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Abstract

A simple and energy-efficient method combining a thermite reaction and centrifugal infiltration was applied to produce Ni/WC composites.
Driven by a centrifugal force, the molten Ni in-situ produced by a thermite reaction infiltrated into a porous preform of WC powder compact.
After solidification, a Ni/WC composite was obtained with two metallurgically bonded layers. Both of the two layers were composed of Ni and
WC but with different contents. In different regions of the sample, WC particles with different morphologies and sizes were observed, which
were caused by the competition of growth and relaxation of WC particles. The WC-rich layer showed an average hardness of 81.5 HRA, and the

hardness of the Ni-rich layer gradually decreased from 61.4 HRA to 53.9 HRA.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Metal matrix composites (MMCs) have drawn wide atten-
tion since they combine both metal and ceramic phases and
thus exhibit better wear resistance, higher specific elastic
modulus and strength compared to monolithic metals. Magne-
sium-, aluminum-, titanium-, copper-, iron- and nickel-based
MMCs have been well studied and have found wide applica-
tions in automotive, aerospace and electronic fields. For
example, prominent wear and tribological properties have
made MMCs promising candidates for applications with severe
wear abrasive conditions [1].

Both solid-state and liquid-state routes have been used to
fabricate MMCs [2]. For instance, powder metallurgy method
belonging to the solid-state route is commonly used in the
production of cemented carbides while the liquid-state route is
primarily based on the casting technique and it has advantages
in obtaining near-net-shape final products in a simple and cost-
effective manner. Liquid infiltration is a kind of liquid-state
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route. When the liquid metal is poured into a mold where a
porous preform made of reinforcements is placed in advance, it
can infiltrate into the pores of the preform with the assistance
of driving forces. After solidification, the metal matrix tightly
bonds the reinforcements and a composite can be produced.
According to the infiltration driving forces, liquid infiltration
can be divided into spontaneous infiltration, squeeze casting
and pressure-assisted casting [3]. However, by now, papers in
terms of liquid infiltration are mainly about light metals such
as magnesium, aluminum and titanium; also the iron-based
composite is fabricated through infiltration because the casting
technique for steel is pretty mature [4-6]. The common
characteristic is that in all these cases, molten metals are
prepared by melting ingots in an external furnace, which
consumes a large amount of energy especially when the
melting point of the metal is high and requires relatively
complicated apparatuses and production processes.
Nickel-based MMCs reinforced by WC particles with
different volume fractions have been intensively investigated.
Cemented carbides with nickel as the binding phase have been
regarded as promising partial or total substitutions of Co-based
cemented carbides, since nickel is also a prominent ductile and
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wetting phase to combine WC particles but is cheaper and
more erosion-resistant than cobalt [7-9]. In addition, WC
reinforced Ni surface composites [10—15] have also been
produced by laser cladding, spray coating or electrodeposition
to form wear-resistant layers on steel/copper substrates. It was
found that as thick as 1 mm layers were successfully produced
and were metallurgically bonded with the substrates and
remarkably higher hardness could be obtained than that of
the substrates. Consequently, better tribological and wear
properties were gained in the surface-modified substrates than
those unmodified. It should be noted that either Ni-based
cemented carbides or surface composites were mainly fabri-
cated through solid-state routes. To be more specific, the raw
materials are mainly Ni and WC powders. To our knowledge,
few results [16] about the production of a bulk Ni/WC
composite through infiltration have ever been reported.

To avoid the drawbacks that a relatively high temperature is
required for melting nickel alloys (the melting point of pure
nickel is 1726 K) and complicated processes are necessary for
melting and transfer of the molten nickel alloy [17], the
primary idea of this work is to find a novel method to obtain
liquid nickel and to infiltrate it into a WC preform simulta-
neously to produce a bulk Ni/WC composite. The thermite
reaction provides the opportunity to acquire liquid nickel
without any need of an external heating apparatus. As a form
of oxidation—-reduction reaction, the thermite reaction can be
used to produce a mixture of ceramic (usually alumina) and
metal (nickel, iron, chromium, etc.). Both ceramic and metal
are in molten state on account of the high exothermic
inherence of the thermite reaction which results in a reaction
temperature significantly higher than the melting temperatures
of both ceramic and metal. Under the action of centrifugal
forces, molten ceramic and metal can be separated from each
other due to the differences of density and surface tension
between the constituents. In addition, through changing the
value of centrifugal forces, the degree of separation can be
controlled, which makes the fabrication of various materials
possible [18]. In this study, a high-temperature mixture of
molten alumina and nickel was generated and they were
separated under a centrifugal field. Since the density of liquid
nickel (8.9 g/em?) is pretty larger than that of alumina (3.97 g/
cm?®), the molten nickel segregated toward the bottom of the
mold which was at the outer periphery of the centrifugal
apparatus. Preplaced loose WC particles were on the bottom of
the mold and interstices among the particles were saturated by
the liquid nickel during infiltration. After solidification, a bulk
Ni/WC composite would be successfully fabricated.

