a2 SMEER (EEUR)

International Journal of
IJ P’A PJA P’A Minerals, Metallurgy and Materials

Evaluation of the microstructure, thermal and mechanical properties of Cu/SiC
nanocomposites fabricated by mechanical alloying

Essam B. Moustafa and Mohammed A. Taha
Cite this article as:
Essam B. Moustafa and Mohammed A. Taha, Evaluation of the microstructure, thermal and mechanical properties of Cu/SiC

nanocomposites fabricated by mechanical alloying, Int. J. Miner. Metall. Mater., 28(2021), No. 3, pp. 475-486.
https://doi.org/10.1007/s12613-020-2176-z

View the article online at SpringerLink or IMMM Webpage.

Articles you may be interested in

Mohammed A. Taha, Rasha A. Youness, and M. F. Zawrah, Review on nanocomposites fabricated by mechanical alloying, Int. J.
Miner. Metall. Mater., 26(2019), No. 9, pp. 1047-1058. https://doi.org/10.1007/s12613-019-1827-4

M. Sarkari Khorrami, M. Kazeminezhad, Y. Miyashita, and A. H. Kokabi, Improvement in the mechanical properties of Al/SiC
nanocomposites fabricated by severe plastic deformation and friction stir processing, Int. J. Miner. Metall. Mater., 24(2017), No.
3, pp- 297-308. https://doi.org/10.1007/s12613-017-1408-3

Mohammad Baghani and Mahmood Aliofkhazraei, CuCrW(A1203) nanocomposite:mechanical alloying, microstructure, and
tribological properties, Int. J. Miner. Metall. Mater., 24(2017), No. 11, pp. 1321-1334. https://doi.org/10.1007/s12613-017-1524-
0

Kaouther Zaara, Mahmoud Chemingui, Virgil Optasanu, and Mohamed Khitouni, Solid solution evolution during mechanical
alloying in Cu-Nb-Al compounds, Int. J. Miner. Metall. Mater., 26(2019), No. 9, pp. 1129-1139. https://doi.org/10.1007/s12613-
019-1820-y

Shu-mei Chen, Chun-fa Liao, Jue-yuan Lin, Bo-qing Cai, Xu Wang, and Yun-fen Jiao, Electrical conductivity of molten LiF-
DyF;-Dy,05-Cu,0 system for Dy-Cu intermediate alloy production, Int. J. Miner. Metall. Mater., 26(2019), No. 6, pp. 701-709.
https://doi.org/10.1007/s12613-019-1775-z

Nitika Kundan, Biswajit Parida, Anup Kumar Keshri, and Prathvi Raj Soni, Synthesis and characterization of the nanostructured
solid solution with extended solubility of graphite in nickel by mechanical alloying, Int. J. Miner. Metall. Mater., 26(2019), No.
8, pp. 1031-1037. https://doi.org/10.1007/s12613-019-1816-7

B

1IMM M

IJMMM WeChat QQ author group


http://ijmmm.ustb.edu.cn/
https://doi.org/10.1007/s12613-020-2176-z
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-020-2176-z
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-019-1827-4
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-017-1408-3
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-017-1408-3
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-017-1524-0
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-017-1524-0
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-017-1524-0
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-017-1524-0
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-019-1820-y
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-019-1820-y
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-019-1775-z
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-019-1775-z
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-019-1775-z
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-019-1775-z
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-019-1775-z
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-019-1775-z
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-019-1816-7
http://ijmmm.ustb.edu.cn/en/article/doi/10.1007/s12613-019-1816-7

International Journal of Minerals, Metallurgy and Materials
Volume 28, Number 3, March 2021, Page 475
https://doi.org/10.1007/s12613-020-2176-z

Evaluation of the microstructure, thermal and mechanical properties of
Cu/SiC nanocomposites fabricated by mechanical alloying

Essam B. Moustafa" and Mohammed A. Taha®

1) Mechanical Engineering Departments, Faculty of Engineering, King Abdulaziz University, Jeddah 21589, Saudi Arabia
2) Solid State Physics Department, National Research Centre, El Buhouth St., Dokki, 12622 Giza, Egypt
(Received: 11 June 2020; revised: 24 August 2020; accepted: 25 August 2020)

