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Nickel matrix composites reinforced with alpha-silicon carbide of various concentra-
tions (up to 4 wt.% ) were investigated. Samples were made by powder mixing followed by
a process of powder technology. The resulting SiC/nickel composite powders were cold
compacted at 400 MPa in a single-axis head, followed by sintering in a controlled furnace
at 1000°C in an atmosphere of sintering a hydrogen/nitrogen mixture of 3:2. The SiC/Ni
powders, as well as crushed and polished consolidated composites were investigated using
a scanning electron microscope and X-ray diffraction (XRD). The microstructures of the
obtained sintered SiC/Ni composites show a uniform distribution of SiC particles in the
nickel matrix. XRD data showed that the sintered SiC/Ni composites consist mainly of
(fce) Ni as the main phase and o—SiC phase. To assess the sintering process of the obtained
SiC/Ni composites, their density, electrical conductivity, coefficient of thermal expansion
at various temperatures, and hardness were measured. The relative density, electrical
conductivity, and thermal expansion coefficient of the sintered SiC/Ni composites obtained
decreased; hardness increased by increasing the SiC content in the nickel matrix.

Keywords: SiC/Ni composites, sintering, coefficient of thermal expansion, electrical
conductivity, hardness.

WccaemosBanpl HUKejleBble MATPUUYHBIE KOMIIOSHTBI, apMUPOBAHHBIE auabha-KapOumom
KPeMHHUS PasAuYHBIX KOHIeHTpanuii (o 4 mac. %). OGpasibl M3roTaBJIMBAJINCh METOILOM
CMEIIIMBAHUSA IIOPOMIKOB C IIOCIEIYIONUM IIPOIEeCCOM IIOPOIIKOBOM TexHogoruu. [loayduernnsie
rommnosunuonusie nopomru SiC/Ni nogsepranuces xonoguomy npeccopanuoo npu 400 MIla B
OJHOOCHOU T0JO0BKe ¢ mochenyiomum crnexanmem mpum 1000°C B armocdepe Bomopoj/asor
(3:2). TTopomku SiC/Ni u usMenbuyeHHBIE, OTIIOJMPOBAHHBIE KOHCOJIUIUPOBAHHBIE KOMIIO3U-
THI MCCJIELOBAHBl METOLAMU CKAHUPYIOIEH 9JIeKTPOHHON MUKPOCKOIUY U PEHTIEHOCTPYKTYD-
Horo aHaausa. MukpocTpyKTypsl Kommo3uros SiC/Ni, mosyueHHBIX IoC/e CIIeKaHUdA, XapaK-
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TepU3yIOTCA OJHOPOJSHBIM pacnpegenennem uactul] SiC B HukesneBoit martpuie. JaHHble
PEHTreHOCTPYKTYPHOrO aHAJAM3a II0Kas3aau, 4uTo cliedeHHble KomiosuTel SiC/Ni cocroar B
ocuoBaoM u3 (T'IIK) Ni B rauecrBe ocHoBHOI (asel u dasel 0—SiC. Taa OLUEHKM BIUAHUI
mporecca cueKaHus Ha noaydeHHble Komuos3uTbl SiC/Ni msMepeHbl MX ILIOTHOCTB, 3JIEKTPO-
[IPOBOJHOCTE, KOX(PMUIMEHT TEILIOBOr0 PACIIMPEHUA IIPU PASJUYHBIX TEMIIEpaTypax 1 TBep-
poctb. OTHOCUTENBbHAA ILIOTHOCTb, 3JEKTPOIIPOBOLHOCTE U KO3(MUIUEHT TEIJIOBOI'O PACIIU-
perusa xommnosuroB SiC/Ni cHusxarTCa B Ipoliecce CIEKAHUA, TOIA KAK TBEPAOCTh YBEJUYU-
BaeTcsA 3a cueT yBeaudeHUsa cofep:kanua SiC B HUKeIeBOH MaTpUILe.

