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Abstract
Thermal management remains an important consideration for many applications such as automobile pistons, dies in 
furnaces and heat sinks in electronics, where high thermal conductivity and low coefficient of thermal expansion are 
desired. In this paper, we report an improved microhardness value and negative coefficient of thermal expansion (CTE) for 
Gr–Al composites by incorporating silicon nitride (Si3N4) and silicon carbide (SiC) into Gr–Al matrix. Si3N4 and SiC particles 
(average size of 72 nm) were obtained after 30 and 50 h of ball-milling, respectively. Gr–Al composite were reinforced 
with Si3N4 and SiC particles (4, 8, 12 and 16 wt% each), and then sintered at a temperature of 560 °C, pressure of 50 MPa, 
heating rate of 50 °C/min and dwelling time of 10 min using spark plasma sintering system. The sintered samples were 
characterized for morphology, microhardness, relative density, coefficient of thermal expansion and wear resistance. 
Addition of 16 wt% Si3N4 reduced relative density from 99.9 to 89.47% indicating lower densification. CTE decreased 
with increased Si3N4 fraction reaching minimum value of 12.37 × 10–6 °C (which is 42.5% reduction) for Gr–Al + 12 wt% 
Si3N4. However, Gr–Al + 8 wt% SiC + 8 wt% Si3N4 composite has the minimum negative CTE (− 21 × 10–6 °C), maximum 
displacement (2.48 mm), maximum displacement rate (1.12 mm/s) and minimum hardness value (26.8 GPa). While the 
hardness was marginally increased with Si3N4, addition of 12 wt% SiC + 12 wt% Si3N4 raised the hardness by 37%. Also, the 
wear area increased with applied force. These results indicate that Gr–Al + 8 wt% SiC + 8 wt% Si3N4 composite is suitable 
for applications requiring combination of low (negative) thermal expansion, high microhardness value and maximum 
densification. Effectively, the synergic effect of combined SiC and Si3N4 particles has been brought to the fore.

Keywords  Gr–Al composite · Si3N4 · SiC particles · Negative thermal expansion (NTE) · Spark plasma sintering

1  Introduction

Thermal management is critical for high temperature 
applications particularly in areas where components are 
to function within a confined space such as automobile 
pistons, aerospace, liners in furnaces and heat sinks in high 
power density electronics [1–8]. In such cases, significant 
expansion can damage the components, equipment or 

machinery. Therefore, excellent thermal management 
requires materials with high thermal conductivity and low 
coefficient of thermal expansion. Graphite based compos-
ites have been proposed for these applications because 
their properties can be modulated to achieve the required 
functionality. However, the problem of compaction of 
graphite particles due to poor wettability has led to the 
development of graphite metal composites with copper, 
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silver and aluminum being the commonly used metals [8]. 
While copper and silver are more appropriate, the high 
cost and high melting temperatures make them economi-
cally forbidden for low cost applications [9–11]. Aluminum 
is frequently used because of its light weight, low cost and 
low melting point [12–14]. Consequently, Gr–Al compos-
ite has the desired weight but the coefficient of thermal 
expansion and hardness values are still not suitable for 
thermal management applications.

In most applications, the desired light-weight materi-
als must have high thermal conductivity (TC) to dissipate 
heat so as to prevent the deformation of the liners lead-
ing to decreased fuel consumptions and emissions. Low 
coefficient of thermal expansion (CTE) is also important to 
ensure minimum shape distortion at high operational tem-
perature. Few studies have been conducted in this regard. 
For instance, Durowoju et al. [8] incorporated nano and 
micron sized ZrB2 into graphite aluminum matrix using 
spark plasma sintering process to produce a composite 
with improved TC but slightly higher CTE. For thermal 
management where low CTE is required, this composite 
is less suitable. In a similar work [1], Si/SiC particles were 
used as fillers, and the results showed that while SiC low-
ered densification of Gr–Al powder, addition of 10 wt% sili-
con marginally increased CTE. Recently, we used eggshell 
to improve the microhardness and thermal conductivity 
of Gr–Al [15]. These results gave us the impetus towards 
searching for more suitable materials and their right com-
positions for lowering CTE and further improving hardness 
of the resulting composites. This called for a combination 
of Si3N4 and SiC as reinforcements.

