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Ni was added into graphite-lead free tin bronze composite layers on surface of steel sheets by
primary sintering mixed powders of graphite and CuSn10 with addition of a nickel nitrate and poly(vinyl
alcohol) (PVA) solution in an ammonia decomposition atmosphere. The reduced Ni particles attached
on the surface of graphite and CuSn10 particles help to link them together. The conjunction of graphite
and CuSn10 matrix in the composites treated by cold rolling and second sintering is well, and no cracks
can be observed at the interface between graphite and CuSn10 matrix. The addition of Ni will improve
the interface; increase hardness, anti-friction and anti-wear performance of the composites greatly.
The Ni containing graphite-CuSn10 composites demonstrate better tribological performance than
CuSn10Pb10 alloy, which makes them promising lead free bearing materials for heavy load engines.
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1. Introduction

Lead tin bronze-steel bimetals were usually employed
as bearing materials of heavy load engines. Because of their
high strength and thermal conductivity, the lead tin bronze
layers were used as friction pairs. Steel sheets will further
increase the strength and carry capacity of bearing materials,
and reduce the amount of expensive nonferrous metals.
However, lead is a harmful heavy metal and limitation has
been imposed on its usage. Presently, considerable researches
have been focused on developing lead free bearing materials'.

CuSn10Pbl10 is one of the most common used lead tin
bronzes for heavy load engine bearing materials. Because lead is
asoft phase, it serves as lubricant for the bearing materials. As an
excellent solid lubricant, graphite was applied into copper matrix
composites as replacement of lead to improve their anti-friction
property*”. But the interface binding between graphite and copper
matrix is weak due to their incompatibility, which decreases the
mechanical and tribological performance of the composites>”.
Modification techniques of graphite such as: Cu electroplating®’,
Cu electroless plating'®!!, Ni electroplating'? and Ni electroless
plating'>-1 are effective routes to improve the interface. Neverthe-
less, these modification techniques are complicated, expensive
and cannot be employed in large scale production.

In this work, the possibility of replacement of CuSn10Pb10
alloy by graphite-CuSn10 composites was explored by comparing
their tribological performance; a novel, simple, cost effective
and large scale production technique was also presented to
improve the interface between graphite and CuSn10 matrix.

2. Experimental

2.1 Starting materials

CuSn10, CuSn10pb10 and graphite powders with a particle
size of ~50 pm and SPCC steel sheets with a thickness of
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Imm were provided by Shanghai Hewei Corporation Limited.
The chemical compositions of the SPCC steel sheets are C:
0.07 wt%, Si: 0.10 wt%, Mn: 0.35 wt%, S: 0.011 wt% and
P: 0.008 wt%. Ni(NO,),*6H,0 and PVA1788 purchased
from Sinopharm Chemical Reagent Corporation Limited
were used as received.

2.2 Sample preparation

Powder metallurgy techniques illustrated in Figure 1
were performed to prepare Ni containing graphite-CuSn10
composite layers on the surface of steel sheets. The typical
large scale production processes of lead tin bronze-steel
bimetals were as follow: spreading powders on the surface
of steel sheets—primary sintering—-cold rolling—second
sintering—flattening!.

CuSn10 powders

| Graphite powders

Mixing H Drying |_’|(rushing HSpreading‘
Cold rolling

Nickel nitrate and
PVA solution

Second sintering
Flattening

Figure 1: Flow diagram of preparation processes for graphite-
CuSn10 composites containing Ni

The solution of Ni(NO,), and PVA was prepared by
dissolving 80 g Ni(NO,),*6H,0 and 5 g PVA in 100 g pure
water. CuSn10 powders, graphite powders and the solution
with weight rates of 100 : 1.33, 2.20, 2.81, 3.45 : 25 were
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mixed. Uniform slurry obtained by stirring the mixture was
dried at 100°C for 6 h, and the produced porous bulks were
crushed into powders for following processes.

