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a b s t r a c t

Effect of silicon carbide (SiC) additions on the physico-chemical properties of nickel-zinc-aluminium (Ni-
Zn-Al) alloy prepared by spark plasma sintering technique is investigated. Elemental powder matrix sam-
ples were prepared with different amounts of SiC (1–4 wt%) and were mixed in a tubular mixer for 5 h at
49 rpm. The metal-ceramic composite powders were pressed and sintered at 850 �C with 100 �C/min
heating rates, 10 min holding time and a pressure of 50 MPa. Hard disk-shaped metal matrix composite
pellets (ᴓ = 40 mm, thickness = 5 mm) were obtained. Chemical, physical and microstructural properties
of sintered composite samples were studied. The results show that SiC addition particles influence the
physical and microstructural characteristics metal matrix composites. The samples demonstrated signif-
icant increase in relative density (83–96.53%) and hardness (132–228.36 HV) with increase in SiC addi-
tions. Compositional analysis indicated predominant nickel and silicon carbide in identified phases.
� 2019 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

One of the challenges encountered in advancing solid oxide fuel
cell (SOFC) technology is the development of interconnect materi-
als with adequate conductivity and stability for efficient long-term
use. The progress in the fabrication technology of SOFCs has made
it possible to reduce the cell operating temperature from 1000 �C
to the intermediate 600–800 �C without compromising its perfor-
mance (Charpentier, 2000; Wachsman and Lee, 2011). The lower
operating temperatures enable the use of high temperature oxida-
tion resistant metal-based interconnects in place of their ceramic
counterparts. Interconnects should be materials with good resis-
tance against oxidation, low electrical resistivity of oxide scale,
comparable thermal expansion and adequate mechanical strength
(Linderoth, 1996). Thus, the metallic interconnects offer many
advantages over their ceramic counterpart in terms of availability,
stability, electrical conductivity, thermal conductivity, ease of
manufacturing and low cost. However, the formation of a chromia
subscale during operation causes serious problems (Folgner, 2017).
Ceramic-metal composites are already under consideration as
interconnect in solid oxide fuel cell architecture, as they have
shown resilience in thermal stability and electrical conductivity.
Nickel alloys, due to their unique mechanical and thermal proper-
ties are of high consideration as interconnect. Besides, nickel alloys
have an added advantage of exhibiting better corrosion behaviour
which is attributed to passive film formation on its surface. The
applications of nickel and its alloys can be found in almost every
engineering field such as aerospace, marine, automotive, structural
and various other fields (Borkar and Banerjee, 2014; Tang et al.,
2009), due to its favourable properties such as high specific
strength, high corrosion, fatigue resistance and toughness
(Mohanta et al., 2014; Zeblon et al., 2018). Meanwhile, nickel-
based metal matrix composites are preferred in numerous applica-
tions with crucial characteristics such as corrosion resistance,
resistance to thermal creep deformation and elevated tempera-
tures strength (Zickler et al., 2009). Zinc and aluminium are essen-
tial components for chemical stability and enhanced conductivity
(Bounoughaz et al., 2003; Porter, 1994; Zhang, 1996). However,
using only metallic additives with their continuity at grain bound-
aries could cause an unfavourable condition after densification for
high temperature application.
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Several studies have described or demonstrated the incorpora-
tion of non-metallic additives as secondary phases in metal matrix
composites for improved chemical and mechanical stabilities using
different powder metallurgy techniques (Kondoh, 2015; Joshi et al.,
2005; Liu et al., 2006; Cui et al., 2005; Songmene and Balazinski,
1999). Ceramic secondary phases are often desired to improve sin-
terability and functionality of metal matrix composites (Khan and
Dixit, 2017; Saheb et al., 2012). Silicon carbide has been used as
additive to enhance the mechanical, thermal stability, and oxida-
tion resistance of the nickel alloy (Saheb et al., 2012; Tjong and
Ma, 2000). To the best of our knowledge, there are scarce reports
on Ni alloy-ceramic composites and the contributions of SiC addi-
tives to its chemical and physical properties. Herein, we describe
the preparation of nickel-based alloy reinforced with SiC particles
using spark plasma sintering technique and investigate the effect
of silicon carbide particle additions on the composition,microstruc-
ture, porosity, density andmicrohardness of Ni-base metal-ceramic
matrix composites for potential use as interconnects.