Silicon nitride (Si3N4) is an advanced ceramic material 
with excellent mechanical and physical properties includ-
ing low CTE, low TC, high melting point (1900 °C), low 
density (3.17 g/cm3) and high hardness value (25–35 GPa) 
among others [16–19]. These characteristic account for its 
applications in bearings, cutting tools, orthopedics and as 
reinforcement in metal matrix and ceramic matrix com-
posites. Si3N4 has been considered as a promising wave 
transparent material for application in high temperature 
environment [20].

Composite materials have been synthesized into near 
net shape by using several manufacturing techniques. 
Most commonly used techniques are the solid-state sinter-
ing, hot press and spark plasma sintering (SPS) [1, 21–25]. 
Sintering involves consolidation of solid mass of material 
from powders by heat or pressure without melting [20]. It 
is carried out in a protective environment at a tempera-
ture between 65 and 85% of the melting temperature of 
the powder. Generally, sintering requires driving forces in 
the forms of surface tension, external pressure, chemical 
potential, concentration gradient in multicomponent sys-
tems among others [22]. An advancement over the general 

sintering system is the spark plasma sintering (SPS) or 
field-assisted sintering or pulse electric current sintering. 
In this system, the presence of additional driving forces 
such as electromechanical stress and high local tempera-
ture gradients create thermal stresses that intensify ther-
mal diffusion and dislocation creep [24]. This accounts for 
the accelerated and minimal grain growth. Consequently, 
sintering takes place within a short time making SPS an 
energy and time-saving process. However, one of the defi-
ciencies of SPS is that only simple symmetrical shapes can 
be prepared. This affects certain mechanical testing experi-
ments such as the tensile strength which requires larger, 
cylindrically shaped samples. So, the selection of SPS is 
largely based on economic consideration.

In this study, we took the advantage of low CTE of Si3N4 
and high TC of SiC to improve further the thermal prop-
erties of graphite aluminum composite synthesized by 
spark plasma sintering technique for future applications 
in automobile pistons, dies in furnaces and heat sinks in 
electronics.

2 � Materials and methods

Graphite powder of 80 µm average particle size (obtained 
from National Electrical Carbon Products) and Aluminum 
powder (average particle size—45 µm) were used as the 
starting elements. About 30 ml of combined 99.8% pure 
SiO2, 99.0% pure Cu and 99.9% pure Fe powders were 
added to improve the wettability of the Gr following the 
procedure of Stojanovic and Ivanovic [26]. 60 wt% Gr was 
added to 40 wt% Al to make Gr–Al powder. Si3N4 (114 nm 
particle size, 99% pure) and SiC (average size—50 μm, 
99.5% pure) powders, purchased from Carborundum Co. 
Ltd., Trafford Park, Manchester were used as reinforce-
ment powders. The Si3N4 and SiC powders were milled in 
a Planetary Ball Mill (PM100 CM) at ball-to-powder ratios 
of 20:1 and 10:1, respectively. Si3N4 was milled for 30 h at a 
speed of 475 rpm while milling of SiC took 50 h at 200 rpm 
[27]. SiC sample was collected after every 15 h of milling 
to examine its particle size. To avoid self-propagation reac-
tions, milling operation parameters were set such that the 
mill cooled down for 10 min for every 2 h of operation. 
Prior to milling, ethanol was added to the mixture of the 
powder and the ball to produce a pulp which was evapo-
rated thereafter in rotavapor (Buchi R-210). Gr powder 
was mixed with Al powder at 60:40 proportion before the 
reinforcements (Si3N4 and SiC powders) were added. These 
powders were then mixed in a tubular mixer at a speed 
of 101 rpm for 2 h. WC balls were added into the mixing 
bottle at ball-to-powder ratios of 5:2 to enhance mixing.

Sintering was done in a Spark Plasma Sintering (SPS) 
system (model HHPD 25 manufactured by FCT System 



Vol.:(0123456789)

SN Applied Sciences (2020) 2:1026 | https://doi.org/10.1007/s42452-020-2838-5	 Research Article

Gmbh apparatus). The sintering machine has uniaxial 
press, punch electrodes, vacuum chamber, DC pulse gen-
erator, position and pressure measuring units. The sinter-
ing temperature was controlled by setting the holding 
time, ramp rate, pulse duration and pulse current and 
voltage to appropriate values. The DC pulse discharge is 
designed to generate spark plasma, spark impact pressure, 
Joule heating and an electrical field diffusion effect. The 
application of pressure helps plastic flow of the material 
being sintered.