The crushed powders were loosely spread on the surface
of steel sheets to form a layer with a thickness of ~1 mm.
After sintered in an ammonia decomposition atmosphere at
800°C for 1 h, they transform to porous layers. Cold rolling
with a 10% deformation rate and second sintering at 850
°C for 1 h in an ammonia decomposition atmosphere were
performed to densify the porous layers.

The weight percentage content of graphite in the obtained
composite layers is 1.29 wt%, 2.11 wt%, 2.68 wt% and 3.27
wt% (are roughly equivalent to volume percentage content
of 5 vol%, 8vol%, 10 vol% and 12 vol%).

2.3 Characterization and tests

The microstructures and chemical compositions of
the samples were analyzed by S-3400 Scanning Electron
Microscope (SEM) and its Energy Dispersive Spectrometer
(EDS). The Brinell hardness of the coatings was tested,
using a 62.5 kgf load, 30 s dwell time and a steel ball with
a diameter of 2.5 mm. Tribological performance tests were
carried out by UMT-3MT-220 friction and wear testing
instrument using a pin-on-disk technique. The size of samples
was 50 mmx10mmx3 mm. The composite layers were taken
as the plates. The spherical pins with a diameter of 6 mm
were made of quenched chromium steel with a Rockwell
hardness of 60-63. In these tests, samples are ground up
to grade 1200 abrasive paper, and their surface roughness
was 0.1£0.02 Ra. Each friction pair was cleaned in acetone
before and after wear tests. All friction and wear tests were
performed under a fixed load of 200 N at a sliding speed
of 1 m/min. Wear rate of the samples was defined as their
weight loss suffered per unit sliding distance. An electronic
balance having a resolution of 0.0001 g was used to measure
the weight loss.

3. Results and discussions

The aim of primary sintering in powder metallurgy
processes of bimetals is to make metal particles to be connected
with each other and attached on surface of steel sheets to
form porous layers for following processes. Actually, for the
mixture of graphite and CuSn10 powders without addition of
Ni(NO,), and PVA solution, they are still separated particles
and cannot form porous layers after primary sintering because
of the presence of graphite powders. By adding Ni(NO,),
and PVA solution into the graphite and CuSn10 powders, the
porous layers on the surface of steel sheets can be obtained.
Comparing Figure 2a with Figure 2b, it can be observed that
the dark graphite particle and gray CuSn10 particles have
smooth surface for the powders mixture without addition of
Ni(NO,), and PVA solution; after adding the solution into
the powders mixture, some smaller particles with a size of
1-5um were loaded on the surface of the graphite particle
and CuSn10 particles and help to link them together. EDS
was conducted to analyze the chemical compositions of
the smaller particles. From the EDS patterns of point A
and point B in Figure 2b (Figure 2c and Figure 2d), the
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chemical compositions of point A are C (57.51 wt%), Cu
(17.01 wt%), Sn (13.58 wt%) and Ni (11.90 wt%), and the
chemical compositions of point B are C (11.21 wt%), Cu
(20.16 wt%), Sn (26.57 wt%) and Ni (42.06 wt%). The C
element originates from graphite particle, Cu and Sn elements
are assigned to CuSn10 particles, Ni element is attributed
to the smaller particles on their surface. Because Ni(NO,),
will transform to metal Ni at high temperature in reducing
atmosphere, the smaller particles are metal Ni.

Figure 3 shows the formation of Ni particles on the surface
of graphite and CuSn10 particles. After CuSn10 powders,
graphite powders and solution of Ni(NO,), and PVA were
stirred for a period of time, the solution of Ni(NO,), and
PVA will form a film on the surface of CuSn10 and graphite
particles. Being sintered in an ammonia decomposition
atmosphere, the Ni(NO,), in the film will be decomposed to
NiO, and then reduced to metal Ni. The obtained metal Ni
tends to form sphere morphologies to minimize its surface
energy. By this technique of Ni addition, the Ni particles on
the surface of CuSn10 and graphite particles will increase
their connection, achieve relatively uniform distribution
of Ni in the mixed powders, and avoid the enrichment of
graphite powders in the upper layer of the mixed powders
which was caused by great difference density between
CuSn10 and graphite.

