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a b s t r a c t

Friction coefficients and specific wear rates of an existed Ni3Al-based NAC-alloy with composition of
Ni–18.8Al–10.7Fe–0.5Mn–0.5Ti–0.2B (at.%) and its composites reinforced by 6 vol.% Cr3C2- and 6 vol.%
MnS-particles, respectively were investigated for the initial understanding of sliding wear behaviors of
the materials under unlubricated condition. The testing materials were prepared by hot isostatic pressing
(HIP) process. Pin-on-Disk (POD) measurements were carried out under room temperature condition. A
commercial vermicular graphite cast iron was selected as a reference material. The disks used in this study
were made of a grey cast iron as cylinder liner materials of ship engines. The contact pressure of 2.83 MPa
and 5.66 MPa were applied in POD tests. The experimental results revealed that the monolithic NAC-
alloy has the almost same values of friction coefficient and specific wear rate under the testing condition
as compared to a commercial vermicular cast iron. The wear mechanism is probably conducted to its
intrinsic deformation mechanism of the Ni3Al-type of intermetallics. For the composite with 6 vol.% hard
Cr3C2-particle, wear rate was reduced on both sides of pin and disk up to 50%, comparing to the single

phase NAC-alloy at a high load of 5.66 MPa. By an addition of 6 vol.% soft MnS-particle, wear rate of the
disk was dramatically decreased and friction coefficient also slightly reduced on the test. But, the wear
rate of pin is maintaining as the same level as the monolithic NAC-alloy and the reference vermicular cast
iron. The present investigation recognized that it will be potential to develop Ni3Al-matrix composites
reinforced by hard Cr3C2- and/or soft MnS-particles for a certain tribological applications, especially other
excellent physical, chemical and mechanical properties of the Ni3Al-based intermetallic materials were

considered.

. Introduction

The metallurgy of intermetallic compounds has been devel-
ping rapidly, in parallel with new materials needs in the heavy
uty diesel industry. For at least the past four decades, research
n intermetallic compounds has largely focused upon mechanical
roperties, involving low temperature ductility and high tempera-
ure strength. Of particular interest, the studies of segregation led
o a discovery that addition of only ∼0.1 wt.% boron raises the ten-
ile elongation of polycrystalline Ni3Al alloy from zero to over 50%

t room temperature [1]. Then followed by macro-alloying process
2–10], the alloys own the comprehensive mechanical properties
or industrial applications. They are now serious candidates for
tructural applications requiring reduced density, excellent fatigue

∗ Corresponding author. Tel.: +46 31 7721261; fax: +46 772 1313.
E-mail address: karin.gong@chalmers.se (K. Gong).

043-1648/$ – see front matter. Crown Copyright © 2010 Published by Elsevier B.V. All ri
oi:10.1016/j.wear.2010.10.060
Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

strength, corrosion/oxidation resistance, and service at tempera-
tures up to perhaps 800 ◦C.

One of the most attractive engineering properties of Ni3Al alloys
is their increasing yield strength with increasing temperature up
to about 650–750 ◦C. This type of strength behaviour suggested
that the Ni3Al-based intermetallic alloys may have good wear
properties in the peak-strength temperature range. Consequently,
investigations of their sliding friction and wear were initiated. In
fact, a number of laboratory studies have indicated that Ni3Al-based
alloys have significant potential in wear-critical applications, espe-
cially in cavitations erosion and in sliding wear at temperature
range between 400 ◦C and 650 ◦C [11–16]. Authors related those
results to the microstructures and mechanical properties of the
tested alloys, and summarized that the greater the proportional

improvement in yield strength with temperature, the greater the
improvement in wear. But so far, the studies on the sliding friction
and wear for Ni-aluminides were mostly limited on the labora-
tory investigation. Further work aimed to industrial applications
is needed.

ghts reserved.
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Table 1
Designations of the testing materials.