Nocaimxenns suausy Bmicty SiC ma mikpocTpykTypy, disuuni BracTusocti i TBepaicTs
komuo3zurie SiC/Ni. Hanan M. Makled, Mahmudun N. Chowdhury, Ahmed I. Ali,
Ibrahim 8. Qassem, Walid M. Daoush.

Hocaip:xeHo HiKeseBi MaTpuuyHi KOMIIOSUTH, apMOBaHi aabda-KapdizoMm KpemMHiIO pisHUX
KoHrmeHTtpaniii (mo 4 mac.%). 3pasKku BUTOTOBIAJNMNCSA METOIOM S3MIilIlyBaHHS IIOPOIIKIB 3
MOJAJIBIINM IIPOLECOM IIOPOLIKOBOI TexHoJsorii. Orpumani kommosuniiini mopomru SiC/Ni
niggasaam xoJuomHomy yirinbHenHro upu 400 MIla B oxgHoocHiM roxiBmi 3 HacTynHHM
cunikanusam upu 1000°C B armocdepi Bomenn/azor (3:2). Ilopomrm SiC/Ni i moapibuemni,
BifiTIoNipoBaHi KOHCOJNiZOBAaHI KOMMIO3SUTH [JOCJiIMKEHO 3a JOTOMOTOI0 METOMIB CKaHyHUOol
eJeKTPOHHOI MiKpocKomii Ta peHTreHOCTPYKTYpHOro aHajisdy. MiKpOCTPYKTYPH KOMIIO3UTIB
SiC/Ni, orpumanux micasa cuikaHHA, XapaKTePU3YIOTHCH OJLHOPIMHUM POSIOLIJIOM YacTOK ¥
HikeseBift maTputi. Jani peHTreHOCTPYKTYPHOTO aHaMizy moKasanau, 10 cledeHi KOMIIOBUTU
Sc/Ni ckaagatorbess B ocuHoBuomy 3 (T'IIK) B saAxocti ocmoBuoi (asmu i dasu o—-SiC. dua
OIiHKM BIIUBY mporecy cmikawmus ua orpumani SiC/Ni xommosuTu Bumipsimo ix rycruny,
eJIeKTPONpPOBiAHICTh, Koe(illieHT TennoBOTO PpOSMIMPEHHS NOPU pPi3HMX TeMIeparypax i
TBepAicTh. BigHocHa ryctuHa, eneKTpPONpoOBiAHICTL 1 KoedillieHT TeNIOBOTO PO3MIMPEHHS
kommosuTis SiC/Ni sHmmyooThCA y mpoleci cmikanas, Toal AK TBepaicThk 30iablryeThbesa 3a

paxyHok 36inpmenna smicty SiC y mirenesiit marpumii.

1. Introduction

Nowadays, different types of materials
can be used in the fabrication of cutting
tools in metal working industry, including
high carbon steel, hard metals and alloys,
ceramics, cubic boron nitride, diamonds,
cermets and composites etc. In most cases
the tool is based on the proper material for
each application. Because of the good me-
chanical properties of ceramic cutting tools,
the high-speed machining is used in the ma-
chining industry [1-6]. Therefore, the
physical and mechanical properties of cut-
ting tools play an important rule to ensure
the efficiency of machining. Ceramic cut-
ting tool are the most important for ma-
chining hard materials due to their excel-
lent mechanical properties at elevated tem-
peratures [7, 8]. SiC cutting tools which
became the promising cutting tools among
the ceramic cutting tools due to their high
hardness [2, 8], strength, and fracture
toughness [9-11]. However, the limitations
of their applications are insufficient wear
resistance and inferior thermal shock resis-
tance, which causes high wear rate [10, 11].
To obtain a good wear resistance cutting
tools, a SiC cutting tools was introduced in
the light spot for researchers in the last
three decades on a wide variety of applica-
tions [13, 14]. Due to their high thermal
conductivity, high fracture toughness, high
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wear resistance, and stabilities at elevated
temperatures, SiC ceramic cutting tools can
show reliable cutting performance during
high speed turning of gray cast iron [15-
18]. However, SiC cutting tools faces many
problems during the machining such as high
temperature of edge, high temperature of
the cutting tools, and weak resistance with
high speeds; resulting in the weakness of
the industrial production [19-22]. Recently,
the composites are widely used in fabrica-
tion of cutting tools due to their excellent
properties at high temperature and resis-
tance of corrosions [23]. Ni composite rein-
forced with ceramic particles are considered
as the suitable candidate for the application
of cutting tools because of his chemical sta-
bility at elevated temperatures, thermal co-
efficient expansion, hardness, resistance of
corrosion [22—27]. Ni embedded with SiC
was studied for the application in the fabri-
cation of cutting tools [21]. The addition of
Ni to SiC composites had improved the
physical and mechanical properties of cut-
ting tools. It was reported in previous work
that, the interfacial reactions between Ni
and SiC have been improved its properties
[28, 25]. The SiC/Ni composite increased the
strength properties of cutting tools at ele-
vated temperature and high pressure. In ad-
dition, Ni is enhanced the thermal and elec-
tric conductivity [22].
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Fig. 1. SEM images of a) SiC and b) Ni powders.