After primary sintering, the loosely spreading powders
will transform to porous layers on the surface of steel sheets.
Subsequently, cold rolling and second sintering will further
dense the porous layers. Figure 4a and Figure 4b show SEM
images of densified graphite-CuSn10 composite layers
with 10 vol% graphite and Ni addition. The gray part is
CuSn10 matrix and the black part is graphite. The interface
of graphite and CuSn10 matrix is well combined, no cracks
can be observed there. Figure 4c and Figure 4d exhibit SEM
images of graphite-CuSn10 layers with 10 vol% graphite
and no Ni addition. Apparent cracks appear at the interface
between graphite and CuSn10 matrix. Figure 4e shows the
EDS pattern of point C (the interface between graphite and
CuSn10 matrix) in Figure 4b. The chemical compositions
of point C are C (54.95 wt%), Cu (35.98 wt%), Sn (5.43
wt%) and Ni (3.64 wt%), indicating the interface between
graphite and CuSn10 matrix contents metal Ni which are
attributed to the smaller metal Ni particles on the surface
of graphite and CuSnl10 particles. Because graphite and
CuSnl10 are incompatible, the interface between graphite
and CuSn10 matrix is just mechanical binding. Metal Ni is
compatible with both graphite and copper, so the addition
of Ni will improve the interface binding of graphite and
CuSn10 matrix. The Pt element in the EDS pattern of Figure
4e originates from the Pt coatings on the surface of samples
for SEM sample preparation.

Figure 5 compares friction coefficient curves of the
composites with different graphite content and Ni addition,
the composite with 10 vol% graphite and no Ni addition and
the CuSn10Pb10 alloy. At the beginning of the abrasive tests,
friction coefficient of the composite layers with different
graphite content and Ni addition increases, and then decreases
to stable state, because graphite lubricant film between wear
pairs cannot be formed at this stage'®. Figure 5a demonstrates
the friction coefficient curve of the composite with 5 vol%
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Figure 2: (a) SEM image of graphite and CuSn10 powders without adding Ni(NO,), and PVA solution treated by primary sintering, (b)
Powders peered from the surface of porous graphite-CuSn10 composite layers containing Ni treated by primary sintering, (c) EDS pattern

of point A in Fig. 2b, (d) EDS pattern of point B in Fig. 2b.
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Figure 3: Schematic diagram of formation of Ni particles attached
on the surface of CuSn10 particle or graphite particle.

CuSn10 or graphite particle

graphite and Ni addition. Its friction coefficient increases to
maximum value of 0.38 after being worn for 260 s, and then
decreases to 0.23 gradually. Its friction coefficient amplitude
is greater than that of composites with 8 vol%, 10 vol%, 12
vol% graphite and Ni addition, which indicates its unstable
friction processes because its graphite content is very low
and integrated lubricant film cannot be formed between wear
pairs during the friction processes'®. The friction processes
of the composites with graphite content of 8 vol%, 10 vol%
and 12 vol% are stable and their average friction coefficient
i80.19,0.12 and 0.17 during friction processes, respectively.
For the composites with graphite content above 8 vol%,
the graphite are high enough for formation of integrated
lubricant films during friction processes; with increase

of graphite content from 8 vol% to 10 vol%, the graphite
lubricant film will become thicker, which further reduces
the friction coefficient of the composites; with increase of
graphite content from 10 vol% to 12 vol%, on the contrary,
the friction coefficient of the composites increases from
0.12 to 0.17, because too high graphite content will lead to
more worn metal debris in graphite lubricant film caused
by decrease of wear resistance of the composites™!®. From
the friction curve of no Ni containing composite with 10
vol% graphite, its friction coefficient gradually increases
to 0.50 and its friction processes is not stable. The cracks
at the interface between graphite and CuSn10 matrix will
induce stress concentration, which leads to more worn metal
debris into graphite lubricant film. The friction coefficient
of CuSn10Pb10 alloy is 0.23. Lead in CuSn10Pb10 alloy
serves as lubricant component, which leads to its stable
friction processes.