2. Experimental

Commercial WC (purity >99.8%, ~4 pm), NiO (purity
Ni>77.8%, 15 pm) and Al (purity 99.9%, 100-mesh) powders
were used as raw materials. According to the reaction equation
(see Eq. (1)), the mass ratio of NiO to Al was determined to be
80:20. The mixed NiO-20 wt% Al powders were dry milled
using zirconia balls in a PTFE mill for 1 h at a speed of 30 rpm
and then were dried at a temperature of 120 °C for 5 h. Each

batch of 50 g mixed powders was cold-pressed into a compact
form with a uniaxial pressure of 10 MPa in a steel mold with
an inner diameter of 40 mm. Five batches were placed together
in a silica tube also with an inner diameter of 40 mm. Loose
WC particles with a weight of 60 g (40 mm in diameter and
8.5 mm in thickness) were preplaced on the bottom of the tube.
The silica tube and powders were thereafter placed in a
graphite mold with an inner diameter of 50 mm, and the blank
area between the outer periphery of the silica tube and the
inner periphery of the graphite mold was filled by quartz sand
for heat insulation. Then, the mold was coated by a carbon felt
and was put into a steel vessel mounted on a Ni-based
superalloy rotator. The rotator as well as other assemblies
was placed in a closed reaction chamber. Schematic descrip-
tion is present in Fig. 1.

3NiO+2Al=3Ni+Al,O;, (AH,= — 891.76 kJ/mol, T,q=3524 K)
(D

The reaction chamber was evacuated to a vacuum of
< 100 Pa. Subsequently, the rotator was started. By changing
the rotation speed, a high centrifugal field ranging from 100g
to 5000g could be generated in a laboratory scale (g is the
gravity acceleration). A tungsten coil was placed near the
reactants and was used to ignite the thermite reaction after the
rotation speed reached the designed value. A large amount of
heat was generated and the reaction products, namely alumina
and nickel, were both melted. Due to the density difference
between alumina and nickel, separation of these two molten
constituents occurred and the nickel then segregated towards
the bottom of the mold and infiltrated into the interstices
among the loose WC particles. A bulk Ni/WC composite was
fabricated after solidification. Bulk alumina was also produced
as a by-product. In this work, the value of the centrifugal field
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Fig. 1. Schematic descriptions of (a) mold and (b) rotating system.
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was determined to be 500g which was sufficient enough to
fully separate these two reaction products.

Specimen of the cross section of the composite was prepared
by standard polishing techniques. The microstructure of the
composite was examined by scanning electron microscopy
(SEM; S-3400, Hitachi, Japan) equipped with an energy-
dispersive X-ray spectrometer (EDS; INCA, Oxford Instru-
ment, UK). X-ray diffraction (XRD; D8 Focus, Bruker,
Germany) was used to identify the possible phases in the
composite and a Rockwell hardness tester was also used to
assess the hardness profile of the composite.

3. Results and discussion
3.1. Macrostructure of the sample

As shown in Fig. 2, a Ni/WC composite with bulk
alumina as the byproduct was successfully fabricated

through centrifugal infiltration combined with SHS reaction
of the thermite composed of Al and NiO. After ignition, the

AL O, Bulk

Ni/WC Composite

Ni-rich Layer

WC-rich Layer

Fig. 2. (a) The macrostructure of the products and (b) the cross-section of the
Ni/WC composite which shows two different layers. The white arrow indicates
the direction of centrifugal forces.

mixed powders reacted violently in a self-propagating
manner, and remarkable high temperature was generated.
The molten alumina and nickel were separated from each
other in a centrifugal field and the molten nickel infiltrated
into the WC preform. Due to the decrease of temperature,
thereafter both would solidify. The ultimate result of the
separation, infiltration and solidification processes was two
totally separated layers, namely cylindrical bulk alumina
(40 mm in diameter, 10 mm in thickness and a weight of
21.07g) on the upper layer and a cylindrical composite ingot
(40 mm in diameter, 14 mm in thickness and a weight of
173.83g) on the lower layer.