The presence work deals with the study
of the effect of SiC content on the micro-
structure and properties of SiC/Nickel com-
posites fabricated by using powder metal-
lurgy technique. The produced sintered
composites were investigated using XRD
and SEM. The conductivity at room tem-
perature, thermal expansion coefficient at
different temperatures as well as the hard-
ness have been measured to evaluate the
produced sintered composites.

2. Experimental

o—SiC powder with an average particle
size of 100 um were provided from Bohler
Co LTD, Germany, powder with a specific
particle size of 2—-3 mm was purchased from
Jin Sheng International Industrial LTD
(China), paraffin wax was purchased from
El-Nas ser Co LTD (Egypt), acetone was
provided from El-Nasser Co LTD (Egypt).

Fig. 1 shows SEM images of the investi-
gated o—SiC and Ni powders. It is observed
that, the SiC particles have equiaxed parti-
cle shape however, the Ni particles have po-
lygonal particle shape.

Six groups of SiC/Ni mixtures are pre-
pared (Ni pure, Ni/wax, 1, 2, 3 and 4 wt.%
SiC and the balance is Ni). The sample mix-
tures are prepared by grinding of the con-
stituents in agate mortar for 30 min using
acetone as a grinding media. The obtained
mixtures were cold compacted at 400 MPa
in a uniaxial die with diameter of 12 mm
using a hydraulic press. The compacted
samples are then sintered at 1000°C under
controlled atmosphere of (3:2 H,/N, gas
mixtures) for 120 min. The produced in-
tered samples are grinded, polished and un-
derwent metallographic investigations by
SEM.
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The theoretical densities of the produced
composites were calculated by using the
rule of mixtures using Eq. (1):

where d., d,, d; are the densities of the com-
posite, Ni matrix and SiC reinforcement phase,
respectively and V,,, V; are the fractional volume
of the Ni matrix and SiC phase, respectively.

The density of the obtained SiC/Ni sintered
samples was measured using water as a float-
ing liquid and the sintered density p is calcu-
lated by the Archimedes principal using Eq. (2)
as follows;

p= Wair/Wair - Wwater ’ (2)

where W,;. and W .. are the weight of

specimen in air and in water, respectively.
The relative density p,.;4sive 15 estimated by
calculating the ratio of the actual composite

density p to the theoretical density p;; by
using Eq. (3) as follows;

Prelative = pr/pth' (3)

The coefficient of thermal expansion is
measured using the dilatometry method at 50,
100, 150, 200, 250 and 300°C, respectively,
for 15 min by heating rate of 17°C/min. The
linear coefficient of thermal expansion (CTE)
was calculated according to the Eq. (4):

1 (1AL 4)
o=——t=|= ,
AT | Ly |AT

where o is the CTE, AT =T — Ty is the tem-
perature interval, and Ty = 293 K, € = AL/L, is
the relative length in the change, and AL is
the expansion (AL =L — Lg) and Lj is the
original length.
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The theoretical electrical conductivity of
the produced SiC/Ni composites is calculated
by using the rule of mixtures by using Eq.
(5) as follows:

where P, Py are the theoretical conductiv-
ity of the metal and the reinforcement
phase, respectively and V,, Vy are the frac-
tional volume of the metal matrix and rein-
forcement phase, respectively.