Abstract: Nano-sized silicon carbide (SiC: 0wt%, 1wt%, 2wt%, 4wt%, and 8wt%) reinforced copper (Cu) matrix nanocomposites were manu-
factured, pressed, and sintered at 775 and 875°C in an argon atmosphere. X-ray diffraction (XRD) and scanning electron microscopy were per-
formed to characterize the microstructural evolution. The density, thermal expansion, mechanical, and electrical properties were studied. XRD
analyses showed that with increasing SiC content, the microstrain and dislocation density increased, while the crystal size decreased. The coef-
ficient of thermal expansion (CTE) of the nanocomposites was less than that of the Cu matrix. The improvement in the CTE with increasing
sintering temperature may be because of densification of the microstructure. Moreover, the mechanical properties of these nanocomposites
showed noticeable enhancements with the addition of SiC and sintering temperatures, where the microhardness and apparent strengthening ef-
ficiency of nanocomposites containing 8wt% SiC and sintered at 875°C were 958.7 MPa and 1.07 vol% ', respectively. The electrical conduct-
ivity of the sample slightly decreased with additional SiC and increased with sintering temperature. The prepared Cu/SiC nanocomposites pos-
sessed good electrical conductivity, high thermal stability, and excellent mechanical properties.

Keywords: copper matrix nanocomposites; silicon carbide; coefficient of thermal expansion; elastic moduli; electrical conductivity; mechan-

ical alloying

1. Introduction

Owing to good chemical stability and excellent thermal
and electrical conductivities, great effort has been directed to-
wards copper (Cu) and its alloys for use in different engin-
eering applications. Unfortunately, the mechanical proper-
ties of Cu and its alloys are low, particularly at high temper-
atures, and consequently, their applications are limited.
Therefore, fabricating Cu matrix composites by producing
secondary phases in Cu and its alloys is considered an optim-
um solution [1-2]. In this regard, the enhancement in the
mechanical properties of Cu, such as hardness, compressive
strength, and Young’s modulus, is strongly correlated to the
reinforcement type, the particle size, and the distribution
[3—5]. Sorkhe et al. [3] fabricated Cu-TiO, composites with
various percentages of TiO, (0Owt%, 1wt%, 3wt%, Swt%, and
Twt%) through a mechanical alloying method to investigate
the density, mechanical, and electrical properties of the com-
posites. The microhardness of the nanocomposites was in-
creased to approximately HV 100, while the electrical con-
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ductivity decreased by approximately 110% with increasing
TiO, up to 7wt%. Taha and Zawrah [4] investigated the ef-
fect of different ZrO, contents (up to 12wt%) on the mechan-
ical properties and electrical conductivity of a Cu matrix.
They observed a remarkable improvement in the strength of
the Cu matrix with a noticeable effect on the electrical con-
ductivity. Akbarpour et al. [5] investigated the influence of
variously sized silicon carbide (SiC) particles on the morpho-
logy, strength, and wear behavior of a Cu matrix. The results
showed that the nanocomposite had higher wear resistance
and improved strength compared with the microcomposite.
Based on this effort, nano-SiC is considered one of the best
additives for Cu because of its superior mechanical proper-
ties, perfect thermal conductivity, low density, low coeffi-
cient of thermal expansion (CTE), and good electrical con-
ductivity [6—7]. Additionally, a handful of researchers have
worked on improving the mechanical properties of alumin-
um [6], magnesium [8], and Cu [5] with SiC. However, these
works are hindered by the lack of proper distribution of SiC
into the matrix of composite systems [7—9]. Amazingly, most
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composites based on metal suffer from CTE mismatch of two
joining materials, which consequently contributes to produ-
cing stress and strain at the joining interface. These con-
sequences are considered serious because they negatively af-
fect the properties of the composites [10]. Notably, several
studies discussed the effect of different ceramic types, i.c.,
SiC [10], lead titanate (PbTiOs) [11], and tungsten carbide
(WC) [12], on the thermal properties of the Cu matrix.