Fig. 2(b) shows the cross section of the Ni/WC composite.
Two closely adherent layers with different colors can be
observed. Along the direction of centrifugal forces, the upper
layer with light color is enriched in Ni, whereas the lower layer
with darker color is enriched in WC. It is obvious that the
thickness of the WC-rich layer is remarkably smaller than the
initial thickness of the preplaced loose WC particles, which are
4 mm and 8.5 mm respectively. This can be explained by
densification of loose WC particles during the centrifugal
process as well as the transfer of WC particles. Before and
after the thermite mixture was ignited, substances above the
preform were solid particles and liquid mixture respectively.
Undoubtedly, both could generate a high pressure (about mg
'IS, m is the mass value, g’ is the centrifugal acceleration and S
area of the cross section of the preform) on the preform.
For instance, before ignition, the thermite mixture generated a
pressure which was calculated to be as high as 0.97 MPa on
the surface of the preform, and it certainly packed the loose
WC particles and thus densified the preform. During the liquid
nickel infiltration of the preform, relocation of WC particles
also occurs since the liquid flow would carry the WC particles
with itself. In addition, according to the previous report [19],
the thermite reaction is characterized by ejection due to the
formation of lower aluminum oxides vapors in the combustion
front and the evaporation of impurity gases. The ejection resulted
in deformation of loose WC particles preform which was weak in
strength. Another consequence of the ejection was the presence of
WC particles in the upper Ni-rich layer, which would be discussed
in the following part. In conclusion, densification of the preform,
relocation of WC particles and the ejection of the thermite reaction
contribute to the decrease in thickness of the WC-rich layer.

Former reports [20] on the thermite reaction in a centrifugal
field generally proposed that the reaction was accompanied by
interfacial separation of the metallic and oxide molten pro-
ducts. The infiltration of metallic phase into the lower porous
layer followed the separation. In this paper, the lower layer
was porous preform composed of loose WC particles. Because
the WC particles were restricted in the tube and have the
largest density, large amounts of WC particles still stayed
within the preform. The produced Ni melt would infiltrate into
the preform until the pores were fully saturated. Since the
amount of Ni melt was larger than that needed to attain a full
saturation, the remained Ni would form an overlying layer on
the preform. After solidification, a bulk composite with two
metallurgically bonded layers would be obtained.
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3.2. Results of X-ray analysis of the composite

Possible phases in the composite were identified by X-ray
diffraction. The results are shown in Fig. 3. Only WC and Ni
phases exist in both WC-rich layer (a) and Ni-rich layer (b).
Undoubtedly, the WC phase in the WC-rich layer originates
from the preplaced WC particles whilst the WC phase in the
Ni-rich layer comes from the deformation of the weak preform
due to ejection of the thermite reaction. The ejection resulted in
the transfer of WC particles to the upper layer; fine particles in
particular considering their movement were less hindered than
that of coarse particles. The observed Ni in both the two layers
is the product of the thermite reaction. The produced Ni melt
would infiltrate into the pores of the WC preform, which is
controlled by the centrifugal forces. Besides, the frequently
observed brittle intermetallic compounds Al3Ni and Al;Ni, in
Al-Ni system are not observed either. According to the Al-Ni
binary phase diagram, the formation of Al;Ni is at 7< 1128 K
while Al;Ni, is at 1128 K < 7'< 1406 K [21]. Considering that
the adiabatic temperature of Al-NiO system is 3524 K [18]
and the real reaction temperature of this system can be as high
as 3013 K [19], it is reasonable that no nickel aluminides
formed.

3.3. Microstructure of the composite

Microstructure observation was done with a specimen
machined from the bulk Ni/WC composite on the plane
parallel to the rotating plane along the direction of centrifugal
forces. Results are present in Fig. 4. On the whole, two layers
and the transition area are dense, as few pores are observed.
Clearly, constitution, microstructure and morphology as well
as size of WC particles vary with location.

By selecting several different areas in a certain layer under a
relatively low magnification to do the EDS scanning, values of
constitution of the two layers and the transition area were
obtained. Since the content of the carbon element was difficult
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Fig. 3. XRD patterns of the as-prepared Ni/WC composite: (a) WC-rich layer
and (b) Ni-rich layer.
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Fig. 4. SEM photographs of the composite: (a) WC-rich layer, (b) Ni-rich
layer and (c) transition area.

to be detected accurately, only data of nickel and tungsten
elements were used to evaluate the constitution. Results are
present in Table 1. It should be noted that overall values of
contents of nickel and tungsten elements have been normal-
ized. Apparently, both contents of nickel and tungsten (reflect-
ing the content of WC) vary along the direction of centrifugal
forces. The content of WC increases significantly from the Ni-
rich layer to the WC-rich layer, which may result in a
gradation in properties.