The electrical resistivity of the SiC/Ni
composites is measured by the four-probe
method using a digital Multi-meter GDM-
6145 device. The resistivity p is determined
using Eq. (6), while the electrical conductiv-
ity o is calculated by applying the data of
the resistivity in the Ohm’s law as follows:

p=R-A/L, (6)

where R is the resistance in uQ, L is the
length measured in em, A is the cross-section
area in cm2, p is the resistivity in uQ em and
the electrical conductivity o is the reciprocal

of the electrical resistivity o = 1/p.

The micro-hardness values of the present
SiC/Ni composites are measured by taking
the average of six different indentation
measurements on each specimen using 100-
gram load for 15 sec.

3. Results and discussion

Powder compaction has assumed an im-
portant role in the production of many pow-
der metallurgy products. It is a complex
phenomenon consisting of a continuous de-
crease in porosity by progressive compac-
tion. Different identifiable stages occur
during powder compaction, namely, sliding
and rearrangement of the particles, elastic
compression at the particle-particle contact
points and plastic deformation at these con-
tact points, or fragmentation for brittle ma-
terials. These stages overlap to a certain
degree and are influenced with the charac-
teristics of powders in terms of: strength,
size, size distribution and shape, and also
the method of compaction. Sintering is the
most important and, from the technical
viewpoint, the most difficult procedure in
production of sintered materials. As a re-
sult of this operation, the material acquires
the required physical and mechanical proper-
ties. Sintering is the final operation in the
manufacture of powder metallurgy parts.
Sintering is often carried out in a controlled
atmosphere which enables the required
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properties of sintered material to be ob-
tained without oxidation or other reactions,
depending on the nature of material in fur-
nace with either a protective atmosphere or
in wvacuum furnace. Sintering process
changes a dispersed or powdered body into a
solid metallic one.

In this investigation, the sintering proc-
ess was assessed by measuring the change in
dimensions of each sample manually before
and after sintering using a dial gauge mi-
crometer of 1078 mm sensitivity. The
change in dimensions and weights of inves-
tigated materials during sintering is the re-
sult of changes in dimensions and weights
of SiC/Ni composites which were mixed pre-
viously. In order to understand the effect of
the SiC content on the changes in the di-
mension of the investigated materials, the
sinterability of the sintered materials were
measured. It was found that almost no
changes in weight of the produced SiC/Ni
composites were observed during sintering
operation, which meant that no reaction be-
tween the constituents (SiC and Ni) and the
hydrogen or nitrogen gas was taking place
during sintering for all the produced samples.

Fig. 2(a—d) shows SEM micrographs of
the cross-sectional area of the prepared 1,
2, 8 and 4 wt.% SiC/Ni sintered composites.
It is observed that, the SiC particles are
homogenously distributed in the nickel ma-
trix with good adhesion between SIiC and
Ni-matrix. As one can notice that in the
micrograph (a) of 1 wt.% of SiC in Ni ma-
trix, equiaxed SiC particles is dispersed in
the nickel matrix which as black particles in
the Ni matrix. By increasing the SiC wt. %
the dispersed phase volume content is in-
creased as shown in the microstructures of
the produced composites. It also observed
from the microstructure of the produced
SiC/Ni sintered composites that some pores
are appeared in the nickel matrix. This po-
rosity content is due to the partial coales-
cence of some nickel particles during sinter-
ing at 1000°C temperature. This low sinter-
ing temperature was selected to be below
the oxidation temperature of silicon carbide
and nickel and to keep the structure and the
chemical composition of silicon carbide and
nickel stable under the sintering conditions
in the presence of the inert (non-oxidizing)
atmosphere of H,/N, gases. The reason for
the improved bonding sinterability and den-
sity of SiC/Ni composites is mainly due to the
particle/particle contacts are mainly Ni/Ni
contacts and sintering behaves like Ni com-
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Fig. 2. SEM micrographs of