From Table 1, the Ni containing composites with 5 vol%,
8 vol%, 10 vol% and 12 vol% graphite exhibit hardness of
44.5, 41.3, 39.8 and 37.3 HB, respectively. Because the
graphite is the soft phase in the composites, with increase
of graphite content, the hardness of composites decreases.
By contrast, the hardness of the no Ni containing composite
with 10 vol% graphite is 35.0 HB, lower than that of the
Ni containing composite with same graphite content. The
addition of Ni can improve the interface between graphite
and CuSn10 matrix, which leads to enhancement of hardness



Materials Research

P S T R TR T T TR R T
Enoray kev.

Figure 4: SEM images: (a) and (b) Ni containing graphite-CuSn10
composite layers with 10 vol% graphite, (c) and (d) no Ni containing
graphite-CuSn10 composite layers with 10 vol% graphite, (¢) EDS
pattern of point C in Fig. 4b
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Figure 5: Friction coefficient curves of Ni containing graphite-CuSn10
composite layers with different graphite content: (a) 5 vol%, (b)
8 vol%, (¢) 10 vol%, (d) 12 vol%; (e) friction coefficient curve of
no Ni containing graphite-CuSn10 composite layers with 10 vol%
graphite, (f) friction coefficient curve of CuSn10Pb10 alloy layers

of composites''*. The hardness of CuSn10Pb10 alloy is
42.4 HB, lower than the Ni containing composite with 5
vol% graphite and higher than the Ni containing composites
with 8 vol%, 10 vol% and 12 vol% graphite. Table 1 also
demonstrates the wear rate of graphite-CuSn10 composites
and CuSn10Pb10 alloy. The Ni containing composites with
5vol%, 8 vol%, 10 vol% and 12 vol% graphite exhibit wear
rate of 3.6x10°mg/m, 2.3x10*mg/m, 1.2x10“*mg/m and
1.6x10*mg/m, respectively. Because the integrated lubricant
film cannot be formed for the Ni containing composite with
5 vol% graphite, its wear rate is much higher than that of
the composites with 8 vol%, 10 vol% and 12 vol% graphite.
With increase of graphite content from 8 vol% to 10 vol%,
the graphite lubricant film on wear surface become thicker,
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so the wear rate of the composites decrease slightly. On the
contrary, with increase of graphite content from 10 vol%
to 12 vol%, the wear rate of the Ni containing composites
increase slightly. For the composites with high graphite
content (above 10 vol% graphite), their hardness become
the main factor to effect their wear rate, so the decrease of
hardness leads to the increase of wear rate.

Figure 6 shows the SEM images of the worn surface of
Ni and no Ni containing graphite-CuSn10 composites with
10 vol% graphite and CuSn10Pb10 alloy. The worn surface
of Ni containing composite is much smoother than that of
no Ni containing composite and CuSn10Pb10 alloy. There
are many deep grooves and holes which can be observed on
the surface of composite containing no Ni due to more metal
debris worn off into graphite lubricant film. In Figure 6c, for
the CuSn10Pb10 alloy, obvious adhesive wear with fractures
and flakes on its surface can be observed clearly. Therefore,
the Ni containing graphite-CuSn10 composite with 10 vol%
graphite exhibits better tribological performance than that of
the no Ni containing composite with same graphite contain
and CuSn10Pb10 alloy.

SEM and EDS were conducted to analyze the worn surface
of counterparts. The counterpart of Ni containing graphite-
CuSn10 composite with 10 vol% graphite exhibits shallower
grooves than that of the no Ni containing composite with
10 vol% graphite (Figure 7a and Figure 7b). There is some
wear debris attached on the surface of the counterparts. The
EDS patterns in Figure 7d and Figure 7e show that Cu and
Sn elements are present, indicating the composite layers were
peeled off and the materials were exchanged from the surface
of the composite layers to the counterparts through wearing.
From Figure 7c, it can be seen that the wear debris was flattened
and closely attached on the surface of the counterpart. The
EDS pattern in Figure 7f includes Cu, Sn and high content
Pb. Because lead phase in CuSn10Pb10 alloy is very soft and
have excellent ductibility, the flattened lead rich wear debris
was pressed on the surface of the counterpart during wearing.