Designation Composition Process

Specimen #1 NAC-alloy HIPing
Specimen #2 NAC-alloy + 6 vol.% Cr3C2 HIPing
96 K. Gong et al. / We

Intermetallic matrix composites (IMC) with hard particles rein-
orcements are also attractive for wear applications in severe, i.e.
hemically aggressive environments. For instance, chromium car-
ide reinforced Ni3Al-matrix composite was developed as a new
levated temperature wear resistance material [17]. The work indi-
ated that the microstructures and secondary phase’s distribution
haracteristics in the studied wear-resistant composites are crit-
cal factors for its final performance of the material. In the metal
arbides, tungsten carbide and chromium carbide are suitable for
dding in the matrix as hard particles due to their very high hot
ardness and good wetting ability with the matrix. Compared with
ungsten carbide, chromium carbide is even more suitable to be
sed in air, based on its excellent oxidation resistance [18]. Soft
articles added composite is also considered in this investigation.

t is expected that the function of added particles is probably like
he graphite in cast iron, and can effectively decrease wear rate of
he materials.

In this work, a Fe-alloyed Ni3Al compound (NAC-alloy) and its
omposites with additions of chromium carbide, as hard phase to
gainst friction, and manganese sulfide, as a soft phase to reduce
liding wear, will be studied and evaluated by POD test under non-
ubrication condition in air at room temperature, and analyzed by
everal advanced techniques.

. Experimental methods

.1. Testing materials and preparation

A Fe-alloyed Ni3Al (NAC-alloy) was selected in the work. Com-
osition of the alloy is Ni–18.8Al–10.7Fe–0.5Mn–0.5Ti–0.2B in
tomic percentage. The powders of NAC-alloy for hot isostatic
ressing (HIP) process were prepared by using Plasma Rotating
lectrode Process (PREP) in China Iron and Steel research Institute
roup (CISRI). At the starting, the PREP system was evacuated up

o 0.1 bar to prevent oxidation of the powders formed. The cham-
er was then flooded with helium and argon. The electrode rod
f the master alloy is accelerated up to the desired speed of rota-
ion, 14,500 ± 500 rpm. An argon/helium plasma arc was ignited.
he plasma jet melts tip of the rotating rod. A fusion film was
ormed on the front end of rod, which disintegrated into small
iquid metal droplets as a consequence of the centrifugal force.
ue to surface tension the droplets are spherical. On their tra-

ectories towards the chamber wall the droplets solidified rapidly
n the inert atmosphere and formed spherical powder particles.
he NAC-alloy and its composites were prepared by means of
IP process in CISRI. Sizes of NAC-alloy: Cr3C2 and MnS pow-
ers are in the range of 45–120 �m. The densities of NAC-alloy,
r3C2 and MnS, used for calculating compositions of the composites

n volume percentage are 7.25 g/cm3, 6.68 g/cm3 and 3.99 g/cm3,
espectively. The applied HIP process data are 1130–1160 ◦C as
eating temperature under 140 MPa for 3 h. The HIP materials were
achined to testing pins. Commercial vermicular graphite cast iron

s a piston ring material with a composition in weight percentage
f Fe–3.05C–1.20Si–0.85Mn–0.10 ± 0.05P–0.05S–0.65 ± 0.05Mo–
.9 ± 0.05Cu–0.02 V–0.03Ti was selected as a reference material in
his work. The disks used in this study were made of a grey cast iron.
he grey cast iron as liner materials of ship engines has a compo-
ition of Fe–3.2C–1.1Si–0.8Mn–0.2P–0.1S–0.02B–1.0Cu–0.22V in
eight percentage. The designations of the testing specimens were

ummarized in Table 1.
.2. Pin-on-Disk (POD) test

For evaluating friction coefficient and wear resistance of the dif-
erent testing materials, a conventional Pin-on-Disk tribometer was
Specimen #3 NAC-alloy + 6 vol.% MnS HIPing
Specimen #4 Vermicular cast iron Casted
Disk Grey cast iron Casted