Generally, there are two routes for synthesizing rein-
forced nanocomposites based on Cu. One route deals with
using chemical reactions/phase transformations with the aim
of the in-situ formation of reinforcement particles in Cu-
based nanocomposites [13]. The second route uses mechan-
ical alloying or selective fracturing of secondary particles via
a mechanical approach to disperse the reinforcements into the
matrix [14—15]. Since mechanical alloying is a suitable and
cost-effective process, it is broadly utilized to prepare many
nanocomposites [16—17]. It is important to note that the lat-
ter route relies on several factors, including time, speed, ball-
to-powder ratio (BPR), atmosphere, temperature, and the re-
inforcement type [18—19]. Based on the abovementioned
considerations, the major objective of this article is to pro-
duce Cu matrix nanocomposites with different weight per-
centages of nano-sized SiC (up to 8wt%) and sintered at
875°C to obtain nanocomposites with better densification.
Additionally, the properties, including microhardness, elastic
moduli, and apparent strengthening efficiency of the nano-
composites were extensively studied. The microstructure,
thermal expansion, physical, and electrical properties were
also studied.

2. Experimental

In order to produce Cu matrix nanocomposite powders
with various SiC contents, i.e., 0wt%, 1wt%, 2wt%, 4wt%,
and 8wt%, using the mechanical alloying method, pure Cu
and SiC (99.9% purity; particle sizes of 200 nm and 55 nm,
respectively) were used as starting materials. A planetary ball
mill with Al,O; containers and balls was employed using the
following conditions of milling time, speed, and BPR of 20 h,
550 r/min, and 20:1, respectively. Transmission electron mi-
croscopy (TEM) was used to investigate the microstructure
of as-received Cu and nano-SiC particles as shown in Fig. 1.
The mean particle size of Cu was approximately 203 nm and
particles exhibited high agglomeration, while the SiC
particles were approximately 39 nm with low agglomeration.

The phase compositions of the milled powders were in-
vestigated by X-ray diffraction (XRD) analysis. The crystal-
line size (C), lattice strain (&), and dislocation density (0)
were determined from the X-ray line broadening (B) for the
principle (Ak]) planes, i.e., (111), (200), (220), and (311) at 26
=43.317°, 50.499°, 74.126°, and 89.938°, respectively, us-
ing the equations mentioned in Refs. [20—21]:
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Fig. 1. TEM micrographs of as-received (a) Cu and (b) SiC
particles.
0.94
C= 1
Bcosf M
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= 2
& 4tanf @
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6= 3)

where the wave length A = 0.1540591 nm (Cu—Ni radiation)
and 0 is the diffraction angle in rad. Subsequently, the result-
ant powders were cold pressed to pellets and sintered at 775
and 875°C for 1 h in argon with a heating rate of 5°C/min.
The physical properties of the fired samples were measured
using the Archimedes method (ASTM: B962-13). Moreover,
the theoretical density of the samples was calculated by the
mixture rule, and consequently the relative density was cal-
culated. Microstructures of the powder and sintered samples
were examined by scanning electron microscopy (SEM,
Quanta FEG25). Thermal expansion measurements of the
sintered nanocomposite samples were studied from 50 to
600°C in air. The microhardness of the nanocomposites was
evaluated by a Vickers tester (Vickers hardness machine-
model: Shimadzu corporation hardness tester) [22].

The longitudinal (V}) and shear ultrasonic velocities (Vs)
were measured using the pulse-echo technique.

Alternatively, the constants of Lame (i.e., 8 and y) were
calculated according to the formulas in Refs. [23—24]:

B=p(Vi-2V5) “
p=pVi )
where p is the bulk density.
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The elastic modulus (L), Young’s modulus (F), shear
modulus (G), bulk modulus (K), and Poisson’s ratio (v) of the
nanocomposites were calculated by the following equations
[24-25]:

L=B+2%u (©)
G=u (7
_ 3B+2u
“pen ®
2
K=p+ o ©)
B
T/ (10

The compressive tests of the specimens were studied us-
ing ASTM standard E9. Furthermore, the yield strength, ulti-
mate strength elongation, and apparent strengthening effi-
ciency were calculated from the stress—strain curve. The elec-
trical conductivity of the nanocomposites was measured us-
ing a Keithley 6517B system according to the formula in
Ref. [2]. All preparation and characterization steps are illus-
trated in Fig. 2.

[ Cu matrix ] [Nano-SiC ]

N4
Mechanical milling
(20 h)

Compaction
(35 MPa)

Sintering
(775 & 875°C)

v
Electrical
properties

Powder characterization
(XRD, TEM & SEM)

Density &
microstructure
v v

Mechanical
properties

Thermal
expansion

Fig. 2. Schematic of the production and characterization of
nanocomposites.

