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Wear resistant NiMo/Mo;Nis3Si intermetallic “in-situ” composites with a microstructure of ternary metal
silicide Mo;Ni3Si primary dendritic, the long strip-like NiMo intermetallic phase, and a small amount of
Ni/NiMo eutectics structure were designed and fabricated using molybdenum, nickel and silicon elemen-
tal powders. Friction and wear properties of NiMo/Mo;Nis;Si composites were evaluated under different
contact load at room-temperature dry-sliding wear test conditions. Microstructure, worn surface mor-
phologies and subsurface microstructure were characterized by OM, XRD, SEM and EDS. Results indicate
that NiMo/Mo,Ni3Si composites have low fiction coefficient, excellent wear resistance and sluggish wear-
load dependence. The dominant wear mechanisms of NiMo/Mo,Ni3Si composites are soft abrasion and
slightly superficial oxidative wear.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The intermetallic composites in the Mo-Si, Nb-Si and W-Si sys-
tem are of interest as high temperature structure materials because
of their high melting point, excellent creep resistance, good oxi-
dation resistance, etc. [1-6]. From the tribological point of view,
these silicide-based intermetallic composites have also excellent
tribological properties, such as abrasive and adhesive wear resis-
tance as well as low coefficient of friction, due to their intrinsic
room- and high-temperature, high hardness and strong atomic
bonds [7-9]. While most of early works focused on the binary metal
silicides such as MoSi, and its composites [4-7], some recent stud-
ies indicate that ternary metal silicides in the Mo-Ni-Si, W-Ni-Si,
Co-Mo-Si, etc. system are a class of promising wear resistance
material [10-13].

The ternary transition metal silicide Mo,Ni3Si process many
attractive properties for application as wear resistant materials.
The inherent high hardness and sluggish temperature dependence
guarantee Mo, Ni3Si outstanding abrasive wear resistance and the
strong mixed metallic-covalent atomic bonds provide excellent
adhesive wear resistance and low friction coefficient to Mo, Ni3Si
[14,15]. However, the existence of intrinsic brittleness at ambient
temperature and lack of adequate fracture toughness are the main
obstacles that prevented the materials from industrial applications
as either structural or tribological bulk components. Compared to
monolithic metal silicide alloys, multicomponent and multiphase
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intermetallic composites could have a better combination of tough-
ness and strength [16,17]. Moreover, in an attempt to improve the
ductility and fracture toughness of metal silicide alloys, the “in-
situ” incorporation of ductile phases has been widely demonstrated
being an effective and practical approach among all toughening
means [18-20].

In the present work, NiMo/Mo,Ni3Si intermetallic “in-situ”
composites were designed and produced by arc-melting of
elemental starting materials. Microstructure of NiMo/Mo;Ni3Si
composites was characterized by optical microscopy (OM), scan-
ning electron microscope (SEM), X-ray diffraction (XRD) and energy
dispersive spectroscopy (EDS). The dry-sliding wear resistance and
friction coefficient at room-temperature of NiMo/Mo,Ni3Si com-
posites was evaluated and the corresponding wear mechanisms
were discussed.

2. Experimental procedures

Commercially molybdenum, nickel and silicon elemental powders with a par-
ticle size from —200 to +400 mesh were selected as the raw materials. The purities
of the Mo, Ni and Si starting materials were 99.9, 99.5 and 99.96 wt.%, respectively.
The Mo-Ni-Si elemental powder mixture was preheated in an electronic oven at
120°C for 8-10h in order to eliminate any absorbed moisture. Nominal chemical
composition of the experimental NiMo/MoNi3Si intermetallic “in-situ” compos-
ite is 36Mo0-48Ni-16Si (at.%). More than 20 NiMo/Mo,NisSi intermetallic “in-situ”
composite ingots were prepared by arc-melting process and two or three samples
were used for each west test. The ingots were typically remelted 3 times for the pur-
pose of achieving homogeneity prior to metallographic examination and wear test.
The melting parameters were taken from previous work and are as follows: elec-
tric current about 300 A, voltage 10-12V, argon protecting and the pressure about
65 kPa.