used. The measurements were carried out at room temperature in
laboratory air with a relative humidity of about 45%. Grey cast iron
disks (diameter 30 mm × 4 mm) as a counterpart were selected.
Their surface roughness was determined as less 0.2 �m. The pins of
testing materials (diameter 3 mm × 16 mm) were also machining to
surface roughness of 0.2 �m. The tests were performed under the
applied normalizing loads of 20 N and 40 N, corresponding to the
pressure of 2.83 MPa and 5.66 MPa, respectively. For each specified
test, three pin-samples of the studied materials were investigated
on POD equipment in order to obtain statistical working results.
The sliding speed of 8 cm s−1was selected as a constant value by
adjusting the rotation speed (200 rpm) of the disk and the diam-
eter (diameter 8 mm) of wear track. The duration of sliding time
lasted 6 h. Wear volumes of the pin-samples were calculated from
weight loss during the test by assuming a density of 7.25 g/cm3 of
the monolithic alloy (specimen #1), 7.23 g/cm3 and 7.12 g/cm3 of
the composites #2 and #3, respectively. The density of the com-
pact cast iron used for calculation is 7.30 g/cm3. Wear volumes
of the disks were measured accurately by using a computerized
three-axis profilometer (Taylor Hobson). Wear tracks of the disks
were mapped also. The measured results on wearing in this work
are reported in terms of Archard’s specific wear rate (mm3/N·m),
calculated by the following formula:

specific wear rate = V

F · S
(1)

where V is the volume worn away in mm3, F is the normal load in
N, and S is the sliding distance in meter.

2.3. High temperature hardness measurement

High temperature heating device instrument was used to
measure AKASHI-Vickers hardness of NAC-alloy and reference
materials cast iron under room temperature and various high
temperatures in vacuum chamber. The specimens were made of
dimension in a shape of Ø 10 mm × 5 mm; the measuring surface
should be mirror-finished and cleaned with acetone. The applied
load is 10 kg, and room temperature, 200 ◦C, 400 ◦C and 600 ◦C were
selected in final steady state condition.

2.4. Analytical works

The HIPed testing samples were analyzed by a D8 advance X-
ray diffraction spectrometer to identify phase constitution of the
materials. The Cr-K� X-ray radiation (wavelength 2.28970 Å) used
to get the diffraction pattern of the analyzed specimens. A scan-
ning electron microscope was utilized to evaluate quality of the
HIPed materials and other testing samples. The backscattering elec-
tron image technique of SEM based on the composition contrast
principle and EDS were used for investigating microstructures and

quantitative analysis. The results from the analytical works will be
coupled to the experimental data of the tribological tests for under-
standing and evaluation of the studied materials on their wear
behaviors.
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Fig. 1. XRD-spectra analyzed of HIPed NAC-alloy and its composites.

. Results

.1.1. Analysis on the testing materials before POD test

For determining the phase constitution of the prepared spec-
mens, X-ray diffraction was performed on the HIPed monolithic
AC-alloy and its composites. The results were collected in
ig. 1. The diffraction spectrum of the specimen #1 revealed that

he monolithic NAC-alloy was a single phase material having a
i3Al-type (L12) crystal structure with a main peak at 2� = 67.1◦,
erivative of the face-centered cubic (fcc) crystal. The diffrac-
ion spectrum of the specimen #2 indicated that two phases as
r3C2-type (2� = 59.52◦ of main peak) and Ni3Al-type crystal struc-

Fig. 2. Backscattering electron images of the te
 (2011) 195–203 197

tures existed in the specimen. In the specimen #3, MnS-phase
(2� = 51.99◦ of main peak) and Ni3Al-phase are existed.