3. Results and discussion

3.1. Properties of the nanocomposites powders
3.1.1. X-ray diffraction

Fig. 3 displays the XRD patterns of Cu/SiC nanocompos-
ite powders with different SiC contents (i.e., Owt%, 1wt%,
2wt%, 4wt%, and 8wt%) after 20 h of milling. The XRD pat-
terns were analyzed according to JCPDS 85-1362 and 89-
2225 standard cards. The patterns were mainly composed of
Cu and SiC phases (primary phases of the starting mixture)
considering that Cu and SiC powders exhibit cubic and
rhombohedral crystal structures, respectively. Importantly,
the absence of the characteristic SiC peaks in the nanocom-
posites with 1wt% and 2wt% SiC is attributed to the low

weight percentages of SiC, which are below the XRD detec-
tion limit. After the milling process, a significant broadening
with a decrease in the intensity of peaks of the Cu matrix oc-
curred while the intensity of the SiC peaks increased with in-
creasing weight percentage of the nano-SiC particles [26].

(0135) HCu rsic
; 0069) (L11)
g (11%)[3) B200) (110)  (220) (311)
B0 T 0O Seesicl |
g ' Awt% SiC
E— . AR SIC
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k) A 1wt% SiC
=7

e __owwsic,_|

25 35 45 55 65 75 85 95
20/ (%)

Fig. 3. XRD patterns of nanocomposite powders with

different SiC contents.

In order to characterize the microstructure of the prepared
nanopowders, the Cu matrix crystallite size, dislocation dens-
ity, and microstrain of the Cu/SiC nanocomposite powders
after 20 h of milling were calculated using the broadening of
their diffraction peaks. The effects of the SiC content on the
crystallite size, dislocation density, and microstrain of the
Cu/SiC nanocomposite powders are illustrated in Fig. 4. Not-
ably, with the increase in SiC weight percentage, the crystal
size decreased while the dislocation density and microstrain
increased because of severe plastic deformation and grain
size refinement during mechanical alloying process due to
the added nano-SiC particles [6,27]. The crystal sizes of
Cu—0wt%, 1wt%, 2wt%, 4wt%, and 8wt% SiC milled
powders were 21.03,20.69, 19.95, 18.1, and 14.33 nm, while

the microstrains were 0.3333%, 0.3383%, 0.3522%,
0.3857%, and 0.4915%, respectively.
22
10.50 |
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g20r % 10.46 07000453
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Z19t J = z
9 ~vr— Crystal sizx* 0.44 £ 0.0040 _g
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Fig. 4. Crystal sizes, lattice strains (microstrains), and dislo-

cation densities of nanocomposite powders as a function of the SiC
content.

3.1.2. SEM analyses
Generally, the existence of metal (ductile) particles in
ceramics (brittle) forms a ductile-brittle system, which leads
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to several changes during the milling process. First, the
ductile particles suffer from deformation, while brittle
particles suffer from fragmentation. Based on this behavior,
brittle particles tend to stay between ductile particles at the
instant of ball collision [5,19,28]. As a result, a real compos-
ite is formed. The morphology of the Cu matrix and Cu/SiC
nanocomposite powders were investigated using SEM as
shown in Fig. 5. With the increase in nano-SiC reinforced
particles, a finer nanocomposite powder was obtained with
homogenous distribution of SiC particles in the Cu matrix,
which was substantial for improving the mechanical, elec-
trical, and thermal properties. Surprisingly, SEM images are
an insufficient method to ensure uniform distribution of SiC
particles into Cu matrix because of the incorporation of SiC
particles into grain boundaries of Cu. Therefore, chemical

i ove's
3 ':-...JM e e

Fig. 5.  SEM images of (a) Cu—0wt%SiC, (b) Cu-1wt%SiC, (¢) Cu-2wt%SiC, (d) Cu—4wt%SiC, and (¢) Cu-8wt%SiC milled
powder specimens.
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element distribution maps of samples containing 4wt% and
8wt% SiC were obtained as shown in Figs. 6(a) and 6(b).

