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Abstract: The tribological properties of Nr31. 44% Pb monotectic alloys were measured by using a SRV reciprocating tribo-

tester. The effects of load, sliding speed and melt undercooling on wear rate of the sample were investigated. The worn surface of

Nr31. 449% Pb was examined using scanning electron microscope (SEM) and X-ray photoelectron spectroscope ( XPS) . The results

show that the wear properties of the samples undercooled by 80 K and 310 K are obviously superior, which is attributed to more ef-

ficient transfer of Pb from the bulk material to the worn surface. The lubricating film is identified as a mixture of Ni,O3 and PbO by

XPS analysis. At the same load and sliding speed, the predominant wear mechanisms can be identified as oxidative wear for the

lower and larger undercooling, and plastic deformation and fracture for the medium undercooling.
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1 INTRODUCTION

Monotectic alloys have perfect physical and chemical
properties and can be used as selflubricating materials,
electrical contact materials, superconducting materials
et ! However, it is very difficult to fabricate mono-
tectic alloys with homogeneous structures by employing
conventional casting, because the parent liquid decompos-
es quickly into two distinct immiscible liquids in the imr

(461 " The problem has delayed the utiliza-

miscibility gap
tion of monotectic alloys as industrial materials and sys-
tematic research on the solidification of monotectic al-
loys! ™. Single phase, eutectic and peritectic melts have
been studied systematically by high undercooling and
rapid solidification, and can solidify at a higher speed un-
der larger undercooling and obtain more homogeneous mi-
crostructure with nearly no solution segregation! ' . Up
to now, there is nearly no literature to report the fabrica-
tion of homogeneous monotectic alloy and the stu- dy of
the tribological property and wear mechanism by employ-
ing high undercooling technique. The main aim of the

present paper is to report the tribological property and the

wear mechanism of Nt 31.44% Pb (mass fraction) mono-
tectic alloy undercooled by different undercooling, at the

room temperature under the dry friction condition.
2 EXPERIMENTAL

Ni-31. 44%Pb (mass fraction) monotectic alloy was
fabricated by high undercooling technique, and its pro-
cessing details have been reported elsewhere! . The
sample was 2 mm in thickness and 12 mm in diameter.
The counterpart was a GCrl5 steel ball with hardness
HRC62-63 and surface roughness R, about 0. 01 Hm with
a diameter of 9. 53 mm. The chemical composition of the
steel ball is given in Table 1.

Table 1 Chemical composition of
SAE 52100 steel' "®! ( mass fraction, %)
C Cr Si Mn Fe

0.9571.05 1.3071.65 0.1570.35 0.2070.40 Bal.

Prior to tribological testing, the surfaces of the discs
were polished with 1200-grit emery paper. All of the sam-
ples were cleaned in an ultrasonic bath with acetone and
then ethanol for 20 min, and then dried in hot air. Tribo-
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logical tests were conducted using SRV reciprocating tri-
bo-tester (see Fig. 1) under reciprocating sliding at room
temperature (23 C).

Fig. 1 Schematic system of
SRV reciprocating tribo-tester

The operating conditions were as follows. In all ex-
periments, the stroke was Imm, and the sliding time was
10 min. The frequencies of oscillation ranged from 10 Hz
to 20 Hz, which corresponds to sliding speeds of 0. 02 ~
0.04 m/s. The load normally ranged from 10 N to 30 N
with a 20 Hz frequency.

The cross section of the worn discs was measured us-
ing a surface profilometer. The wear volume of the sample
was calculated by

V= SL (1)
where V is the wear volume of the sample, S is the
cross-section area and L is the length of the stroke. The
volumetric wear rate W was evaluated as

W= V/s (2)
where s is the total sliding distance. The test deviation
was not more than 6% . After testing, the worn surface of
the samples was studied using scanning electron micro-
scope (SEM) . The elements chemical states on the worn
surface were determined by a PHI-5702 X-ray photoelec-
tron spectroscopy ( XPS). During XPS analysis, a 400 W
Mg Kg line was used, the pass energy was 29.350 eV
and the binding energy of Cls (284. 6 €V) was used as a

reference, and the diameter of the spot was 400 Pm.
3 RESULTS AND DISCUSSION

3.1 Wear behavior

Under the dry sliding condition, the effect of load on
the wear rate of NrPb monotectic alloy under different
undercoolings are shown in Fig. 2. It can be seen that the
wear rate of the alloy sharply increases with load under
the same undercooling. In addition, the wear rate of the
samples undercooled by 80 K and 310 K is obviously
smaller than that of the others.

Fig.2 Wear rates of Ni-31. 44% Pb monotectic
alloys vs load at sliding speed of 0. 04 m/ s

At the same sliding speed, superior performance of
the materials undercooled by 80 K and 310 K is easy to be
explained in the transfer efficiency of the Pb element.
Typical microstructures of Nr-31. 44% Pb monotectic alloy
under the different undercooling are shown in Fig. 3,
where the white is nickelrich phase and the dark lead
rich phase. When the undercooling is 80 K, the mi
crostructure is mainly composed of rough aeNi dendrites
and intradendritic massive Pb lumps (Fig. 3(a)), where
the Pb element can transfer continuously from the interior
of material to the worn surface because of the presence of
large size Pb lumps. With the increase of undercooling,
the size of Pb lumps becomes smaller ( Fig. 3(b) and 3
(c¢)) and the Pb transfer becomes difficult, the corre-
sponding wear rate increases obviously. However, when
the undercooling is 310 K, the wear rate is obviously
smaller than those of 150 K and 220 K, which results
from the solid solubility change of Pb element in the nick-
ekrich phase under high undercooling conditions. It is
well known that the maximum solid solubility of Pb ele-
ment in & Ni is about 1. 02% (mole fraction) (or 4. 1%,
mass fraction) under the equilibrium solidification condi-