The microstructure observation indicated that the HIPed testing
materials reached almost full density and well bonding between
the matrix and added phases. Also, the reinforcements are homo-
geneously distributed on the matrix. Fig. 2a–d is the backscattering
electron images (BEI) from the polished non-etched specimens #1,
#2, #3 and #4, respectively. Fig. 2a shows a single phase microstruc-
ture of specimen #1, as identified by the X-ray diffraction. Fig. 2b
recognized two major phases on microstructure, the alloyed Ni3Al-
matrix (bright) and Cr3C2 reinforcement particles (black), and also
a diffusion area (grey) located between those two major phases,
which was formed during the thermal heating by HIP process. The
phases were confirmed by point-analysis of EDS also, and published
in our earlier work [19]. Fig. 2c shows two phases of Ni3Al-matrix
and added MnS particles (black) in specimen #3, which were also
conformed by relatively EDS point analysis. A vermicular morphol-
ogy of graphite (black) on a non-etched cast iron specimen #4 was
shown in Fig. 2d. The graphite functions as a solid lubricant on a fine
pearlite matrix of the cast iron. In principle, the added MnS particles
in Fig. 2c were expected to work in a similar way as the graphite
in Fig. 2d, but on the different matrices, the Ni3Al-intermetallics
phase as matrix in specimen #3 and the fine pearlite matrix of the
vermicular cast iron in specimen #4.

3.1.2. Surface observation on the tested intermetallic materials
after POD test

Fig. 3a–c is the secondary electron images of specimens #1–#3
after POD test, respectively. The different surface morphology was

observed. The worn surface of the monolithic NAC-alloy #1 is
rough, see Fig. 3a. With reference to its backscattering electron
image (Fig. 4a), the average atomic number of materials on sur-
face asperities is lower, compared with the matrix. EDS analysis
revealed that the asperities have various chemical compositions,

sting specimens #1–#4 before POD test.
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Fig. 3. Secondary electron images of the specimens #1–#3 after POD test.

Fig. 4. Backscattering electron images of the specimens #1–#3 after POD test.
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Table 2
Friction coefficients and specific wear rates from POD test.

Pin material Friction coefficient Specific wear rate (mm3/N·m) in 40 N load

20 N 40 N Pin (×10−5) Disk (×10−6)

–
–

32 ± 0
–

d
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w
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w
t
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w
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d

Specimen #1 0.55 ± 0.02
Specimen #2 0.68 ± 0.02
Specimen #3 0.45 ± 0.02 0.
Specimen #4 0.58 ± 0.02

iffer from both of the pin and disk. It means that a serious materi-
ls transfer process by local deformation, microcutting and mixing
ere initiated due to wearing. On the worn surface of the car-

ide particles added composite #2, much less materials transfer
as observed, Fig. 4b. Instead, the carbide particles were kept on

he worn surface, Fig. 3b. The worn surface of MnS-particles added
omposite #3 is smooth, and rare to identify wear tracks, Fig. 3c.
he backscattering electron image (Fig. 4c) seems to show that
he formed hard debits were not stuck on the worn surface during
earing process, due to a lubrication function of MnS-particles.

.2. Tribological tests

.2.1. Friction coefficient
The variations of steady-state friction coefficients of the pin

aterials (#1–#4), as a function of sliding time, were investigated

nder two loads of 20 N and 40 N, respectively. The experimental
ata were collected in Fig. 5 and indicated that the tested materials
1 and #2 have a measurable friction coefficient under 20 N, but the

ecorded data of the friction coefficient under 40 N was increased
ramatically in a short sliding time at the beginning of the test, and