3.2. Properties of the sintered nanocomposite samples
3.2.1. Physical properties

To obtain Cu/SiC nanocomposites with high densification,
their powders were compacted and sintered. During the sin-
tering process, the necks at the boundaries between the
particles grew, which produced the sintered nanocomposites
at the desired densification. Theoretical, bulk, and relative
densities and the apparent porosities of the nanocomposite
samples sintered for 1 h at 775 and 875°C with various SiC
contents are shown in Table 1. The relative densities of the
specimens were remarkably reduced with an increase in the
weight percentage of the SiC reinforced particles. Alternat-
ively, the apparent porosity increased by the same factor.
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Fig. 6. SEM/energy dispersive spectroscopy (EDS) maps of
the surface distributions of elements for Cu/SiC composite
powders containing (a) 4wt% SiC and (b) 8wt% SiC.

With increasing sintering temperature from 775 to 875°C, the
relative densities of the specimens increased, while the ap-
parent porosity decreased. The major reason behind this be-
havior is the presence of SiC, which has lower compressibil-
ity than that of the Cu matrix and a large difference in the
melting temperatures (Cu: ~1080°C; SiC: ~2730°C), which
leads to weak bonding and subsequently limits diffusion.
Furthermore, the SiC reinforcement particles act as a barrier
during the diffusion step of sintering process [29-30]. Simil-
arly, increased amounts of ceramic particles (i.e., ZrO,, SiC,
and TiC particles) in the Cu matrix reduce the relative dens-
ity of the sintered nanocomposites [4—6,31]. Generally, the
ceramics are responsible for low diffusion at the interface
between the matrix and reinforcement; therefore, the densi-

fication of the sintered nanocomposites decreases [29,32].
The measurable improvement in the density, i.e., reduced
porosity with increasing sintering temperature to 875°C, may
be because of the increasing diffusion rate that contributes to
increase the contacts between particles, grain growth, and de-
creasing the pore volume [33-34]. Hence, higher relative
densities (lower porosity) were achieved at higher sintering
temperature. This trend can be more clarified using Eq. (11),
which shows that the sintering temperature plays an essential
role in the diffusion process [35]:
D= Doeﬁ an
where D, D,, O, R, and T are the diffusion coefficient, con-
stant, activation energy, Boltzmann’s constant, and temperat-
ure, respectively.
3.2.2. Microstructure

SEM micrographs of the nanocomposite specimens with
2wt% and 8wt% SiC sintered at 775 and 875°C are shown in
Figs. 7 and 8. An increase in nano-SiC particles contributed
to an observable change in the microstructure of the nano-
composites, which led to an increase in porosity and consid-
erable weakness in the contact between Cu particles. As
shown in Fig. 7, the bonding between SiC and Cu was weak
because of the insufficient sintering temperature. However,
by increasing the sintering temperature to 875°C, a suitable
bonding strength between SiC and Cu was reached (Fig. 8).
The sintering temperature is responsible for better densifica-
tion behavior, as shown by the grain growth and decrease in
the number of pores [36].
3.2.3. Thermal expansion

Fig. 9 illustrates the relative expansion versus temperature
of Cu/SiC nanocomposites with various weight percentages
of nano-SiC particles. Generally, the relative expansion (d//l)
of the nanocomposites with various SiC contents increased as
the temperature increased significantly. Furthermore, it re-
duced with increasing SiC weight percentage. The CTE val-
ues of samples with different sintering temperatures are
shown in Fig. 10. The CTE value decreased with increased
SiC content and increased with increasing sintering temper-

Table 1. Theoretical, bulk, and relative densities and apparent porosities of nanocomposite samples sintered for 1 h in argon

SiC content / Sintering temperature / Theoretical density / Bulk density / Relative density / Apparent porosity /
wt% °C (g-em™) (g-em™) % %
0 8.96 8.49 94.7 3.78
1 8.80 8.28 94.1 4.52
2 775 8.65 8.06 93.2 5.71
4 8.36 7.65 91.5 7.66
8 7.84 7.01 89.4 9.11
0 8.96 8.73 97.4 2.11
1 8.80 8.55 97.1 2.51
2 875 8.65 8.32 96.2 3.37
4 8.36 7.95 95.1 4.99
8 7.84 7.34 93.6 6.94




480

SEM mlcrographs of the (a) Cu-2wt%SiC and (b)
Cu—-8wt%SiC specimens sintered at 775°C.