Metallographic sections of NiMo/Mo;Ni3Si intermetallic “in-situ” composites
were prepared using standard mechanical polishing and chemical etching pro-
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Fig. 1. OM (a) and SEM (b) micrographs showing the microstructure of
NiMo/Mo;NisSi intermetallic “in-situ” composite.

cedures. Microstructure of the experimental composites was characterized using
optical microscope (OM) and KYKY-2800 scanning electron microscope (SEM).
Phase constituents of the experimental composites were identified by X-ray diffrac-
tion (XRD) on Rigaku D/max 2200 pc using Cu K radiation with a scanning rate of
5°/min. Chemical compositions of the phase constituents were analyzed by EDS
equipped on KYKY-2800 SEM. Average hardness of the NiMo/Mo;Ni3Si intermetallic
“in-situ” composites and the hardness of phases were measured using a HXZ-1000
automatic Vickers micro-hardness tester with a test load of 500 g (average hardness
of alloy) and 200 g (hardness of phases) respectively and a load-dwell time of 15s.

Metallic dry-sliding friction and wear tests were performed in a block-on-wheel
mode on a MM-200 friction and wear testing machine in air at room tempera-
ture. The block-like specimen (10 mm x 10 mm x 10 mm in size) is pressed under
a applied test load of 49, 98, 147 and 196 N, respectively, against the outer periph-
ery surface of a hardened 1.0%C-1.5%Cr bearing steel (HRC 63 & 1) wheel rotating at
400 rpm, resulting in arelative sliding speed of 0.91 m/s and the total sliding distance
of 3307 m. The austenitic stainless steel 1Cr18Ni9Ti and hardened 0.45%C steel, the
most-widely applied metallic materials, was selected as comparison test materials
for all wear tests to rank the wear resistance of the NiMo/Mo;Ni3Si intermetallic
“in-situ” composites. Wear mass loss of each test was measured using Sartorius
BS110 electronic balance with an accuracy of 0.1 mg, and was utilized to rate the
wear resistant properties of experimental composites and reference materials. The
friction coefficient u was calculated according to the expression w =T/RP, where T
is the friction torque, R is the wheel radius and P is the contact load on the block-
like specimen. The worn surface morphologies, subsurface microstructure and wear
debris collected during wear testing process were observed by SEM to analyze wear
mechanisms of the NiMo/Mo,Ni3Si composites.

3. Results

As shown in Fig. 1a and b, the Mo-Ni-Si alloy ingot has a
uniform and dense microstructure consisting of well-developed
dendritic primary phase, the long strip-like phase with evi-
dent grow-direction, and a small amount of irregular lamellar
eutectic structure. X-ray diffraction analysis result indicates that
main constitutional phase of the intermetallic composite are
the ternary molybdenum nickel silicide Mo;,Ni3Si, a topologically
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Fig. 2. XRD pattern of the NiMo/Mo,Ni3Si intermetallic “in-situ” composite.

closed packed (TCP) phase having the hP12 MgZn, type Laves crys-
tal lattice, and binary intermetallic compound NiMo, as indicated
in Fig. 2. Energy dispersive X-ray analysis (EDS) indicates that the
well-developed primary dendritic phase with an average chemical
composition (at.%) of approximately 31Mo-52Ni-17Si is identified
as the Mo, Ni3Si ternary metal silicide, the long strip-like phase
with an average chemical composition (at.%) of approximately
44Mo-48Ni-8Si is the binary intermetallic compound NiMo, while
the irregular lamellar structure is the Ni/NiMo eutectics, the solid-
ification product of the remaining residual liquid.

The volume fraction of ternary metal silicide Mo, Ni3Si for the
NiMo/Mo,Ni3Si intermetallic “in-situ” composite is approximately
64%. The measured individual hardness of the Mo, Ni3Si ternary
metal silicide and the NiMo phase are approximately HV1100 and
HV930, respectively. Because of the high hardness of NiMo inter-
metallic phase and the presence of high volume fraction of the
hard Mo;Ni3Si ternary metal silicide, the NiMo/Mo,Ni3Si compos-
ite has a high hardness with an average Vickers hardness number of
about HV1030. The hardness of reference austenitic stainless steel
1Cr18Ni9Ti and hardened 0.45%C steel is about HV260 and HV640,
respectively.

The NiMo/Mo;Ni3Si intermetallic “in-situ” composites exhib-
ited outstanding wear resistant properties and low wear-load
coefficient under room-temperature dry-sliding wear test con-
ditions coupling with the hardened 1.0%C-1.5%Cr bearing steel
mating wheel. As shown in Fig. 3, wear mass loss of the
NiMo/Mo;Nis3Si intermetallic composite is considerably lower than
those of the comparison test materials, the austenitic stainless steel
1Cr18Ni9Ti and hardened 0.45%C steel, under all selected wear
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Fig. 3. Wear mass loss of the NiMo/Mo,NisSi intermetallic “in-situ” composite
and the comparison test materials as a function of applied test load under room-
temperature dry-sliding wear test conditions.
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Fig. 4. Friction coefficient of the NiMo/Mo,NisSi intermetallic “in-situ” compos-
ite and comparison materials as a function of contact load under dry sliding wear
conditions coupling with hardened 1.0%C-1.5%Cr bearing steel.

test conditions. Wear mass loss of the NiMo/Mo;Ni3Si intermetallic
composite increase very slowly with increasing test load, whereas
those of the austenitic stainless steel 1Cr18Ni9Ti and hardened
0.45%C steel increase obviously with the test load increases.