Fig. 5. Steady state friction coefficients vs. sliding
1.38 11.01
0.76 5.18

.02 1.54 2.07
1.50 3.03

then interrupted measurement quickly, see Fig. 5a and b. Similar
trends were also found on the reference material #4 under 40 N in
Fig. 5d. There is only one exception from specimen #3. In contrast to
other tested materials, the specimen #3 with MnS-addition exhib-
ited a relatively high friction coefficient 0.45 ± 0.02 under 20 N, and
then dropped down to 0.32 ± 0.02 at 40 N. Thereafter, a load of
20 N was applied to determine the relevant values of friction coef-
ficient from the different tested specimens in this work. And, the
statistic data were given in Table 2. Comparing to the commercial
wear-resistant vermicular cast iron pin #4, the monolithic NAC-
alloy pin #1 has almost the same friction coefficient. The added
MnS-particles reduced friction coefficient of the composite obvi-
ously, over 15%. But, the hard Cr3C2-particles increased the friction
coefficient of the composite, more than 20%. It is clearly that the
functions of MnS- and Cr3C2-particles in the composites are var-
ious in sliding wear proceeding. And, it seems that MnS-particles

have a role as a kind of solid lubricant in the tested material. It
was also interest to notice that friction coefficient of composite #3
with MnS-particles was reduced by increasing load from 20 N to
40 N. Clearly, the phenomenon was not induced by the intrinsic
properties of monolithic NAC-alloy, as the performance of speci-

time in 6 h in various loads of 20 N and 40 N.
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The worn surface of the disk #3 is smooth by wearing against MnS-
ig. 6. Specific wear rate vs. testing specimens under two normalized loads of 20 N
nd 40 N.

en #1 was considered comparatively. Perhaps, it revealed that
nS-particles were working as an effective solid lubricant for the
i3Al-matrix composites.

.2.2. Wear rate

.2.2.1. Specific wear rate of pin materials. Wear rate of the test-
ng materials were carried out under the loads of 20 N and 40 N
n non-lubricated condition, respectively. The calculated values of
pecific wear rates are given in Fig. 6. Of the monolithic NAC-
lloy #1, a wear rate of 1.47 × 10−5 mm3 N−1 m−1 is for 20 N and
.38 × 10−5 mm3 N−1 m−1 for 40 N. The same tendency of decreas-

ng wear rate with increasing applied load has been also observed
n specimens #2 and #3, respectively. In the group, the wear rate of
pecimen #2 was mostly decreased from 1.26 × 10−5 mm3 N−1 m−1

f 20 N to 7.62 × 10−6 mm3 N−1 m−1under a higher load of 40 N.
n contrast to the tested intermetallic Ni Al-based materials,
3
he metallic vermicular cast iron #4 owned a slightly increased
ear rate 1.5 × 10−5 mm3 N−1 m−1 of 40 N load, compared to

.29 × 10−5 mm3 N−1 m−1 of 20 N. Normally, wear rate of the metal-
ic materials will have increased value under a higher load, like

Fig. 7. 3D images of the counterp
Fig. 8. Specific wear rates of the disks under normalized load of 40 N.

the vermicular cast iron #4. The anomalous behavior of the Ni3Al-
based materials on wear rate under different applied loads probably
means that the wear mechanisms of intermetallic and metallic
materials are different, which may relate to their varied deforma-
tion procedure of sliding wear.

3.2.2.2. Specific wear rate of disk materials. 3D images of the worn
disks under loads of 20 N and 40 N were performed. And, the wear
loss area of the disks was measured in 3D images by a profilometer.
Fig. 7 shows 3D images of the disks from 40 N tests, and revealed
that the disk #2 worn by pin #2 has severe and deeper wear tracks
on the surface, but less worn volume, compared to the disk #1. It
seems to reveal that the added hard particles of Cr3C2 in pin #2
formed asperities on the worn pin surface, which have made the
deep tracks on the counterpart disk surface, but reduced wearing.
particles added composite. The result was most probably due to an
effect of MnS-particles as a soft solid lubricant.

The calculated specific wear rates of the disks to the correspond-
ing pins were given in Fig. 8. But unfortunately, there were not

art disks under load of 40 N.



K. Gong et al. / Wear 270 (2011) 195–203 201

Table 3
Calculated surface temperature rise under different normal loads.