2. Materials and methods

2.1. Materials and sintering procedure

Nickel, zinc, aluminium and silicon carbide powders of the
desired stoichiometry of (90 � x) Ni-7Zn-3Al-xSiC, where x is var-
ied from 1 to 4 were mixed in a tubular mixer at room temperature
for 5 h at the rotating speed of 49 RPM. Spark plasma sintering sys-
tem (l HHPD-25, FCT Germany), was employed to sinter the mixed
powders at a temperature of 850 �C with heating rate of 100 �C/
min, holding time of 10 min and a pressure of 50 MPa. Metal
matrix composite samples of 40 mm diameter and 5 mm thickness
were prepared. The sintered samples were sand blasted to com-
pletely remove the graphite foil. Summary of the procedural
parameters is given in Table 1. Hence samples were polished to
mirror surface for further characterizations. First, grinding was
performed in two stages, using Aka-Piatto 220 and lubricating with
water at the speed of 300 rpm and a force of 35 N, then using Aka-
Allegran 3. The lubricant used was DiaMaxx 6 lm Poly, with speed
and force of 35 N and 150 RPM respectively, for 5 min. The final
polishing was performed using Aka-Napal and lubricated with Dia-
Maxx 1 lm Poly at 150 rpm with the force of 30 N for 4 min. The
relative densities of the sintered samples were measured using
Archimedes principles.

2.2. Characterization details

A precision cutting machine (BRILLANT 200) was used to cut
sintered metal-ceramic composite samples to the required sizes
for optical microscope examinations and the surfaces were pol-
ished with Struers polishing machine (Tegrapol-11). Following
standard procedures for hard alloys, the samples were mechani-
cally ground and polished to mirror surface using the procedure
described in Section 2.1. The samples surfaces were etched with
Table 1
Sintering parameters and sintered relative densities of TiNi/CSP
composites.

SPS Parameters Values

Sintering temperature (�C) 850
Sintering pressure (MPa) 50
Chamber pressure (mbar) 5 � 10�2

Heating rate (�C/minute) 100
Holding time (minute) 10
Maximum sintered sample density (%) 96.53
Sample thickness (mm) 5
Diameter (mm) 40
Kroll reagent for 1 min before optical microscopy examination.
Scanning electron microscope (FE-SEM, JSM-7600F, JEOL Japan)
and optical microscope (Nikon ECLIPSE DS-Fi1) were used for the
microstructural analyses, while energy-dispersive X-ray spec-
troscopy (EDX) was used (integrated with FE-SEM) for composi-
tional analysis. X-ray diffractometer (PW1710 Philips) with Cu
Ka radiation at 40 kV and 40 mA was used for phase identification
and chemical analysis. The diffractometry data obtained were ana-
lyzed using PANalytical X’Pert High Score software. Vickers micro-
hardness test was performed by using Future-tech 700
microhardness tester at an indent load 100 gf, and dwelling time
of 10 s.
3. Results and discussions

