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This investigation pertains to the examination of the sliding wear behavior of a leaded-tin bronze bushing
under the conditions of varying applied loads and test environments against a steel shaft. The test envi-
ronment was changed by adding 5% of solid lubricants like talc and lead to an oil lubricant separately as
well as in combination; the fraction of the two (solid) lubricants within the solid lubricant mixture was
varied in the range of 25-75% in the latter case. The wear performance of the bushing was characterized in
terms of the wear rate, frictional heating, and friction coefficient. The increasing load led to deterioration in
the wear response, while the addition of the solid lubricant particles produced a reverse effect. Further, an
appreciable difference in the wear behavior was not observed when the tests were conducted in the oil plus
talc and oil plus lead lubricant mixtures. However, the oil containing lead and talc together brought about a
significant improvement in the wear response; best results were obtained in the case of the lubricant
mixture consisting of lead and talc together in the ratio of 3:1 in the oil. The observed wear behavior of the
samples has been discussed in terms of specific characteristics of various microconstituents. The features of
the wear surfaces and subsurface regions further substantiated the wear response and enabled us to
understand the operating material removal mechanisms.

Keywords journal bearing/bushing, leaded-tin bronze, lubricated
wear, sliding wear behavior, solid lubricant

1. Introduction

Leaded-tin bronzes have widely been used in tribological
applications including journal bearings (bushings) that encoun-
ter a sliding motion (Ref 1–7). Partially (mixed) lubricated
conditions are usually encountered in such applications in view
of the intermittent lubrication practice adopted (Ref 8). Mixed
lubrication conditions are also encountered even during starting
and stopping of fully lubricated sliding operations. Oil is an
important class of lubricants used for such purposes. A number
of additives are incorporated in the oil lubricants to improve the
performance (Ref 8–10). Solid lubricants are one of the
important additives in this context (Ref 8–21). Lead is a well-
known solid lubricant (Ref 1, 2), while talc has been used to a
very limited extent (Ref 22). The solid lubrication effect could
be realized either through directly incorporating solid lubricat-
ing phases into the sliding material system (Ref 1, 2, 23–30) or
by dispersing them in the base (liquid/ semi-solid) lubricant
(Ref 8–21, 31–33) that subsequently goes in between the
sliding surfaces. As far as the incorporation of lead into the
sliding material systems is concerned, several examples exist in
the literature (Ref 1, 2, 23–30), while very limited investigations
have been carried out related to talc (Ref 4, 17–20, 22, 25).

The available information suggests that important parameters
controlling the wear performance include the shape, size,
content and nature of the solid lubricant phases in addition to
other material and test related factors (Ref 11–21, 23–32). The
nature of the dispersoid/matrix interface greatly controls the
wear behavior. Also, since the solid lubricant phases are weak
and soft in nature, their addition to the sliding material system
leads to weakening the latter, thus causing deterioration in
mechanical properties (Ref 34). It has also been noticed that
their beneficial effects could be realized in this case in very
specific sliding conditions only, with adverse effect being
realized through the material chip off (Ref 23–30). Some
information is also available with regard to the incorporation of
the solid lubricants in oil (Ref 8–21, 31–33), wherein it has
been observed that this mode of their use is free from the
problems arising out of poor dispersoid/matrix interfacial
characteristics and material weakening/chip off. Moreover, this
mode of the solid lubricant addition offers the additive phase so
as to directly and hence more effectively interact with the
sliding surfaces, thus offering a better wear performance.
Interestingly, most of the observations are based on the testing
of standard samples like pins which offer a qualitative picture
only pertaining to the wear behavior of materials (Ref 11–17,
19, 20, 23–32). Needless to say, observations drawn through
component testing like journal bearings (bushings) become
more realistic in nature and are one step nearer to practical
applications.