Fig. 7.

ature. The theoretical CTE values for Cu-0wt%, 1wt%,
2wt%, 4wt%, and 8wt% SiC nanocomposites calculated us-
ing the simple rule of mixtures were 17 x 10, 16.64 x 1075,
16.28 x 107, 15.61 x 107, and 14.40 x 10 °C"', respect-
ively. The CTE of unreinforced Cu sintered at 875°C was
15.67 x 10°° °C™" and the addition of 1wt%, 2wt%, 4wt%,
and 8wt% SiC reduced the CTE values to 14.81 x 10°°, 14.07
x 107%,12.9 x 1075, and 11.1 x 107° °C™", respectively. Inter-
estingly, the theoretical CTE values of the sintered samples
were greater than the experimental values because of the high
bonding between Cu matrix and SiC particles, which indic-
ated the excellent interfacial bonding also imposes effective
constraint to the expansion of the Cu matrix [10,37]. Gener-
ally, the lower CTE of the Cu matrix with the addition of SiC

10

(a
8 L
T 6
2
X
= 4t o)
° u Owt% SiC
o 1wt% SiC
xs a 2wt% SiC
v 4wt% SiC
+ 8wt% SiC
O L

0 100 200 300 400 500 600
Temperature / °C
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Fig. 8. SEM micrographs of the (a) Cu-2wt%SiC and (b)
Cu—-8wt%SiC specimens sintered at 875°C.

particles should be attributed to the lower CTE of SiC
(3.7x107° °C™") than that of Cu matrix (17107 °C™"), which
comes from the interfacial bonding between the SiC nano-
particles and Cu matrix. Furthermore, for nanocomposite
samples, residual stresses (compression and tensile stresses)
resulting from thermal mismatch between the Cu matrix and
SiC particles play a strong role in determining the behavior of
thermal expansion [36]. Alternatively, increasing the thermal
expansion of nanocomposites with increased sintering tem-
perature from 775 to 875°C is compatible with the relative
density and apparent porosity because of the microstructure
development and densification [38]. The thermal mismatch

10
(b)
8 L
Lo
X
s 4t
= = Owt% SiC
e 1wt% SiC
2+ a 2wt% SiC
v 4wt% SiC
0 * 8wt% SiC
0 100 200 300 400 500 600

Temperature / °C

Fig. 9. Variations of the thermal expansion of nanocomposites sintered for 1 h at (a) 775°C and (b) 875°C.



E. B. Moustafa et al., Evaluation of the microstructure, thermal and mechanical properties of Cu/SiC ... 481

16
15
—@—775°C
— —k—875°C
T 14+
¥
213t
E
52t
11+
10 1 1 1 1 1
0 2 4 6 8
SiC content / wt%
Fig. 10. Effects of SiC weight percentage and sintering tem-

perature on CTE values of nanocomposites samples.

generates a residual stress field in the Cu matrix and SiC re-
inforcement where the pores undergo a compression stress
that causes shrinkage of the pore volume. Subsequently, the
thermal expansion and CTE value of the composite decrease
with an increase in the porosity and vice versa [10].

An efficiency factor (i.e., F) is used to assess the influence
of SiC content and sintering temperature on the CTE of the
Cu matrix nanocomposite according to Eq. (12) [39]:

Qe — U

v (12)
where a. and a,, are the CTE values of the nanocomposite
and Cu, respectively; Vis the SiC volume percentage. The re-
lationship between F and SiC content are represented in
Fig. 11, where the F value decreased with increasing SiC
content but increased with temperature.

F =

35
30 = 775°C = 875°C
s 2s
g
2 20
)
5"
2
5 10
5
0
2 4 8
SiC content / wt%
Fig. 11.  Effects of weight percentage of SiC and sintering

temperature on the F values of nanocomposite samples.

3.2.4. Mechanical properties

Fig. 12 shows the microhardness values of the Cu/SiC
nanocomposite samples. The microhardness values of the
nanocomposites were greater than that of the unreinforced Cu
sample processed in the same sintering temperature. Further-
more, the microhardness increased with an increase in SiC

1000
900 |
800 [
700 |
600 [

500 |

Microhardness / MPa

4001 —de— 875°C

300 —@— 775°C
200

2 4 6
SiC content / wt%

otk
oo

Fig. 12.
mens.