pacts sintering especially in case of low SiC
content in the obtained SiC/Ni composites.
The X-ray diffraction patterns of the
produced sintered Ni and it corresponding
SiC/Ni composites sintered at 1000°C are
shown in Fig. 3. It is observed that, the
identical peaks of pure nickel and SiC
phases were appeared. It also showed from
the result that, the sintered SiC/Ni compos-
ites consists of (fcc) Ni as a major phase and
a coexisting o—SiC is appeared. It was
found that there is no foreign peak are ap-
peared indicating that there are no any for-
eign inclusions impeded in the samples. Al-
though the Ni metal and the SiC can react
under elevated temperature, the investi-
gated sintering temperature (1000°C) and
the short sintering time (120 min) are not
suitable conditions to enhance the interac-
tion between Ni and the particles under the
controlled atmosphere of (H,/N, gas mix-
tures). In addition, the XRD diffraction
pattern of pure Ni metal shows diffraction
peaks of (311), (220) and (111) charac-
teristics of a (fcc) structure. The XRD dif-
fraction pattern of the SiC/Ni composites
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SiC/Ni composites where; a) 1 wt. % SiC/Ni, b) 2 wt. % SiC/Ni, c)
3 wt. % SIiC/Ni and d) 4 wt. % SiC/Ni composites.

reflected no changes in the microstructure.
This result indicated that the produced
SiC/Ni composites does not oxidized and
chemically stable during the sintering process
at 1000°C under the controlled reduced atmos-
phere of (3:2 H,y/N, gas mixtures) for 120 min.
By other word the sintering temperature is
lower than the oxidation temperatures of both
the Ni metal and the a—SiC particles.

Fig. 4 shows the relative sintered densi-
ties in comparison with the corresponding
relative green densities of the produced
SiC/Ni composites with different SiC con-
tent. The relative green densities of the pro-
duced SIiC/Ni green composites were deter-
mined by calculating the engineering densi-
ties. The weight of each sample was
measured using three-digit electric balance
and its dimension and volume was calcu-
lated using 0.01 mm micrometer. It is ob-
served that the composites of low SiC con-
tent has higher relative densities than the
composites have higher SiC contents. It is
due to the good sinterability of composites
have low SiC content which enhance the for-
mation of strong binding forces between the

Functional materials, 26, 1, 2019
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Fig. 3. XRD patterns of pure nickel and the
corresponding SiC/Ni composite.

SiC particles and the nickel matrix. How-
ever, by increasing the SiC content the sin-
terability is decreased due to the crowding
and agglomerations of the SiC particles in
the Ni matrix which enhance the particle-
particle interactions and the formation of
air gaps between the SiC particles and the
Ni matrix and form weak binding forces be-
tween the SiC particles and the Ni matrix.
Fig. 5 shows the effect of temperature on
the coefficient of thermal expansion (CTE)
of the prepared SiC/Ni composites. It was
noted that the CTE decreased by increasing
of the SiC content. Also, the results ob-
served that, the slope of the CTE line in-
creased linearly up to 8300°C. This is due to
the initial hydrostatic compression of the
reinforcement is relieved partially through
the Ni-matrix causing an increasing expan-
sion of the composite by raising the tem-
perature. It also observed that at high tem-
perature above 200°C, the CTE wvalues in-
creased by smaller rates than at low
temperature below 200°C, because the inter-
nal stresses in the matrix are decreased
during heating due to the decreasing mis-
match strains and their more uniform redis-
tribution by relaxation processes, namely
plastic flow at high temperature [15-17].
The conductivity measurements were per-
formed in order to investigate the effect of
SiC content on the sinterability of the
SiC/Ni composites. Fig. 6 shows the electri-
cal conductivity wvalues of the produced
SiC/Ni composites as a function of the SiC
content. It was observed that by increasing
the SiC content in the Ni matrix, the electri-
cal conductivity decreased. It is due to two
factors, first is the electrical property of
metals originally is influenced by the elec-
tron movement in the composite structure
and decrease the conductivity of the Ni ma-
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Fig. 4. Effect of SiC content on the relative
green and sintered density of the produced
SiC/Ni composites.
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Fig. 5. Effect of SiC content on the CTE at
different temperatures of the produced
SiC/Ni composites.