In the WC-rich layer (see Fig. 4(a)), granular WC particles
are distributed homogeneously and tightly bonded with the
nickel phase. According to the structure formation process
proposed, the molten nickel was separated from the molten
mixture and then infiltrated into the interstices among the WC
particles under the centrifugal forces. The molten nickel flowed
among the WC particles, solidified with the decrease of
temperature and was finely bonded with the WC particles on
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Table 1
Constitution within the two layers and the transition area.

W(C-rich layer Transition area Ni-rich layer
Ni Weight% 16.4 31.2 56.5
Atomic% 37.9 58.7 80.3
w Weight% 83.6 68.8 43.5
Atomic% 62.1 413 19.7

account of the good wettability between them. It is obvious
that in this layer the WC particles account for a significantly
large proportion and thus can be regarded as the major phase.
Growth of WC particles seems to have taken place since size
of particles ranges from 2 pm to 10 pm according to the
results, whereas the primary used WC particles are around
4 pm in size.

As mentioned earlier, ejection of the thermite reaction
caused the transfer of WC particles to the Ni-rich layer, which
is demonstrated by the SEM result (see Fig. 4(b)). Under the
action of centrifugal forces, displaced WC particles in fact
could settle due to their larger density than that of molten
mixture of reaction products. However, if a large amount of
WC particles were displaced and viscosity of the molten
mixture increased rapidly as the temperature decreased, some
WC particles would remain in the Ni-rich layer and get
agglomerated in certain areas. Two morphologies of WC
particles can be observed, i.e. triangle and strip-like shape,
which are both completely different from that of the starting
WC particles.

Fig. 4(c) shows the microstructure of the transition area.
Pores are rarely observed and the Ni-rich and WC-rich layers
are tightly bonded. Near the Ni-rich layer, elongated
rectangular-shape WC particles with a length as large as
50 pm are observed. Whilst near the WC-rich layer, WC
particles are still in a granular shape. In addition, near the WC-
rich layer, channels which are enriched in nickel occur. This
may be caused by the deformation of loose WC particles
preform during the centrifugal infiltration process, which was
also observed in other research works [3,22] on the production
of MMCs by centrifugal infiltration.

3.4. Characteristic of WC particles

In SEM photographs of the unetched specimen previously
discussed, variations in shape and size of WC particles have
been referred to. In previous studies, such variations of WC
particles in liquid phase sintering of WC-based cemented
carbides have also been reported [23-25], which is important
for the optimization of microstructure of the material. Since the
temperature during the thermite reaction and subsequent
infiltration is remarkably higher than sintering temperature,
such a phenomenon seems to be inevitable. It was also found
in Ref. [19].

In order to identify the variations of morphology and size of
WC particles, an etched specimen was studied. Results are
present in Fig. 5. The primarily used WC particles are in a

granular shape with a size ranging from 2 pm to 5 pm and
small particles agglomerate around large ones, which are
shown in Fig. 5(a). In the WC-rich layer (see Fig. 5(b)), some
WC particles increase in size to about 10 pm but still retain
their initial morphology. Grain boundaries are also observed
between two WC particles. Whilst in the Ni-rich layer (see
Fig. 5(c)), the shape of WC particles is completely different
from that of starting powders. Two “types” of WC particles
observed in the unetched specimen (see Fig. 4(b)) are as a
matter of fact in the same shape, ie. a well-developed
triangular prism shape. However, these triangular-prism-
shape WC particles are arranged in different directions, namely
with the prism plane perpendicular or parallel to the direction of
centrifugal forces. When it comes to the transition area (see
Fig. 5(d)), WC particles are observed to be in an elongated
rectangular shape (the prismatic plane of the WC particle). These
particles distribute randomly with a size as large as 60 pm.