. 15
thIlS[

I In our previous work!"*!, the Pb solubility can
reach 5. 83% (or 17. 83% , mass fraction) at the under-
cooling 418K because of distinct solute trapping. There-
fore, the Pb element on the worn surface should be mainly
transferred from the interior of acNi dendrites( Fig. 3(d))
but not from the interdendritic regions, which is a useful
way to increase the Pb transferability by the increase of
relative contact area between the sample and the counter-
part.

The variation of wear rate with the sliding speed at
the 20 N load is given in Fig. 4. It can be seen that the
wear  rates of  the samples undercooled

by 80K and 150 K decrease with the increase of
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Fig. 3 Microstructures of Ni-31. 44% Pb monotectic alloys under different undercoolings
(a) —AT= 80 K; (b) —AT= 150 K; () —AT= 220 K; (d) —AT= 310 K
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Fig. 4 Wear rates of Ni-31. 44% Pb
monotectic alloys vs sliding speed at load 20 N

sliding speed at first, and then the wear rates increase
with the sliding speed increasing. Whereas, the wear
rates of the samples undercooled by 220 K and 310 K in-
crease with the speed increasing at first, and then de
crease with the sliding speed. The experiment results
above-mentioned can be explained as follows.

At the same load, for the smaller under- cooling, it
is helpful for the lower sliding speed to hold the Pb ele-

ment transferred from the interior of the material on the

worn surface, which causes the wear rate to decrease. But
the loss of Pb element to the worn surface, as transferred
from the interior of the material, becomes easy with the
increase of sliding speed, and finally causes the wear rate
to increase. Under the larger undercooling, it is obviously
useful for the larger sliding speed to help Pb element to
transfer from the interior of material to the worn surface.
The real reason that the wear rate of the sample under-
cooled by 310 K is obviously lower than that of 220 K is
also attributed to the solid solubility difference between
two different undercoolings.

In the present work, a black film was observed on
almost the entire worn surface of the NiPb bearing alloys
and was apparent on the worn surface of specimens tested
at the higher load or sliding speed. The chemical states of
Ni and Pb elements on the Ni31. 44% Pb worn surface
investigated using XPS analysis are shown in Fig. 5. The
analysis reveals that the nickel and lead exist mainly in
compound states. According to Fig. 4(a), the binding
energy of the nickel 2p3y, peak is 855. 4 eV. This is
probably indicative of the presence of Ni;O3, based on

literature datal '® . Fig. 4(b) shows that the binding ener-
gy of the lead component is 138. 5 €V, midway between
136.9 €V of the lead 4f7, peak and 141. 7 €V of lead
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4fs/5 peak, which is approximately associated with PbO.
Consequently, it can be concluded that the lubricating
film on the worn surface is a mixture of NiO3 and PbO.
The XPS results also indicate that the lubricating
film is actually the reaction products of Ni and Pb which
react with oxygen in the atmosphere under high contact
pressure and surface temperature. Pure Pb is not found in
the film which is different from the pure Pb film that has
7181 The film on the
interface between the NtPb monotectic alloy and steel

been reported by many workers

ball restricts metalmetal contact, and hence the resis-

tance to wear and friction is improved.

3.2 Surface morphology and wear mechanism

Fig. 6 shows the SEM morphologies of the worn sur
face, which reflects the effect of the lubricating film on
the wear of Ni-Pb monotectic alloys. Under the same load
and sliding speed, the worn surface of Ni-Pb monotectic
alloys undercooled by 80 K and 310 K appears smooth and
consists of small grooves, and some powder is present at

the bottom of these grooves. XPS examination of
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Fig. 5 XPS spectra of worn debris of Ni-Pb monotectic alloy
(a) —Chemical state of Ni; (b) —Chemical state of Pb

Fig. 6 Morphologies of worn surfaces of NiPb monotectic alloys
undercooled by 80 K(a), 310 K(b), 150 K(¢) and 220 K(d) at 20 N, 0.04 m/s
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the wear debris shows the existence of nickel and lead ox-
ides, indicating that oxidative wear is the main mecha-
nism for the samples with lower and higher degrees of un-
dercooling. Compared with that of the samples under
cooled by 80 K and 310 K, the worn surfaces of the sam-
ples undercooled by 150 K and 220 K underwent signifi
cant plastic deformation, resulting in fracture, which can
lead to the ejection of large wear fragments from the test-
ing sample. Hence, for the medium undercooling region,
the predominant wear mechanism can be identified as

plastic deformation and fracture.
4 CONCLUSIONS

1) The wear rate of samples undercooled by 80 K
and 310 K is obviously smaller than that of the others,
which is attributed to more efficient transfer of Pb from the
bulk material to the friction surface.

2) The lubricating film is identified as a mixture of
Ni03 and PbO by XPS analysis.

3) At the same load and sliding speed, for the lower
and larger undercooled samples, the main wear mecha
nism is oxidative wear. For the medium undercooled sam-
ples, the predominant wear mechanism can be identified

as plastic deformation and fracture.
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