trix. By increasing of the SiC content in the
metal matrix, the structure distorts due to
the formation of the interfaces between the
SiC particles and the nickel matrix causes
some impediment for the electron motion.
This leads to increase in resistivity and con-
sequently decrease electrical conductivities
of the composites with increasing the SiC
particles content. The second reason is the
contribution of the SIiC particles as poor
conductor decrease the total electrical con-
ductivity of the composite. In addition, the
electrical conductivity is directly affected
by porosity, the greater the void content,
the lower is the electrical conductivity.
Since the conductivity of a pore is zero. The
increase of resistivity is largely attributable
to the formation of excess vacancies. Porosity
caused a break in the continuous Ni-matrix
skeleton network, which is responsible for
conducting electrical current in the composite
materials. The absence of this continuous net-
work increases the electrical resistivity [28].

Hardness measurements were performed
in order to investigate the strengthening ef-
fect of SiC particles reinforcements on the
Ni matrix. The Vickers hardness values of
SiC/Ni composites are shown in Fig. 7. In
general, it was observed that, by increasing
the o—SiC-hard phase content, an increasing
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Fig. 6. Effect of SiC content on the electrical
conductivity of the prepared SiC/Ni.

in the hardness of specimens exhibited. This
is expected because the hardness of a—SiC is
higher than the hardness of Ni. The in-situ
hardness of Ni, namely 66, is much lower
than the typical values of 240 for bulk Ni.
This difference is explained due to the ef-
fect of the porosity content (~ 9 %.) in the
Ni matrix as shown in Fig. 4. This result
can be discussed due to the densification
effect. By increasing the Ni metal binder
content (0—SiC-particles content decreased),
the porosity was decreased, the densifica-
tion was increased and as a result the hard-
ness increased. On the other hand, by in-
creasing the content of o—SiC-reinforcement
phase, the hard phase increased and en-
hanced the total hardness of the SiC/Ni
composite. One can also shows from the
data of the measured hardness for the Ni
binder phase that the exact character of the
microstructure as shown in Fig. 2 has a
critical influence on the hardness. There is
no evidence of a continuous o—SiC-skeleton
in the materials. The low surface energies
that correspond to such complete wetting
promote coverage of all the SiC particles
surface with Ni matrix [29, 30].

4. Conclusions

In this work, a—SiC/Ni composite powder
mixtures with different a—SiC-content were
prepared. The SiC/Ni composite powders
were consolidated using conventional pow-
der technology route with a 120 min hold-
ing time, the composites could be consoli-
dated to full density at relatively low tem-
perature of 1000°C. The microstructure
characterizations of the obtained SiC/Ni
composites showed that the SiC particles
were embedded in the Ni matrix exerted
strong influence on the properties of the
produced composites. The X-ray diffraction
of the produced composites identifies two

98

1800 1739
1600 1469 1552

1400 1236
1200
1000

800

600

400

200 66

0 |
0 1 2 3

SiC content, wt.%

Hardness, HV

Fig. 7. The effect of SiC addition on the
hardness of the produced SiC/Ni composites.

single different phases, one for SiC and the
other for Ni. Significant decrease in the sin-
tering density as well as the electrical con-
ductivity of the produced SiC/Ni composites
could be observed. The coefficient of ther-
mal expansion at different temperatures of
the produced composites decreases by in-
creasing content. The hardness of SiC/Ni
composites increases by increasing the SiC
content. These changes were reflected in an
increase of the hardness as compared to
pure Ni. By increasing the SiC content, the
density is clearly decreases while the
strengthening is progressively achieved.
From our results, we suggested that the
particles can be reinforced in the Ni matrix
and improved the properties of Ni, which
make it great candidate as a cutting tool.
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