Microhardness of the Cu/SiC nanocomposite speci-

weight percentage and sintering temperature. The standard
hardness values of Cu and SiC range from 343 to 369 MPa
and 23.5 to 25.5 GPa, respectively. The microhardness in-
creased and reached 808.9 MPa for the composite sample
containing 8wt% SiC sintered at 775°C. With increasing sin-
tering temperature up to 875°C, the microhardness further in-
creased to 958.7 MPa for the composite sample. The longit-
udinal and shear ultrasonic velocities (i.e., V1 and V5) are rep-
resented in Fig. 13, and the elastic moduli of the sintered
samples are listed in Table 2. Notably, }; and Vs increased
with SiC weight percentage and sintering temperature. The
results in Fig. 13 indicated that with an increase in SiC con-
tent from Owt% to 8wt%, the V. values of the samples
sintered at 775 and 875°C increased from 4301 to 6202 m's '
and 4419 to 6514 m-s”', respectively, and the Vg values
ranged from 2167 to 3082 m-s™' and 2210 to 3214 m's ', re-
spectively. As a result, the elastic moduli had the same trend
as the ultrasonic velocities (Table 2). The elastic modulus of
the nanocomposite samples with 8wt% SiC sintered at 775
and 875°C (261.9 and 309.9 GPa, respectively) were greater
than those of unreinforced Cu matrix sintered at the same
temperatures (154.5 and 171.1 GPa, respectively).

Fig. 14 displays the room temperature (i.e., 30°C) com-
pressive stress—strain curves for the Cu/SiC nanocomposites
with different SiC contents and sintered at 775 and 875°C.
The ultimate strength, yield strength, and elongation are lis-
ted in Fig. 15. The strength revealed significant improve-
ment with the addition of nano-SiC particles and the in-
creased sintering temperature. Moreover, the addition of SiC
particles was responsible for a considerable decrease in the
ductility of the Cu matrix while it increased with increased
sintering temperature. The elongation was reduced from
~29.7% for Cu matrix to ~19.2% for the Cu with 8wt% SiC
nanocomposite sintered at 775°C; however, when the
sintered temperature was 875°C, the elongation was reduced
from 33.7% to 21%. The apparent strengthening efficiency
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Table 2. Young’s modulus (E), elastic modulus (L), bulk modulus (K), shear modulus (G), and Poisson’s ratio (v) of nanocompos-

ite samples sintered for 1 h in argon

SiC content / wt%

E/GPa

L/ GPa

K/ GPa

G/ GPa

Sintering temperature / °C v

0 104.3 154.5 39.2 39.2 0.3299
1 109.8 162.7 41.3 41.3 0.3301
2 775 113.1 167.8 2.5 42.5 0.3304
4 137.5 204.9 51.6 51.6 0.3316
8 172.9 261.9 64.7 64.7 0.3360
0 114.1 171.2 128.3 42.8 0.3332
1 121.4 182.4 136.9 45.5 0.3337
2 875 128.5 193.2 145.0 48.2 0.3340
4 157.3 237.9 179.0 58.9 0.3355
8 202.1 309.9 234.5 75.5 0.3391
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Fig. 14. Compressive curves of the nanocomposites sintered at (a) 775°C and (b) 875°C.

(i.e., R,) of nanocomposites samples as a function of the SiC
content is presented in Fig. 16. The improvement in R, was a
result of increasing both the SiC content and sintering tem-
perature. The R, value can be calculated as follows [40]:

Oc—=0n

R,= (13)

Voo

where o, and o, are the yield strength of nanocomposite and
Cu matrix, respectively; V is the volume fraction of the rein-

forcement particles. Based on these results, adding various
weight percentages of nano-SiC to the Cu matrix remarkably
improved the mechanical properties, including the Vickers
microhardness, elastic moduli, ultimate strength, yield
strength, and strengthening efficiency. These improvements
may be a result of the addition of very hard SiC particles to
the ductile Cu matrix, uniform distribution of nano-SiC
particles, and grain refinement [41].

