成形，和初相含量的增加是提高合金尤其是纳米复合合金样品耐磨性

能的两个主要因素。此外，研究还发现液态成形和半固态成形两种方法制备的整体铸件其主要磨损机理分别是粘

着磨损和剥层磨损。然而，无论制备工艺如何，磨粒磨损是纳米复合材料的主要磨损机理。 

关键词：A356 铝合金；纳米复合材料；复合铸造； 碳纳米管(CNT)；磨损机制；耐磨性能 
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