3.1. Composition and microstructural analyses

Phase analyses of the sintered samples were done with EDX,
and the identified phases are presented in Table 2, in term of their
elemental concentrations. For each sample, three main phases
were clearly identified (Figs. 1–4). Expectedly, all phases distin-
guished in the samples has nickel in combination with silicon, car-
bon and oxygen in substantial concentrations. With nickel as the
base component, it is not unexpected for it to be significant in all
phases, either as carbide or as solid solution with other metallic
components. Besides nickel, carbides are also present in all
observed phases. Studies have shown that apart from characteristic
mechanical influence of silicon carbide additions in the matrix, i.e.
grain growth inhibition and pinning (Asl et al., 2017), SiC also
improved the sinterability of metal matric composites by removing
the oxide impurity layer, and by forming a glassy SiO2 phase during
the sintering process (Janney, 1987; Zhang et al., 1995; Kang et al.,
2005; Jaroszewicz and Michalski, 2006; Torizuka et al., 1995). In
this work, formation of phases containing substantial amounts of
silicon oxide are observed as highlighted in Table 1. Zinc and alu-
minium concentrations were found, but not in all phases, and it
should be noted that both Zn and Al would be unstable at the sin-
tering temperature, which exceeded their melting points (419.53
and 660.3 �C respectively) and there would have been a thermal
reaction and transformation with nickel and SiC additive. At low
SiC addition, oxidation of Zn and Al within the matrix was
favoured, thereby encourage the formation of more oxides impu-
rity layers to the detriment of the metal alloy (Figs. 1 and 2), but
with relatively more SiC additions (i.e. NZAl-3SiC and NZAl-4SiC),
the sinterability was remarkably improved by the removal of the
oxide impurity layers and consequently forming amorphous SiO2

phase in the sintered alloy as observed in Figs. 3 and 4 (Baik and
Becher, 1987). The three main phases identified are Ni-rich, Si-C
rich and C-rich. Ni-rich is characterized by smooth and uniform
morphology (B, F, G, and J), as shown in the photomicrograph, it
is consisted of connected polygonal grains. The representative Si-
C rich phases are identified with C, H, K and L. EDX analysis also
indicated formations of carbides phases with other elemental pow-
ders in the matrix.

The sample photomicrographs gave vital information about the
porosity of the sintered metal composite based on SiC additions,
and two distinct morphologies are markedly observed. Dark spots
represented the closed pores and were dispersed within the den-
sely packed cubic nickel-rich crystallites phases. From microstruc-
tural analyses of the phases, it is inferred that the dark porous
spots observed are mostly due to direct sintering and reactions
of elemental particles of zinc and aluminium within the matrix
(Junior et al., 2016). However, with more SiC in the system, the
porosity of the samples reduced drastically, which indicated more
binary and ternary carbides formations (Figs. 3 and 4).



Table 2
Elemental characterizations of observed distinct phases in sintered metal composites.

Phase Elements (wt%)

Ni Al Zn Si C O Cl Fe

A 9.05 1.89 0.86 5.01 38.58 41.59 3.03 –
B 74.35 3.02 6.53 2.20 8.00 5.15 0.75 –
C 1.10 – – 55.07 41.64 2.18 – –
D 6.17 – 0.21 2.38 80.55 10.59 0.11 –
E 27.68 15.15 – 28.53 14.50 13.22 0.56 –
F 85.71 – 4.08 – 8.77 – – –
G 80.10 – – – 19.90 – – –
H 24.64 12.60 – 24.15 24.20 13.72 0.42 0.27
I 49.67 32.89 – – 7.58 8.46 0.62 0.79
J 61.22 32.52 – – 4.87 1.39 – –
K 76.16 4.07 6.86 3.73 6.91 2.27 – –
L 65.48 – – 16.65 17.88 – – –

Fig. 1. Images of NZA-1SiC (a) photomicrograph 40X, (b) photomicrograph 250X, (c) SEM micrograph.

Fig. 2. Images of NZA-2SiC (a) photomicrograph 40X, (b) photomicrograph 250X, (c) SEM micrograph.
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3.2. Crystallographic analysis