The samples were sintered in discs of 30 mm in diam-
eter at a temperature of 560 °C, a heating rate of 50 °C/
min., a compression pressure of 50 MPa and a dwelling 
time of 10 min [1]. The mixed powder was inserted in a 
cylindrical graphite die with the aim of preventing powder 
from sticking to the inner wall of the die during sintering. 
The expansion/shrinkage of the powder compacts was 
determined by recording the relative displacement of the 
punch. The density of the sintered materials was deter-
mined based on Archimedes’ principle while the hardness 
was measured with Vickers’ hardness tester under an 
indenter load of 0.1 HV and a dwell time of 15 s. For each 
specimen at least 5 measurements were taken at different 
positions. The Coefficient of thermal expansion (CTE) was 
then calculated from the linear shrinkage using 
CTE = 

(

∈Troom
−∈Tmax

Troom−Tmax

×
1

100

)

 [21, 23, 25] where ϵTroom and ϵTmax 

are linear shrinkages at the end of the cooling and dwell 
process, respectively while Troom and Tmax are the tempera-
ture at the end of the cooling and dwell process, respec-
tively. The instantaneous relative density (R.D.), Di, of the 
sintered samples was calculated from Di = Df

(

hf

hi

)

 [22] 

where Df is the final relative density obtained using Archi-
medes’ principle, and hf  and hi are the final and instantane-
ous heights of the samples, respectively. The arithmetic 
mean of three different measurements was taken for each 
sample. The wear behaviour was monitored under dry slid-
ing conditions using a reciprocating wear testing machine 
(model Universal Micro Tribometer) mounted with a 440-C 
stainless steel 10 mm ball. The sliding test was conducted 
at room temperature (25 °C), constant speed of 10 mm/s 
and varying forces of 2, 4 and 6 N per sintered specimen 
following ASTM G133 standard. The tribometer pushed the 
10 mm diameter stationary ball to press against the oscil-
lating plate, on which sample was attached, at the stated 
forces moving it in a linearly at 10 mm/s. in this case, the 
worn areas of the samples were measured from the SEM 
images for each of the applied forces. This approach was 
selected to conform with the experimental standard of the 
available tool. The morphology and phase of the powders 
and the sintered samples were analyzed using a high-
resolution field emission scanning electron microscope 
(JEOL JSM-7600F) with an inbuilt EDX detector (Oxford 

X-Max) at suitable operating conditions and X-ray diffrac-
tometer (PANanalytical).

3 � Results and discussion

3.1 � Structure and morphology of the powders

XRD diffractograms of the starting Gr and Al powders are 
shown in Fig. 1a, b, respectively. The traces for Gr show a 
characteristic peak at 2θ of 27° and 55° with respective 
d-spacing of 3.35 Å and 1.7 Å, respectively. Similarly, Al has 
a peak at 2θ of 38° with interplanar spacing of 2.34 Å and 
0.01 Å at 2θ of 65, 78 and 82°. These results confirm that 
each of the starting powders exists in a single phase with-
out any impurities. The XRD spectra of Si3N4 powder after 
milling for 0, 16 and 30 h are shown in Fig. 1c. The spectra 
are superimposed such that peak broadening could be 
clearly observed. The peaks depict the present of C, N, Si, 
Al and Cu and Co in the milled samples as obtained from 
the EDS analysis. According to the Scherrer’s equation, the 
crystallite size (�) is inversely proportional to the value of 
full-width-at-half maximum intensity (β) according to 
� =

k�

� cos �
 where k is the shape factor and � is the Bragg 

angle. Consequently, peak intensity decreases with milling 
time while the value of β increases implying more peak 
broadening with milling time. This denotes that ball mill-
ing reduces particle size.

The morphology and the particle size distribution of 
the Gr–Al composite after mixing and SiC particles are 
shown in Fig. 2. The graphite particles are largely unde-
formed with flake-like structure while Al particles are 
smaller, round and irregular in shape and fairly uniformly 
distributed in the composite (Fig. 2a). The as-received 
SiC powder is largely irregular with size in the range of 
20–50 μm (Fig. 1b). The micrographs of the Si3N4 powder 
and the corresponding EDS after 0, 16 and 30 h of mill-
ing are shown in Fig. 3. The average particle sizes were 
measured to be 114, 84 and 72 nm after 0, 16 and 30 h 
of ball milling, respectively. This also confirms reduction 
in particle size with milling time. The major elements are 
clearly indicated in the figures.