According to [23], recrystallization of WC particles in a
liquid phase sintering process results in WC particles having
two kinds of shape, namely an equilibrium shape and a
growth-determined shape. The WC crystal is hexagonal and
is formed by two families of planes (i.e. basal {0001} planes
and prismatic {1010} planes) with different interfacial proper-
ties (energy and growth rate). Therefore, a well-developed WC
grain is in a triangular prism shape. Both the relaxation process
and the growth process proceed in three steps, namely
dissolution, diffusion and subsequently reprecipitation. When
diffused WC atoms reprecipitate on the same carbide grain, the
process is called relaxation, leading to an equilibrium shape; if
diffused atoms reprecipitate on another grain, it is called
growth, leading to a growth-determined shape. Ratio of values
of the diffusion flux in relaxation (j;) and growth (j;) process
Jilj is calculated to be proportional to A/dwc, where 4 is the
mean linear path in the liquid phase and dwc the WC grain
size [23].

In this paper, formation of the different morphologies of WC
particles in the WC-rich layer and the Ni-rich layer can be well
explained by a growth-determined and a relaxation-determined
process respectively. Since the content of nickel in the
WC-rich layer is relatively low, the ratio of the mean linear
intercept of the nickel binder phase to the carbide crystal size is
relatively small, resulting in a larger diffusion flux of growth
(o) than that of relaxation (j). Thus, the WC particles
witnessed an increase in size while retaining their initial shape
to a certain degree. However, existence of WC particles in the
Ni-rich layer was caused by ejection during the thermite
reaction which results in the transfer of WC particles. Also,
fine powders were more likely to be transferred since their
displacement was less hindered. According to Stokes' Law, the
coarser the displaced particles, the larger the velocity of
settlement of WC particles under the action of centrifugal
forces. Consequently, displaced particles remaining in the
Ni-rich layer are relatively fine, while at the same time this
layer is enriched in nickel phase. Therefore, j./j; is smaller than
1 and the relaxation process predominates the recrystallization
of WC grains, resulting in a near-equilibrium shape, i.e. the
triangular prism shape.
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Fig. 5. Morphologies of WC particles in (a) starting materials, (b) WC-rich
layer, (c) Ni-rich layer and (d) transition area.

WC particles in the transition area underwent both apparent
variation in shape and growth in size. As already known, in
conventional centrifugal casting, the solidification front pro-
pagates from the outer periphery to the inner periphery of
the mold. Therefore, compared with the WC-rich layer, the
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Fig. 6. Hardness profile of the Ni/WC composite. The white arrow indicates
the direction from the outer to the inner surface of the composite. The dotted
line shows the position of the boundary of these two layers.

transition area could maintain the liquid state for a long time,
which is beneficial for the diffusion of carbide atoms. In
addition, interactions among WC particles in the transition area
were relatively weak, leading to less hindering of growth of
particles by neighboring ones. These two factors contributed to
the significant growth in size of WC particles within the
transition area. While in comparison with the Ni-rich layer, the
transition area had a higher concentration of atoms, which
means the absolute value of j. was relatively large. Relaxation
process occurred and the morphology of WC particles shifted
to a near-equilibrium shape. In conclusion, the ultimate shape
and size of WC particles in the transition area are balanced by
both the growth-determined and relaxation processes.

3.5. Hardness profile of the Ni/WC composite

Macrohardness was measured by the Rockwell hardness test
with a polished specimen on the plane perpendicular to the
rotating axis. Results are presented in Fig. 6 showing that the
value of hardness varies along the direction of centrifugal
forces. Hardness as high as 83.3 HRA is obtained in the
WC-rich layer with a thickness of about 3.5 mm, whereas
moving to the inner surface of the composite, the hardness
dramatically decreases from an average 81.5 HRA in the
WC-rich layer to about 61.4 HRA in the transition area, and
further smoothly diminishes within the Ni-rich layer, where the
smallest value of hardness is 53.9 HRA. High hardness in the
WC-rich layer is because of the presence of large amounts of
WC particles. Since the concentration of WC in the Ni-rich
layer is relatively low, it is reasonable that hardness in this
layer is lesser than that in the WC-rich layer.

4. Conclusion
A thermite reaction was combined with centrifugal infiltra-

tion to produce a bulk Ni/WC composite. The as-prepared
Ni/WC composite was composed of two metallurgically
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bonded layers, namely a Ni-rich layer and a WC-rich layer.
WC particles were found to be different in both morphology
and size in different areas. In the Ni-rich layer, WC particles
showed a near-equilibrium shape because of relaxation of WC.
In the WC-rich layer, the size of WC particles increased due to
the growth of WC. In the transition area between the two
layers, the size and morphology of WC were controlled by the
balance of growth and relaxation. The hardness of the
composite was location-dependent. The Rockwell hardness
of the WC-rich layer reached 83.3 HRA, while in the Ni-rich
layer the hardness gradually decreased from 61.4 HRA to
53.9 HRA.
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