In view of the above, an attempt has been made in this
investigation to study the influence of incorporating lead and
talc in a lubricating oil separately as well as in combination
toward controlling the sliding wear response of a leaded-tin
bronze journal bearing (bushing) at different applied loads. The
features of wear surfaces and subsurface regions have also been
examined to understand different operating wear mechanisms.
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2. Experimental

2.1 Material and Sample Preparation

Cylindrical bushing samples (ID: 19.50 mm, OD: 25.4 mm,
and length: 19.50 mm) were fabricated by machining. The
starting material in this case was a leaded-tin bronze in the form
of cylindrical rods (diameter: 28 mm and length: 150 mm)
prepared by the liquid metallurgy route. The shaft was
fabricated using En24 (conforming to SAE 4340) steel. Table 1
shows the chemical composition and hardness values of the
bushing and shaft materials. The bushing and shaft were
polished to a roughness (Ra) level of 0.25 lm.

2.2 Sliding Wear Tests

Lubricated sliding wear tests were performed on the bushing
samples against the steel shaft. The test parameters used in this
study were the sliding speed: 0.88 m/s, sliding distance: 1610 m,
and applied loads: 300 and 400 lbs (corresponding to 136.08 and
182.44 kg, respectively). The wear test apparatus employed for
the purpose was a Falex-make journal bearing tester. Figure 1
represents typical photographic views of the test apparatus and
assembly and preworn, as well as tested bush samples. The
composition of the test environment was varied by adding 5 wt%
talc and lead (separately as well as in combination) to SAE40 oil
lubricant; here the �%� represents the weight of the solid lubricant

particles in 100 cc of the oil lubricant. In the event of mixing the
solid lubricant (lead and talc) particles together, the ratio of lead/
talc was varied in the range of 0.33-3.0. Figure 2 shows the
morphology of the talc and lead particles while Table 2 presents
their particle size and properties. The lubricant mixture was
stirred well before initiating the test. The shaft and bushing
samples were cleaned well with acetone followed by carbon
tetrachloride before and after testing. Weighing of the bushing
was done using a Mettler microbalance having a precision level
of 0.01 Mg. The wear rate was measured by the weight loss
method. Frictional heat (generated at the outer surface of the
bushing) and friction coefficient were recorded as a function of
the test duration. For testing, the pre-weighed and cleaned
bushing sample was fixed into the housing and the shaft inserted
into the bushing. The lubricant mixture was filled in the chamber
up to a level that allowed the shaft to get immersed up to its
longitudinal axis. The bushing was loaded against the shaft with
the help of a dead weight and a cantilever mechanism. The shaft
was then rotated with the help of a drive mechanism at the
predetermined sliding speed up to the specified distance.

2.3 Microscopic Studies

The microstructural analysis of the bronze (bushing) samples
was carried out using optical and scanning electron microscopes.
The samples were polished metallographically and etched with
potassium dichromate solution. The worn-out part of the tested
bush was cut for the study of the wear surfaces and subsurface
regions. The transverse section of the cut piece was mounted in a
polyester resin, polished according to the standardmetallographic
techniques and etched with potassium dichromate solution for the
analysis of subsurface regions. Characteristics of the wear
surfaces and subsurface regions were examined using scanning
electron microscopy (SEM). The samples were mounted on brass
studs and sputtered with gold before their SEM examination.

3. Results

3.1 Microstructure

Microstructural features of the bronze (bushing) sample are
shown in Fig. 3. It shows a dendritic structure (Fig. 3a)

Table 1 Chemical composition and hardness of the experimental bush and shaft

Material Hardness (HV)

Chemical composition, wt.% element

Fe C Mn Ni Cr Mo Cu Sn Pb Zn

Bronze Bush 84 … … … … … … (*) 5.14 5.22 4.75
Steel shaft 260 (*) 0.42 0.55 1.45 1.22 0.28 … … … …

(*) remainder

Fig. 1 Typical photographic views showing the journal bearing
apparatus, inside the oil chamber, bearing housing with the bushing
sample showing the position of the thermocouple and temperature
measurement, and tested bush sample [A: cantilever mechanism, B:
friction transducer, C: shaft, D: oil chamber, E: thermocouple, F:
bearing housing, G: bushing sample, H: wear surface of the tested
bushing, I: position of temperature measurement (outer surface of the
bushing) and J: bushing sample before testing]