As shown in Fig. 4, the friction coefficient of the NiMo/Mo, Ni3Si
composite is lower obviously than that of the austenitic stain-
less steel 1Cr18Ni9Ti and hardened 0.45%C steel under all contact
loads, and is extremely insensitive to the contact load, while that
of both comparison materials increases rapidly as the contact load
increases from 49N to 196 N. The low coefficient of friction of is
mainly attributed to the high hardness and outstanding adhesive
and abrasive wear resistance of the NiMo/Mo,Ni3Si intermetallic
“in-situ” composite.

As shown in Fig. 5a, the worn surface of the NiMo/Mo,NisSi
intermetallic composite after a dry-sliding wear test cycle of 60 min
under the applied test load of 196 N is very smooth and clean except
extremely small amount of loosely stuck tiny worn debris parti-
cles and some island-like transferred cover layers. Results of EDS
analysis indicated that both the transferred cover layers are highly
enriched in Fe (approximately 88 at.%Fe), containing little Mo, Ni,
Si and O, and hence are predominantly originated from the hard-
ened 1.0%C-1.5%Cr bearing steel counterpart. No any characteristic
features of metallic adhesion and abrasive wear such as grooves
are observed on the worn surface of NiMo/Mo;Ni3Si intermetallic
composite (Fig. 5b), whereas noticeable grooves and adhesion and
deformation features are visible on the worn surface of the com-
parison test materials, the austenitic stainless steel 1Cr18Ni9Ti and
the hardened 0.45%C steel, as indicated in Fig. 6.

4. Discussion

The excellent wear resistance of the NiMo/Mo,Ni3Si intermetal-
lic “in-situ” composite compared to the comparison materials
under room-temperature dry-sliding metallic wear test conditions
with hardened 1.0%C-1.5%Cr bearing steel as the sliding-mating
counterpart (as indicated in Fig. 4) is primarily attributed to the
microstructure characteristics and unique chemical and physi-
cal properties inherent to the ternary transition metal silicide
Mo, Ni3Si and binary intermetallic NiMo. Firstly, the ternary metal
silicide Mo, Ni3Si primary dendrites and binary intermetallic NiMo
played the critical role in resisting adhesive wear during metallic
sliding wear process and provided the NiMo/Mo,Ni3Si intermetal-
lic composite outstanding adhesive wear properties because its
unique covalent-dominant strong atomic bonds prevented the
intermetallic phase on the very contacting surface from plastic
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Fig. 5. SEM micrographs showing the worn surface morphologies of the
NiMo/Mo;NisSi intermetallic composite.

Fig. 6. SEM micrographs showing the worn surface morphologies of the austenitic
stainless steel 1Cr18Ni9Ti (a) and hardened 0.45%C steel (b).
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Fig. 7. SEM micrographs of wear debris of the NiMo/Mo,NisSi intermetallic com-
posite (a), the austenitic stainless steel 1Cr18Ni9Ti (b) and hardened 0.45%C steel
(c).

deformation, adhesion and materials-transferring as well as cold-
welding to the metallic asperities on the contacting surface of
the slide-coupling metallic counterpart. Secondly, both the high
hardness of binary intermetallic NiMo and ternary metal silicide
Mo, Ni3Si and anomalous hardness-temperature dependence of
the ternary silicide Mo;Ni3Si with the topologically closed-packed
(TCP) hP12 MgZn, type Laves phase crystal structure guarantee the
NiMo/Mo,NisSi intermetallic composite at the very contacting sur-
face with high hardness and hence, excellent resistance to abrasive
wear attacks such as micro-cutting and micro-plowing, when dry
sliding with surface of the hardened 0.45%C steel coupling wheel
under applied pressure. These are evidenced by the very smooth
and clean worn surface of the NiMo/Mo;Nis3Si intermetallic com-
posite where no any characteristic features of metallic adhesion
and abrasive wear are visible, as shown in Fig. 5.

20 KV 1.30KX

L | T
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Fig. 8. SEM micrographs showing the worn subsurface microstructure of
the NiMo/Mo;NisSi intermetallic composite (a), the austenitic stainless steel
1Cr18Ni9Ti (b) and hardened 0.45%C steel (c).