Figure 8 displays the SEM images and EDS patterns
of the wear debris of graphite-CuSn10 composites and
CuSn10Pb10 alloy. The wear debris has flake-like shape. The
wear debris size of Ni containing graphite-CuSn10 composite
is about 5-20 um, much smaller than that of no Ni containing
composite and CuSn10Pb10 alloy which have some bigger
wear debris with a size of 20-60 um (Figure 8a, Figure 8b
and Figure 8c). The amount of wear debris of Ni containing
graphite-CuSn10 composite is much less than that of no Ni
containing composite and CuSn10Pb10 alloy, most of its wear
debris was dispersed in the course of milling, so that the wear
debris was milled to smaller size. The EDS patterns of the
wear debris in Figure 8d, Figure 8e and Figure 8f contain Fe
and Cr elements, demonstrating the wear debris is composed
by materials coming from both mating surfaces.

4. Conclusions

1) After primary sintering of the graphite and CuSn10
powders with addition of solution of Ni(NO,), and PVA, the
reduced Ni particles will adhere on the surface of graphite
particles and CuSn10 particles, and help to link them together.
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Table 1: Hardness and wear rate of graphite-CuSn10 composites and CuSn10Pb10 alloy.

Samples Graphite content/ vol.% Wear rate/mgem’’' Hardness/HB
Ni containing graphite-CuSn10 composite 5 3.6x10° 445
Ni containing graphite-CuSn10 composite 8 2.3x10* 41.3
Ni containing graphite-CuSn10 composite 10 1.2x10* 39.8
Ni containing graphite-CuSn10 composite 12 1.6x10* 37.3
no Ni containing graphite-CuSn10 composite 10 8.2x1073 35.0
CuSn10Pbl10 alloy 0 3.0x10* 424

Figure 6: SEM images of the worn surface of: (a) Ni containing
graphite-CuSn10 composite layers with 10 vol% graphite, (b) no
Ni containing graphite-CuSn10 composite layers with 10 vol%
graphite, (¢) CuSn10Pb10 alloy layers.

Figure 7: SEM images of the worn surface of counterparts of: (a)
Ni containing graphite-CuSn10 composite layers with 10 vol%
graphite, (b) no Ni containing graphite-CuSn10 composite layers
with 10 vol% graphite, (c) CuSnl0Pbl10 alloy layers, (d) EDS
pattern of point D in Fig. 7a, (¢) EDS pattern of point E in Fig. 7b,
(f) EDS pattern of point F in Fig. 7c

2) After cold rolling and second sintering, the porous
graphite-CuSn10 composite layers obtained by primary
sintering become very dense. Metal Ni is compatible with

Figure 8: SEM images of the wear debris of: (a) Ni containing
graphite-CuSn10 composite layers with 10 vol% graphite, (b) no
Ni containing graphite-CuSn10 composite layers with 10 vol%
graphite, (¢) CuSn10Pb10 alloy layers. (d) EDS pattern of point R
in Fig. 8a, (e) EDS pattern of point S in Fig. 8b, (f) EDS pattern
of point T in Fig. 8c.

both graphite and CuSn10 matrix. By the addition of Ni,
the interface between graphite and CuSn10 matrix become
cracks free.

3) The addition of Ni increases the hardness, anti-friction
and anti-wear properties of the composites greatly. The
optimal graphite content for composite containing Ni is
10 vol%. Its friction coefficient and wear rate are 0.12 and
1.2x10*mg/m, respectively.

4) The Ni containing graphite-CuSn10 composites
exhibit better anti-friction and anti-wear properties
than that of CuSn10Pb10 alloy, which make them new
promising lead free bearing materials for heavy load
engines.
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