According to Fig. 3d, the fraction of C, N and Si reduced 
after milling while those of Al and Cu remain fairly low 
and constant. Since the powders were milled in an open 
atmosphere, it is evident that the powder oxidized given 
the considerable amounts of oxygen present after mill-
ing. The presence of small amount of W and Co in the 
milled Si3N4 sample is also confirmed. This actually comes 
from WC–Co balls used for the milling operation in the 
absence of Si3N4 balls. While these elements may act as 
contaminants in the initial powder, their presence is not 
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Fig. 1   XRD diffractogram of a Gr starting powder, b Al starting powder, c Si3N4 at different milling periods

Fig. 2   SEM micrographs of a Gr–Al, b SiC starting powder
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detrimental to the final products since W and Co have 
good wear resistance properties.

3.2 � Displacement and densification characteristics

The effects of adding various percentages of nano-sized 
Si3N4 and SiC particles on the displacement of the plunger 
in the modified powder during compaction and sintering 
is presented in Fig. 4. It is observed that the control sample 
(Gr–Al without Si3N4 reinforcement) has a stepwise shape 
shown the various stages of sintering process (Fig. 4a). 
As the composition of Si3N4 increases, an obvious depar-
ture from the stepwise shape was noticed which could be 
attributed to the ceramic nature of Si3N4 and the difficulty 
involved during compression thereby affecting the densi-
fication of the samples. The increased displacement as the 
percentage composition of Si3N4 increases at about 3 min 
is also a reflection of the amount of Si3N4 particles avail-
able during particle rearrangement phase. These displace-
ments are however lower than that of the control sample. 
Also, it is noticed that rearrangement of powder particles 
and localized deformation began earlier in the composite 
containing 8wt% Si3N4 compared to others (see the inserts 
of Fig. 4b). While the commencement and completion time 
shifted to the right of Gr–Al composite for other samples 
except Gr–Al + 8 wt%Si3N4, the sintering time remains vir-
tually unchanged.

Addition of equal amount of nano-sized Si3N4 and 
nano-sized SiC is observed to have a noticeable effect 
on the sintering and densification of the sintered sam-
ples (Fig. 5). It is clearly observed that the addition of SiC 
lowered the displacement and hence the densification of 
the samples. This again can be attributed to the difficulty 
encountered during compression of ceramic materials. At 
8 wt% Si3N4 + 8 wt% SiC, there is a slight departure from 
the trend observed in the displacement–time graph for 
other composites. Between 21 and 24 min of sintering, the 
increased displacement for Gr–Al + 8 wt% Si3N4 + 8 wt% 
SiC from 2.26 to 2.50 mm was not fully recovered unlike 
other composites where full recovery was observed at 
the end of sintering. This observation can be considered 
as compression of the composite within the time range 
followed by incomplete expansion after the 24th minute 
indicating that the composite is under compressive force. 
However, other samples showed complete expansion. The 
composite also showed an obvious single stage compres-
sion after 5 min of sintering compared to two or more 
stages observed in others. It is therefore very likely that 
8 wt% Si3N4 + 8 wt% SiC addition is a turning point where 
structural change occurs.

The variation of displacement rate against time is 
shown in Fig. 6. According to Diouf and Molinari [28], 
four peaks are often observed during densification, and 

these peaks are attributed to the phenomenal changes. 
The changes are: rearrangement of powder particles 
due to the initial pressure, localized deformation, bulk 
deformation and extensive sintering by mass transport 
phenomenon. However, three peaks were observed in 
most of the reported studies thereafter. In this study, 
three distinct peaks are observed for all the samples, 
indicating the particle rearrangement and localized 
deformation stages overlapped [1, 8] while other stages 
occurred in the given sequence. For most of the sam-
ples (Fig.  6a–b), the peaks of the displacement rate 
shift rightwards (compared to the control sample) for 
the bulk deformation stage while the stage seems to 
disappear for other samples (Fig. 6c–e). In other words, 
the peak corresponding to the bulk deformation stage 
started disappearing for the composites containing at 
least 8 wt% Si3N4 (Fig. 6c) while totally disappeared for 
the composites having at least 12 wt% (Fig. 6d) and 18 
wt% Si3N4 (Fig. 6e). This implies that the local deforma-
tion took over the bulk deformation during sintering 
of these composites. In addition, the displacement rate 
becomes significantly higher for Gr–Al + Si3N4 compos-
ites as the fraction of Si3N4 increases (Fig.6c–e). Further-
more, the peaks of the displacement rates for the exten-
sive sintering by mass transport stage are largely the 
same for all samples except for Gr–Al + 8 wt% Si3N4 + 8 
wt% SiC composite where the peak is significantly 
higher than others and also experienced the shallow-
est displacement rate at 25th minute of sintering.