Table 2 Particle size, density and hardness of different
solid lubricant particles mixed with the oil

Solid
lubricant

Particle size
range, lm

Density,
g/cc

Hardness,
Mohs

Melting
point, �C

Talc 25-100 2.58-2.83 1 1500
Lead 5-120 11.34 1.5 4327
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Fig. 2 Micrographs of (a and b) talc and (c and d) lead powder particles used as the solid lubricant in the oil lubricant mixture

Fig. 3 Microstructural features of the bronze bushing sample showing (a) dendritic structure, (b) different phases and nucleation of lead at
Cu-Sn intermetallic compound, and (c) occasional decohesion at lead/matrix interfacial regions [A: primary a, B: lead particle, C: copper-tin
compound, single arrow: nucleation of lead at Cu-Sn compound and double arrow: decohesion]
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comprising of primary a dendrites surrounded by the Cu-Sn
intermetallic compound in the interdendritic regions and
discrete particles of lead. A magnified view clearly reveals
the presence of the a phase, lead particles, and Cu-Sn
compound (Fig. 3b, regions marked by A, B, and C, respec-
tively). A typical example of nucleation of lead particles on a

Cu-Sn compound is shown in Fig. 3(b) (the region marked by
single arrow), while occasional decohesion of lead at the lead/
matrix interface is evident in Fig. 3(c) (the region marked by
double arrow).

3.2 Wear Behavior

Figure 4 shows the wear rate of the bushing samples at
different applied loads. The influence of the test environment
on the wear response of the samples is also evident from the
figure. The wear rate increased with the load, while the
presence of solid lubricant (talc and lead) particles in the oil
produced a reverse effect. At the lower applied load, the wear
performance of the samples was better when lead was mixed
with the oil than that mixed with talc. However, the perfor-
mance of lead and talc was comparable to each other at the
higher test load. Interestingly, simultaneous mixing of both talc
and lead with the oil was noted to be more effective toward
reducing the wear rate of the samples wherein the degree of
reduction in the wear rate became higher with the increasing
fraction of lead in the lubricant mixture.

The temperature near the sliding surface of the bushing
samples has been plotted as a function of the test duration in
Fig. 5. The frictional heating increased with the test duration
wherein the rate of increase was high initially followed by a
lower rate of increase in the temperature—an exception being
that, for the oil and oil + lead environments at the higher load
(Fig. 5b), the highest rate of temperature increase was observed
in the intermediate test duration. The presence of the solid
lubricant particles in the oil lubricant led to a reduced severity
of frictional heating in general. Also, the presence of talc and
simultaneous addition of talc and lead to the oil caused the
frictional heating to become the minimum.

The maximum temperature rise near the specimen surface is
shown in Fig. 6 for each variable load. The influence ofFig. 4 Wear rate of the bushing samples for different combinations

of solid lubricants mixed in the oil

Fig. 5 Temperature near the surface of the bushing samples plotted as a function of test duration for different combinations of solid lubricants
mixed with the oil lubricant at the applied load of (a) 300 lbs and (b) 400 lbs
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changing the composition of the test environment is also
evident from the figure. The increasing load led to a higher
frictional heating. The severity of the frictional heating was

comparable in the case of the oil and oil + lead lubricant
mixtures, especially so at the higher applied load. Further, the
simultaneous mixing of talc and lead particles with the oil
lubricant brought about the least frictional heating, the extent of
reduction in the temperature increasing with the rising fraction
of lead in the lubricant mixture.

The curves for friction coefficient as a function of the test
duration, in different environments have been plotted in Fig. 7.
The friction coefficient was influenced by the test duration in a
manner practically identical to that of the temperature (Fig. 5),
excepting that the highest rate of increase in the friction
coefficient was observed in the intermediate test duration even
at the lower load (Fig. 7a). The influences of the load and test
environment on the average friction coefficient (recorded
toward the end of the tests) also were similar (Fig. 8) to that
of the maximum temperature (Fig. 6).