The diffraction patterns of the sintered samples at different SiC
additions are presented in Fig. 5. The spectra obtained showed that
the samples are polycrystalline in nature with sharp and distinct
peaks. As indicated, the peaks are indexed to the cubic structure
of nickel (Ni4), according to the reference standards (Wyckoff,
1963; Lundqvist, 1947). The observed peaks are identical for the
samples, and the peaks have preferred orientation at the planes
observed at (1 1 1), (0 0 2) and (0 2 2). Direct observation of the
existence of different phases could not be confirmed by the diffrac-
tion analysis, which is either due to the detection limit of the
equipment or the crystallinity level of the constituent phases in
the sintered metal-ceramic composite. Diffraction peaks will only
emanate from phases having ordered atomic arrangement, and
constructive reflections from their planes. This shows that only
detectable crystalline phases of the samples consist of cubic nickel
solid solution which were observed from three different 2 theta
angles, and with the most preferred orientation at plane (1 1 1).
This can be attributed to the concentration of the nickel in the
matrix being the base metal. The increase in intensity of the
diffraction lines showed that despite the reduction in weight per-
centage of the nickel in the metal matrix as SiC increased, there
was an increase in crystallinity of the sintered metal matrix com-
posite. It shows that the atomic arrangement of Ni-rich phases in
the alloy became more orderly with SiC. These results are consis-
tent with microhardness studies, which showed the improved
hardness of the material on the addition of SiC.



Fig. 3. Images of NZA-3SiC (a) photomicrograph 40X, (b) photomicrograph 250X, (c) SEM micrograph.

Fig. 4. Images of NZA-4SiC (a) photomicrograph 40X, (b) photomicrograph 250X, (c) SEM micrograph.

Fig. 5. XRD diffraction for samples.
Fig. 6. Effect of SiC addition on physical properties of sintered Ni-Zn-Al-SiC.
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3.3. Densification and microhardness

Density is the key factor that affects the mechanical properties
of metallic alloys. Higher density alloys and metal composites gen-
erate improved mechanical properties, and additive materials can
directly affect mechanical properties and densification (Asl et al.,
2017). The relationships between SiC addition, density and hard-
ness is shown in Fig. 6. The highest relative density of 96.53%
was obtained at 4% SiC. As illustrated in the graphical plot, with
other parameters kept constant, densification gradually increases
with increasing SiC addition. Expectedly, the hardness of sample
shares the same characteristic relationship with the relative den-
sity as a function of SiC. It should be noted that for pure nickel,
the hardness value 65.06 HV. It is thus indicated that the higher
the amount of SiC in the composite, the higher the hardness value
obtained. At minimum SiC addition (NZAl-1SiC), the hardness is
132.44 HV, while 228.36 HV was obtained for sample NZAl-4SiC.
From the phase composition analysis, it is clearly observed that
the thermally stable SiC are well distributed in the sintered metal-
lic composite both with the grains and at boundaries. It is ulti-
mately inferred that improvement in hardness is due to SiC
addition, and it can be adduced to the inhibition of grain growth
between the metallic particles by pinning effect (Kondoh, 2015),
reaction with oxide layers on metallic surfaces to form SiO2 and
formation carbide phases with elemental constituents. The direct
relationship between the densification and hardness of the sin-
tered metal-ceramic composite is also shown in Fig. 7, which is



Fig. 7. Representative 3-D surface morphology images (a) NZAl-1SiC, (b) NZAl-4SiC.
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the 3-D representation of morphology of sample 1 wt% SiC (Fig. 7a)
and 4 wt% SiC (Fig. 7b). It is seen that sample with less porosity
exhibited the highest hardness.

4. Conclusions

Silicon carbide reinforced Ni-Zn-Al metal matrix composites
have been prepared using spark plasma sintering technique and
based on the parameters earlier stated. The effect of additions of
SiC on compositional and physical characteristics of the sintered
MMC has been studied. The compositional results showed that
SiC addition enhanced the formation of carbides phases with other
components in the sintered specimen and SiO2, which greatly
enhanced the physical property of the system. Also, microstruc-
tural study indicated decreased in porosity, enhanced density by
SiC addition, thus increase in density corresponds to increase in
SiC content in the system. Hardness property of the MMC was
found to be improved remarkably with the addition of SiC. Based
on the present study, the optimal concentration of SiC in Ni-Zn-
Al system with the best result is 4 wt%. It can be concluded that,
SiC is a promising additive material to be used in the development
of new fuel cell interconnect materials with enhanced physical
characteristics.
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