3.3 � Temperature and instantaneous relative density

Degree of densification influences the characteristics and 
performances of composite materials. In most applica-
tions, highly densified composites have superior mechani-
cal and structural properties compared to the less densi-
fied. This view has also been confirmed in the previous 
works on Gr–Al [4, 8, 21, 25, 29] where micron and nano 
particles have been added to reinforce composite. Figure 7 
shows changes in instantaneous relative density with ref-
erence temperature, and by extension the densification 
process at different temperature and at various percentage 
composition of the reinforcing materials. The noticeable 
change in the nature and shape of the temperature against 
instantaneous density at 8% addition of the reinforcing 
material is a pointer to the fact that the properties of the 
composite at this percentage composition will differ from 
others (Fig. 7b). In this case, the instantaneous densities 
of the three composites are nearly the same for the tem-
perature greater than 300 °C. In addition, Gr–Al + 8 wt% 
Si3N4 + 8 wt% SiC composite has the least instantaneous 
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density compared to others which are greater than 0.9. 
Similar results have been reported elsewhere [21, 25].

The variation of maximum displacement (obtained 
from Figs. 4, 5), displacement rate (Fig. 6) and instanta-
neous density (Fig. 7) with variations in Si3N4 and SiC 
are summarized in Fig. 8. Generally, all these parameters 
decreased with increased fraction of both fillers as previ-
ously established. However, addition of Si3N4 only seems 
to raise the maximum displacement and displacement rate 
as discussed previously. It should also be noted that Fig. 8 
cannot account for shape changes in displacement curves, 
commencement and completion of densification as well 
as peaks positions at different stages of sintering process.

3.4 � Relative density and coefficient of thermal 
expansion

The relative density and thermal expansion coefficient of 
the composites are shown in Fig. 9. For all compositions, 
Gr–Al + Si3N4 + SiC composites have lower relative density 
than Gr–Al + Si3N4 composite, and these values decreased 
with increased fraction of the fillers (Fig. 9a). This phe-
nomenon is attributed to the addition of Si3N4 and/or SiC, 
which has been reported to reduce relative density when 
added to Al based composites [1, 30]. This implies that low 
weight composites can be made by adding Si3N4 or SiC as 
fillers. Such materials are desirable for low weight devices 
and automobiles where fuel consumption is an impor-
tant consideration. Durowoju et al. [1] observed that by 
increasing the proportion of ceramic particles, the porosity 
also increased due to the difficulty of compressing hard 
ceramic particles in a ductile matrix, hence the inverse 
relationship with density.

Figure 9b shows the variation of coefficient of ther-
mal expansion (CTE) with increased fraction of reinforce-
ments. Both Si3N4 and SiC increased the CTE except a 
slight decrease in CTE for Gr–Al + 12 wt% Si3N4. However, 
SiC has greater contribution to the change in CTE of the 
composites compared to Si3N4 because of the low ther-
mal expansion coefficient of latter (3.3 × 10–6 K) and high 
thermal conductivity with excellent thermal shock resist-
ance [31, 32]. Similar to micro-sized ZrB2, addition of SiC 
only increased CTE of Gr–Al [8], and therefore not useful 
when lower CTE is desirable. The lowest and the only neg-
ative CTE (− 1.8 × 10–6 K) was observed in Gr–Al + 8 wt% 
Si3N4 + 8 wt% SiC composite. Negative thermal expansion 
(NTE) is a physicochemical process in which materials 

contract upon heating rather than expanding [33]. This 
behaviour has been shown to occur in a range of solid 
materials including complex metal oxides, Si136−xGex (x = 8, 
32, 40, 104) [34], polymers and zeolites among other. This 
opens doors to the possibility of synthesizing composites 
with coefficient of thermal expansions (CTE) of zero or 
near zero by addition other materials with positive thermal 
expansion coefficients. Consequently, making zero expan-
sion composites, for application over a large temperature 
range especially in precision instruments, is within reach.