3.3 Wear Surfaces

Figure 9 represents the wear surfaces of the bronze (bush-
ing) samples. The wear surfaces generally showed the presence
of well-defined grooves (Fig. 9a). Microcracks and deeper
grooves were also observed (Fig. 9b, regions marked by single
and double arrows, respectively). A magnified view clearly
reveals the microcracking of the wear surface (Fig. 9c, regions
marked by single arrow). Figure 9(d) represents a machining
chip responsible for generating deeper wear grooves (the region
marked by triple arrow). The exposure of a typical lead particle
from within the bronze sample material is seen in Fig. 9(e) (the
region marked by A). The presence of solid lubricant particles
in the oil lubricant tended to produce in general smoother wear
surfaces (Fig. 9f vs. a) along with the formation of a solid
lubricant film (Fig. 9g, the region marked by B) to a greater
extent.

Fig. 6 Maximum temperature near the surface of the bushing
samples at different applied loads for different combinations of solid
lubricants mixed in the oil

Fig. 7 Friction coefficient plotted as a function of test duration for different combinations of solid lubricants mixed with the oil lubricant at the
applied load of (a) 300 lbs and (b) 400 lbs
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3.4 Subsurface Regions

The features of the subsurface regions of the wear-tested
samples are shown in Fig. 10. The flow of lead and other
microconstituents in the sliding direction followed by the
normal bulk structure was observed (Fig. 10a, regions marked
by A and B, respectively). A magnified view (Fig. 10b) showed
severe fragmentation of various microconstituents, microcracks
(region marked by arrow), and regions in a process of
separation from the bulk. The microcracks were observed to
nucleate at the sharp tips of the microconstituents and
propagate along the phase/matrix interfacial regions (Fig. 10c,
the region marked by arrow).

4. Discussion

The bronze contained primary a, discrete particles of lead,
and Cu-Sn compound (Fig. 3b, regions marked by A, B, and C,
respectively). The a phase is soft and ductile and accommo-
dates the hard Cu-Sn compound and soft lead particles. Being
hard and strong, the Cu-Sn compound imparts load-bearing
capability. The desired role of lead here is to act as a solid
lubricant. However, the capability of lead toward producing the
solid lubricating effect is solely controlled by the test param-
eters like the applied load, sliding speed, and environment (Ref
27, 28, 30). Broadly speaking, an optimum degree of frictional
heat generation facilitates smearing of lead and subsequent
adherence of the smeared mass on to the sliding surface.
Conditions causing less frictional heating facilitate the pre-
dominant cracking tendency in the material, while the high
frictional heat generation leads to material seizure leading to an
inferior wear response in either case (Ref 27, 28, 30). The
cracking tendency emanates from the nucleation of cracks from

the lead/matrix interface. The occasional decohesion observed
in this study (Fig. 3c, the region marked by double arrow)
further strengthens the view. The presence of sharp-tipped
microconstituents enhances the tendency toward material
cracking further (Fig. 10c, the region marked by arrow). Lead
being soft and weak also produces weakening effect in the
material system. Accordingly, addition of a solid lubricant
phase to an external base lubricant (oil) always helps us to take
care of the deterioration in the mechanical and wear properties
of the material system, otherwise caused by the dispersion of
the solid lubricant therein. Additional advantages of adding a
solid lubricant phase to the external base lubricant include the
availability of a better opportunity to smear on the sliding
surfaces and form effective and stable lubricant film causing
improved wear performance. The presence of oil imparts the
film better adherence and stability on to the sliding surfaces by
improving its wettability. The lubricating characteristic of a
solid lubricant depends on properties like the hardness,
structure, morphology, density, and quantity (Ref 11–21).
Morphologies facilitating greater surface area are expected to
improve the wear resistance. As far as the present study is
concerned, lead is much heavier than that of graphite, while
their particle size and hardness were comparable to each other
(Table 2). From the point of view of structure, talc has a layered
structure (Ref 35, 36), while that of lead is face centered cubic
(Ref 37). Solids with the layered structure have very good
smearing tendency along the layers, while the fcc structure
allows the solids to deform easily in view of a large number of
slip systems (number of close-packed planes multiplied by the
number of close-packed directions). The simultaneous presence
of both the kinds of solid lubricants on the sliding surfaces is
expected to produce a synergistic effect in terms of improving
the wear response of the samples.