Normal load 20 N 40 N
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600 MPa up to 600 ◦C, and over 5% room temperature tensile elon-
a (�m) 66 94
� (initial) 0.55 0.55
�T (◦C) 159 318

btained any measured values under 20 N. They are probably due
o a short sliding time under this load. Comparing to specific wear
ate (3.03 × 10−6 mm3/N·m) of the disk against the vermicular cast
ron #4 under 40 N, only the MnS-particles added composite #3

ade a less wear rate (2.07 × 10−6 mm3/N·m) of the related disk.
he monolithic NAC-alloy #1 and its composite #2 reinforced by
r3C2-particles worn their counterparts faster than the vermicular
ast iron #4 made. The specific wear rates of the correspond-
ng disks are 11.01 × 10−6 mm3/N·m and 5.18 × 10−6 mm3/N m,
espectively. Anyways, the Cr3C2-particle added composite #2 was
riendlier working with the counterpart disk, comparing with the

onolithic NAC-alloy specimen #1. The measured specific wear
ates on the tested pins and disks under the load of 40 N were also
isted in Table 2.

.3. Calculation of flash temperature at contact area

The frictional heating is a general phenomenon in sliding wear
ests [20]. To investigate the effect of friction heating on the struc-
ure and wear behaviors of pin and disk under different wear
onditions (e.g. load), the flash temperature at the contact area is
stimated in the present study by the following formula [21].

T = �Pv
4(K1 + K2)a

(2)

=
(

P

�Hd

)1/2
(3)

here �T is the induced temperature rise, � the friction coefficient,
the applied normal load, � the sliding speed, K1 and K2 the thermal
onductivities of the pin and the disk, respectively, a the contact
adius of the real contact area, and Hd is the measured hardness of
he disk.

It can be seen, the determination of the thermal conductivi-
ies of the two bodies in contact is important for the calculation of
emperature rise. According to the literatures [22,23], the thermal
onductivities of the pin (K1) and cast iron disk (K2) are approxi-
ately 28.85 W m−1 K−1and 55 W m−1 K−1, respectively. Applying

he above data, the flash temperature rise at the contact area can
e calculated using Eqs. (2) and (3) under different loads, and the
esults are listed in Table 3. Therefore, the calculation indicated
hat at the beginning of sliding, the flash temperature at the local
sperity contact is estimated to be lower than 400 ◦C under the
ribotesting condition in the present study. It is expected that the
emperature at the contact asperities may be raised further by the
eat accumulation through repeated friction in the subsequent slid-

ng.
For this reason, the measurement of high temperature hard-

ess variation of surfaces pin and disk were significantly important.
herefore, hardness of the pin NAC-alloy and disk material under
he room temperatures, 200 ◦C, 400 ◦C and 600 ◦C, was carried out,
nd shown in Fig. 9. At room temperature, the initial values of
isk hardness Hv10 (d) = 237 and pin hardness Hv10 (p) = 224 were

btained, and the ratio Hv10 (d)/Hv10 (p) > 1. The hardness of pin #1
as increased by raised temperature. Meanwhile, hardness of the
isk cast iron was decreased. Thereafter, the ratio of Hv10 (d)/Hv10
p) < 1 was changed.
Fig. 9. High temperature hardness variations of NAC-alloy and disk cast iron.

4. Discussion

It is well known that the vermicular graphite cast iron has an
optimized phase constitution and microstructure for its acceptable
wear resistance by ship engine industries. Pearlite matrix of the
vermicular graphite cast iron consists of very hard cementite and
bonded by ferrite, formed a fine lamellar microstructure. The hard
cementite in the cast iron will have a function to against wear-
ing mostly, assisted by graphite as a solid lubricant. But, the single
phase NAC-alloy selected in this work even has a little less spe-
cific wear rate. Therefore, it will be reasonable to consider that
the wear mechanisms of the vermicular graphite cast iron and
the single phase NAC-alloy are various, and to acknowledge that
a wear-resistant hard layer on the NAC-alloy was formed during
the friction procedure.