SEM observations indicate that all wear debris particles of
NiMo/Mo,Ni3Si intermetallic composite are in tiny powders, flake-
like and loosely agglomerated powder clusters, while the wear
debris of the austenitic stainless steel 1Cr18Ni9Ti and the hard-
ened 0.45%C steel is in very large and thick flakes, as shown in
Fig. 7. Further EDS analysis indicates that the tiny powders and
loosely agglomerated powder clusters are highly enriched in Fe
and O with small amount of Mo, Ni and Si, and are actually the
complex oxides. This result indicated that the superficial oxida-
tion of experimental materials and counterpart occurred during
dry-sliding wear process, due to the friction-induced temperature
rise on the very contact sliding surface. The chemical composi-
tion of flake-like debris examined by EDS analysis is similar to
transferred cover layers (Fig. 5a) which is highly enriched in Fe
(approximately 88 at.%Fe) with negligible amount of Mo, Ni, Si and
O. Therefore, the tiny powders and loosely agglomerated powder
clusters are identified as the iron oxides particles which are pri-
marily originated from the contacting surface of mating hardened
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Fig. 9. Subsurface hardness profiles of the NiMo/Mo,NisSi intermetallic composite
and the comparison materials on longitudinal section along wear sliding direction
perpendicular to worn surface.

1.0%C-1.5%Cr bearing steel counterpart, and the flake-like debris
is most likely the rolling-consolidated “sheet-like” product of tiny
powders agglomerates entrapped between the rolling wheel and
the NiMo/Mo;Ni3Si intermetallic composite block-like specimen.

To investigate carefully the wear mechanisms, worn subsur-
face microstructures beneath the worn surface of the test materials
on longitudinal section along the wear sliding direction and per-
pendicular to worn surface were studied. No evidence of local
plastic deformation, brittle fracture and selective wear to NiMo
and Mo;Ni3Si phases in NiMo/Mo,Ni3Si intermetallic compos-
ite were observed, while serious subsurface plastic deformation
occurred for the austenitic stainless steel 1Cr18Ni9Ti and the hard-
ened 0.45%C steel, as shown in Fig. 8. All the aforementioned wear
test phenomena indicate that the dominating wear mechanisms of
NiMo/Mo,Ni3Si intermetallic composite under room-temperature
dry-sliding wear test condition are soft abrasion and slightly super-
ficial oxidative wear.

As indicated in Figs. 8 and 9, the NiMo/Mo,Ni3Si intermetal-
lic “in-situ” composites keep high strength and hardness all along
even at a large load owing to its inherent high hardness and anoma-
lous hardness-temperature relation, and hence have a quite low
wear mass loss under all wear test conditions, while the hard-
ened 0.45%C steel is significantly softened due to the friction
heating during wear process, and then more severely deformed
and the wear mass loss increased drastically with the increasing
test load (Fig. 4). The most severe plastic deformation occurred
on the subsurface of austenitic stainless steel 1Cr18Ni9Ti owing
to the lowest one hardness in three test materials, as shown in

Fig. 8. However, the work-hardening effect is obviously detected
in the plastic deformation zone of the subsurface of austenitic
stainless steel 1Cr18Ni9Ti, and softening phenomenon caused by
friction heating is not evidenced because of the more outstanding
high-temperature properties. Although that, the wear mass loss
is higher and the wear-load dependence is more obviously than
NiMo/Mo,Ni3Si intermetallic composites since the hardness is still
lower.

In summary, the NiMo/Mo,Ni3Si intermetallic “in-situ” com-
posites can neither be plastically deformed, microcut or plowed,
nor microfractured or cracked under the dry-sliding interaction of
the metallic friction counterparts, therefore, the NiMo/Mo,Ni3Si
composites can only be very slowly worn off by the mechanism
of soft-rubbing of the hardened 1.0%C-1.5%Cr bearing steel coun-
terpart and slightly oxidative worn on high temperature contact
surface induced by the friction heat.

5. Conclusions

Wear resistant NiMo/Mo;Ni3Si intermetallic “in-situ” compos-
ites were fabricated successfully with Mo-Ni-Si powder blends
as the starting materials. Microstructure of the NiMo/Mo,Ni3Si
composites consists of Mo, Ni3Si primary dendrites, binary inter-
metallic phase NiMo and small amount of Ni/NiMo eutectics
structure. The NiMo/Mo,Ni3Si composites exhibited high hardness
and outstanding tribological properties under room-temperature
dry-sliding wear test conditions which were attributed to the
covalent-dominant strong atomic bonds and excellent combination
of strength and ductility and toughness.
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