The improvement in the wear response of the samples in the
presence of the solid lubricant in the oil (Fig. 4) could be
attributed to the formation of greater extent of lubricating film
and its stability on the sliding surfaces (Fig. 9g, the region
marked by B). Such layers reduce the severity and extent of
direct metal-to-metal contact and hence better wear perfor-
mance. The increasing concentration of lead in the lubricant
mixture brought about improved response (Fig. 4). A corre-
sponding reduction in frictional heating (Fig. 8) and friction
coefficient (Fig. 6) was also in line with the decrease in the
wear rate (Fig. 4). A comparison of the characteristics of talc
and lead particles used in this study suggests significantly less
density but relatively coarser particle size of talc compared to
that of lead (Table 2). Also talc revealed layered structure
(Fig. 2b), a feature that makes it more favorable as a solid
lubricant, while lead does not possess such a feature (Fig. 2c
and d). The lower density of talc suggests its greater volume
fraction in the total lubricant mixture. Despite all the mentioned
favorable features, the performance of talc was only compa-
rable to that of lead (Fig. 4). This property indicates the overall
influence of the size, density, and structure to neutralize the
effects of each other on the overall wear response of the
samples. Interestingly, however, the two solid lubricants i.e.,
lead and talc, despite displaying comparable performance in an
identical manner, performed better when mixed together in
varying proportions. One of the reasons could be that the
relatively lighter and coarser particles of talc enable it to carry
the finer and heavier lead particles (having a greater tendency
toward settling) along, thus making the oil lubricant mixture
more homogeneous in terms of the distribution of the

Fig. 8 Average friction coefficient at different applied loads for
different combinations of solid lubricants mixed in the oil

2160—Volume 21(10) October 2012 Journal of Materials Engineering and Performance



Fig. 9 Wear surfaces of the bushing samples tested in (a-e) oil, and (f and g) 5% lead + talc (3:1) at the applied load of 400 lbs [Single arrow:
microcracks, double arrow: deep groove, triple arrow: machining chip entrapped in a deeper groove, A: exposure of lead and B: lubricating film
formation]
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suspended talc and lead particles, and hence offering improved
wear performance.

The higher rate of increase initially observed in the frictional
heating and friction coefficient with test duration (Fig. 5 and 7)
is attributed to the abrasive action caused by the entrapment of
the fragmented asperities that get work hardened due to severe
wear-induced plastic deformation (Ref 38). It may be men-
tioned that the initially contacting asperities being significantly
less in number have to carry the total effective load that exceeds
their yield strength (Ref 39). This makes them to yield, work
harden, and fragment in the due course of sliding. With the
progress of the sliding process, the effective contacting surface
area increases, as more and more of asperities establish contact
with the counter surface. This makes the wear condition mild,
and thus decreases the severity of frictional heating and friction
coefficient at the longer test durations.

Deep grooves on the wear surfaces (Fig. 9b, the region
marked by double arrow) are formed because of the hard debris
that gets entrapped in between the sliding surfaces during the
course of sliding (Fig. 9d, the region marked by triple arrow).
The entrapped debris particles shown in the figure have been
suggested to be generated through the scoring of the counter-
face (steel shaft in the present study) with hard microconstit-
uents of the specimen material system (Ref 27, 28, 40). Cu-Sn
intermetallic compound in the bronze bush (Fig. 3b, the region
marked by C) could be a potentially responsible phase in this
regard. The presence of cracks on the wear surfaces (Fig. 9c,
the region marked by single arrow) emanates from the crack
sensitive nature of leaded-tin bronzes in view of the presence of

lead particles in the material system. It has been suggested that
lead is poorly soluble and exists as a mechanical mixture in the
matrix (Ref 41, 42). Accordingly, the lead/matrix interface
becomes a potential site for the crack nucleation and propaga-
tion as is evident from Fig. 9(e) and 10(c) (regions marked by
single arrow). The occasional decohesion observed at the lead/
matrix interface (Fig. 3c, the region marked by double arrow)
further facilitates the process of cracking in the material.