The addition of SiC particles to the Cu matrix also con-
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Fig. 15. (a) Ultimate strengths, (b)yield strengths, and

(c) elongations of Cu/SiC nanocomposites samples.

tributes to transferring the applied load from the Cu matrix to
SiC, which consequently increases the resistance to the
plastic deformation of the sintered nanocomposite samples
because of the variation in CTE value of the Cu matrix and
SiC reinforcement particles. Accordingly, the thermal mis-
match increases the dislocation density in the vicinity of SiC
(Section 3.1.1), increasing the strength of the nanocomposite
samples. The thermal stresses enhance the microhardness of
the nanocomposites and flow stresses in the samples, making
the plastic deformation more difficult [42]. Furthermore, the
grain boundaries increase because of grain refinement that
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Fig. 16. Apparent strengthening efficiencies (R,) of the nano-
composite specimens.

occurs after milling [43]. The interaction between the rein-
forcement and dislocations is a major reason for the strength
of the composite materials. The "Orowan mechanism" de-
scribes that the passage of dislocations via particles intro-
duces residual dislocation loops around each particle. Indeed,
these particles act to enhance the strength of the material by
prohibiting the migration of dislocations [5,44].

Alternatively, the decrease rate in ductility of the nano-
composite sample exhibits a considerable increase because of
the successive addition of SiC particles. The main reason be-
hind this reduction in ductility with the addition of SiC is the
weak bonds between SiC and the Cu matrix, which act as
stress concentrators and contribute to the formation of micro
cracks, propagation, and fracture of the nanocomposite
samples in compression [45]. In general, the enhancement in
the mechanical properties with increasing sintering temperat-
ure from 775 to 875°C is closely correlated to the densifica-
tion of the studied sample. The increasing sintering temperat-
ure causes a decrease in the inter-atomic spacing, which con-
sequently increases the propagation of ultrasonic waves in
the nanocomposites samples and therefore increases the
value of the elastic moduli and acceleration of the diffusion
process [46].

3.3. Electrical properties

The dependence of electrical conductivity of the sintered
nanocomposites on SiC content, at two different sintering
temperatures, is illustrated in Fig. 17. Notably, the electrical
conductivity decreased with an increase in SiC particle con-
tent, while it increased with increasing sintering temperature.
The conductivity of metal is highly dependent on the move-
ment of electrons into the structure. However, the addition of
SiC particles contributed to distorting this structure and
hindering the movement of the Cu electrons, and accord-
ingly, the conductivity was reduced [47]. After the milling
process, the grain boundaries increased as a result of grain re-
finement, which prohibited the electron path. In addition, the
dislocations and porosity increased as a result of the ceramic
particles, leading to an electron scattering phenomenon
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[3,48]. When increasing the sintering temperature, the con-
ductivity of the nanocomposite samples increased as a result
of the reduced porosity. Similar results were reported by Is-
lak [49], Ayyappadas et al. [50], and Taha and Zawrah [4].
Moreover, Moustafa and Taha [2] reported that the electrical
conductivity is directly proportional to the sintering temper-
ature of the Cu matrix composites.
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Fig.17. Electrical conductivities of the nanocomposites at dif-
ferent sintering temperatures.

4. Conclusions

Cu matrix nanocomposites containing various contents of
nano-SiC, i.e., Owt%, 1wt%, 2wt%, 4wt%, and 8wt%, were
successfully prepared by mechanical alloying via cold press-
ing and sintering for 1 h at 775 and 875°C in an argon atmo-
sphere. The following conclusions were made:

(1) CTE, efficiency factor, and electrical conductivity val-
ues were reduced with the increased weight percentage of
SiC particles, indicating high dimensional stability.
Moreover, the values considerably increased with the in-
creased sintering temperature.

(2) The microhardness and Young’s modulus for the
Cu—8wt%SiC sample sintered at 775°C in an argon atmo-
sphere for 1 h were 808.9 MPa and 172.9 GPa, respectively.
At the sintering temperature of 875°C, the microhardness and
Young’s modulus values of the same nanocomposite were
958.7 MPa and 202.1 GPa, respectively.

(3) Under compression testing, the ultimate and yield
strengths of the samples sintered at 875°C increased from
263.7 MPa and 46.5 MPa to approximately 342.5 MPa and
75.5 MPa, respectively, with the content of additive SiC
particles up to 8wt%, which were ~30% and ~62.4% in-
creases.
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