From the works [24–26], it has suggested that the sliding wear
of metals commonly includes the following sequence of events:
large plastic strains resulting from asperity contacts, generation
of a heterogeneous substructure consistent with large strains,
shear instability leading to transfer of material from one slid-
ing component to the other, mechanical mixing which produces
an ultra-fine grain size material on the surface, and removal of
this mechanically mixed material as wear debris particles. There-
fore, mechanical properties are very important related to the wear
behaviour of materials. Especially, the strength of material and its
work-hardening behaviour to plastic flow will control the extent of
plasticity in the contact region.

Many research works [27–30] were concentrated on the mech-
anisms of anomalous hardening of the Ni3Al-based intermetallics.
The phenomena were successfully explained on an immobilized
action by cross-slip and thermal activated process of superdislo-
cations in L12 crystalline structures of the Ni3Al-type alloys. It has
been suggested that the high hardening rate in the ordered crys-
tals may be due to the generation of antiphase domain boundary
(APB) tubes formed by cross-slip pinning. The APB and/or stacking
fault energy of different lattice plans in ordered structures change
with temperature. When the difference is lower following raised
temperature, the cross-slipping of the screw dislocations occurs
more easily and finally results in high strain hardenability. In fact,
the selected NAC-alloy has constant yield strength of not less than
gation. The alloy has also a higher work-hardening [31], which
means that a deformation induced hard layer at the worn surface
can be formed quickly, and the hardness of the layer even further
raised by an increased surface temperature from friction.
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The importance of the relative hardness of the pin and disk was
mphasized by works [32,33]. When the fraction ratio of Hd/Hp was
ess than one, properly severe wear was occurred soon after the
tart of testing, friction was high and the friction trace contained
arge fluctuations. With the initial value of Hd/Hp greater than
ne, two cases will be occurred. In one case, sliding was smooth
ith low friction throughout the test. The second case began in

he same way, but there was then a transition, with subsequent
ehavior like that observed when the initial value of Hd/Hp is less
han one. In the present test on pin #1 with the cast iron disk,
he ratio Hd/Hp at room temperature is greater than 1, but value
f the ratio was decreases by the increasing surface temperature,
esulting Hd/Hp < 1. A high work-hardenability of the NAC-alloy will
urther decrease the ratio. Clearly, the observed severe wear on the
isk was related to the low hardness ratio on the worn surface,
d/Hp < 1. The relatively higher specific wear rate of pin #1 probably
lso conducted to the serious wearing of the disk due to frictionally
nduced hard debits. Therefore, it is believed that the NAC-alloy as a
ingle phase material will not be as a potential candidate for certain
pplications in practice. But, it can probably be suitable as a matrix
aterial to develop wear-resistant composites.
It is known that the hard-phase reinforcements can improve

ear resistance of metal-matrix composites effectively. Our earlier
ork [19] also revealed that the added Cr3C2-particles improved
ear properties of Ni3Al-based alloy. But for the composites con-

aining hard particles, it has been also noticed that sliding against
metal counterface resulted in generation of metal filings due to
icrocutting. Then, these filings were compacted during sliding to

orm a transfer layer and caused serious wearing results. Lubrica-
ion could help to avoid this problem. Unfortunately, this is not the
ase for a marginal lubrication condition of some engine compo-
ents. In the present work, a further investigation of Cr3C2-effect on
ribological behaviour of the NAC-alloy composite was performed.
lso, the influence of the added hard particles on the counterpart
as also investigated in the study.