The origin of NTE is attributed to the supramolecular 
structural mechanisms which dominate the erstwhile posi-
tive CTE of interatomic bonds [33]. The underlying mech-
anism for NTE is ascribed to higher order effects which 
include strong covalent bond, ferroelectric, magnetostric-
tive, metal–insulator, charge-transfer and displacive phase 
transitions or low frequency phonon modes [35] among 
others. For the sintered Gr–Al + 8 wt% Si3N4 + 8 wt% SiC 
composite, the reason for the observed NTE is not yet clear 
and further study is therefore recommended. However, 
the observation might be due to the structural change 
induced during sintering which is exhibited by the incom-
plete expansion observed in the displacement–time graph 
and single stage compression discussed earlier (Fig. 5b) as 
well as the shallowest displacement rate at 25th minute of 
sintering. In addition, the composite has the least instanta-
neous density compared to other samples reinforced with 
SiC (Fig. 7).

3.5 � Microhardness and wear behavior

Generally, reinforced composites have superior Vicker 
microhardness values compared to the unreinforced 
matrix (Fig. 10a). These hardness values increased with 
higher percentage of reinforcement particles except at 
8 wt% Si3N4 + 8 wt% SiC. Also, addition of SiC promoted 
increased hardness because the hardness value of SiC is 
greater than that of Si3N4 [37]. For instance, Gr–Al + 12 wt% 
Si3N4 has hardness value of 31.7 GPa compared to 38.2 GPa 
for Gr–Al + 12 wt% Si3N4 + 12 wt% SiC. It is also observed 
that Gr–Al + 8 wt% Si3N4 + 8 wt% SiC has the lowest hard-
ness value of 26.8 GPa. Reason for this behaviour may not 
be unconnected to the negative expansion coefficient dis-
cussed earlier. The improved values of hardness for other 
compositions is related to a greater tendency of silicon 
nitride to fragment during the milling process [37]. With a 
higher rate of fragmentation, the reinforcement is distrib-
uted more evenly in the matrix providing greater efficiency 
in the hardening of the Gr–Al composite. Durowoju et al. 
[1] showed a slight increase in microhardness value when 

Fig. 3   SEM image and the corresponding EDS images for Si3N4 
after a 0 h, b 16 h and c 30  h of milling. The quantity of the ele-
ments in Si3N4 before and after milling is depicted in (d)

◂
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Fig. 4   a Displacement–time and b temperature–time curves for Gr–Al composites reinforced with varying fractions of Si3N4

Fig. 5   Displacement curves for Gr–Al composites reinforced with varying fractions of Si3N4 and SiC
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Fig. 6   a Displacement rates for Gr–Al composites reinforced with 
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while d depicts the elemental plot of the elements before and after 
milling. d can also be considered as Fig. 3d
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10 wt% SiC was added to Gr–Al. SiC particles increase the 
dislocation density at the particles-matrix interfaces (due 
to difference in coefficient of thermal expansion) which 
directly enhances hardness [11]. For application which 
require high hardness value, Gr–Al + 12 wt% Si3N4 + 12 wt% 
SiC composite is recommended. These results are compa-
rable with published studies [1, 11].

The influence of composition and applied force on the 
wear areas of the samples is depicted in Fig. 10b. For all 
samples, the wear area significantly increases with applied 
force but marginally increases with increased composition 
of the reinforcements. As expected, minimum and maxi-
mum wear areas were obtained when loads of 2 N and 
6 N, respectively were applied to all reinforced samples. 
The wear areas of the reinforced composites are obviously 
higher than the unreinforced under 2 N load. However, as 
the applied load increased, the influence of addition of 
reinforcement appeared.
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4 � Conclusions

Silicon nitrate (Si3N4) and silicon carbide (SiC) were incor-
porated as reinforcements into Gr–Al matrix towards 
improving microhardness value and reducing coefficient 
of thermal expansion (CTE) of the resulting composites. Of 
all the composites made from both fillers, Gr–Al + 8 wt% 
SiC + 8 wt% Si3N4 has the minimum coefficient of ther-
mal expansion (− 21 × 10–6 °C), maximum displacement 
(2.48  mm), maximum displacement rate (1.12  mm/s) 
and minimum hardness value (26.8 GPa). However, 
Gr–Al + 12 wt% SiC + 12 wt% Si3N4 has the optimum hard-
ness value of 38.2 GPa (37% higher than unreinforced sam-
ple). These results indicate that thermal expansion can be 

reduced while enhancing microhardness value of Gr–Al. 
For applications where minimum CTE and maximum dis-
placement are desirable, Gr–Al + 8  wt% SiC + 8  wt% 
Si3N4 composite is recommended while Gr–Al + 12 wt% 
SiC + 12 wt% Si3N4 composite should be deployed if maxi-
mum microhardness value is required.
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