The diffusion zone formed at the interface between the
r3C2-particle and the NAC-alloy matrix during the thermal and
echanical process of HIP, which made a strong bonding of the

articles and matrix, and benefits wear resistance of the mate-
ial. 6 vol.% Cr3C2-particles addition has lowed the specific wear
ate to 0.76 × 10−5 mm3/N·m. Comparing to a specific wear rate
.38 × 10−5 mm3/N·m of the single phase NAC-alloy, the reduction
f wear rate is effective due to the added hard particles working
s a wear-resistant phase. At the same time, the Cr3C2-particles
ddition also decreased specific wear rate of its counterpart disk to
.18 × 10−6 mm3/N·m, instead of 11.01 × 10−6 mm3/N·m of the disk
orn by monolithic NAC-alloy without addition of Cr3C2-particles.

he added hard particles reduced wearing on both sides of pin
nd disk, around 50%. On the other hand, Cr3C2-particles addi-
ion increased friction coefficient of NAC-alloy to 0.68 ± 0.02. In the
ase, it would be logical to consider that the hard Cr3C2-asperities
ncreased the friction resistance, but kept sliding surfaces apart
fter some parts of the NAC-alloy matrix being worn-off during the
earing process, and avoided direct contact between NAC-alloy
atrix and the disk, then reducing the specific wear rates on both

ides.
6 vol.% MnS-particle additions even reduced friction coefficient

f the NAC-alloy to a value of 0.45 ± 0.02. On the specific wear
ate, the MnS-particles added composite has a value of 1.54 × 10−5

nder 40 N, which is slightly higher than 1.38 × 10−6 of the single
hase NAC-alloy. But, wear rate of the related counterpart disk is

.07 × 10−6 mm3/N·m which is much less than 11.01 × 10−6 of the
isk against the single phase NAC-alloy. Also, the worn surface of
he related disk is rather smooth with less wear track tails, compar-
ng to the disks worn by other three different pins. Therefore, it will
e reasonable to consider that the MnS-particles in the NAC-alloy
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composite functioned as a type of solid lubricant. In fact, it was iden-
tified in this work by the X-ray diffraction spectrum that MnS-phase
has a hexagonal crystalline structure similar to the commonly used
solid lubricants of graphite and MoS2.

In general, the experimental data recognized that the 6 vol.%
MnS-particles added NAC-alloy composite has the same specific
wear rate as a commercial vermicular graphite cast iron, but a lower
friction coefficient against a liner grey cast iron material, which
made itself sliding with the selected counterpart friendlier.

5. Conclusions

From the investigation, several points can be concluded as:

1. The selected single phase NAC-alloy in this work has the almost
same friction coefficient and specific wear rate under the test-
ing condition, comparing to a commercial vermicular cast iron
used in ship engines. The wear mechanism is most probably con-
ducted to its intrinsic deformation mechanism of the Ni3Al-type
of intermetallics.

2. Unfortunately, the single phase NAC-alloy was not working with
its counterpart grey cast iron disk friendly. Therefore, the mono-
lithic NAC-alloy material shall not be applied to a certain wearing
condition. But, it can probably be suitable as a matrix material
to develop wear-resistant composites.

3. 6 vol.% MnS-particle addition, as an effective solid lubricant, dra-
matically improved specific wear rate of the grey cast iron disk,
and also friction coefficient of the friction-pair. But, its specific
wear rate is remained as the same as the monolithic NAC-alloy
and the reference vermicular cast iron.

4. Definitely, 6 vol.% added Cr3C2 hard particles reduced wearing
on both sides of pin and disk, around 50%. It was considered
that the hard Cr3C2-asperities kept the sliding surfaces apart,
when the matrix part was worn off during the wearing process,
then reducing the specific wear rates of both pin and disk. The
phenomenon was more obvious under an applied high load of
40 N testing condition.

Considering other excellent physical, chemical and mechanical
properties of the Ni3Al-based intermetallic materials, the present
investigation has recognized that it will be meaningful and pos-
sible to develop Ni3Al-matrix composites, reinforced by both hard
Cr3C2-particles and soft MnS-particles for tribological applications.
Concerned to wear mechanism, composition development, influ-
ence of microstructure on tribological performance of the alloy
system, further investigation is needed.
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