The change in the degree of the wear-induced plastic
deformation experienced by the regions at different depths
below the wear surface (Ref 43, 44) is responsible for the
variation in their microstructural features. Regions in the nearest
vicinity of the wear surface undergo the highest severity of
deformation leading to the generation of finest microconstituents
(Fig. 10b). This is followed by the ones experiencing relatively a
decreased severity of plastic deformation thus causing the
microconstituents to flow in the sliding direction (Fig. 10a, the
region marked by A). The unaffected region that was lying much
below the surface (Fig. 10a, the region marked by B) revealed its
features to be identical to that of the starting material (Fig. 3b).

Adhesion was noted to be the principal material removal
mechanism. This was evident from the presence of plastically
deformed regions on the wear surfaces (Fig. 9) and in the
subsurface regions (Fig. 10). Microcracks on, as well as below,
the wear surfaces (Fig. 9b and c and 10b and c, respectively)
and decohesion at the lead/matrix interface (Fig. 3c, the region
marked by double arrow) indicate that the interfacial regions
serve as potential sites for the nucleation and propagation of
microcracks, and the joining of such cracks result into material

Fig. 10 Subsurface regions of the bronze bushing samples showing (a) flow of lead and other microconstituents in the sliding direction and
(b and c) fragmentation of microconstituents along with cracking in the plastically deformed region [A: flow of microconstituents, B: unaffected
bulk and arrow: crack]
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removal during sliding. Entrapped hard (iron) debris particles
on the wear surfaces (Fig. 9d, the region marked by triple
arrow) causing deeper grooves on the wear surfaces delineate
the contribution of abrasion also toward causing the material
loss/degradation. The flow of lead particles (present within the
bronze bush material system) in the sliding direction (Fig. 10a,
the region marked by A) indicates the smearing tendency of the
element toward forming the solid lubricating film (Fig. 9g, the
region marked by B), while decohesion at the lead/matrix
interface (Fig. 3c, the region marked by double arrow) shows
its tendency to enhance cracking in the material system. Thus,
the overall effect of lead depends on whether the cracking
tendency or lubricating characteristics would be permitted by
the test conditions to dominate. The talc and/or lead particles
suspended in the oil lubricant also produce solid lubricating
effect by smearing on the sliding surfaces.

5. Concluding Remarks

The present study suggests thewear response of the leaded-tin
bronze bushing samples to improve in the presence of suspended
talc and/or graphite particles. Interestingly, despite the compa-
rable performance of talc and lead when mixed with oil
separately, they delineated superior wear response when present
in the lubricantmixture together. The improvement was observed
in terms of reduced wear rate, frictional heating, and friction
coefficient. Higher fraction of lead in the lubricant mixture in this
case offered still improved wear characteristics of the bronze
bushing. The frictional heating, friction coefficient, andwear rate
became higher with the increasing load. Further, the frictional
heating and friction coefficient increased at a higher rate with the
increase in the test duration initially. This was followed by a
reduced rate of the increase in the parameters at longer test
durations. In some cases, the rates of increase in the frictional
heating and friction coefficient were the highest in the interme-
diate test duration. The observed wear response of the samples
was substantiated through the features of the wear surfaces. The
wear surfaces were smoother in general at lower loads and in the
presence of talc and/or lead in the oil that led to the improvedwear
performance and vice versa. The presence of the plastically
deformed regions on the wear surfaces and below suggested
adhesion to be an important wear mechanism. Further, the
formation of dark patches/regions and entrapment and smearing
of (lead/talc) particles on and below the wear surfaces suggested
solid lubricating effect produced by the lead and talc particles.
Formation of deep grooves and entrappedmachining chips on the
wear surfaces indicated abrasion also to play a role in causing the
material removal. The decohesion at the lead/matrix interface and
the presence of wear surface and subsurface cracks suggest that
lead particles present within the (bronze) material system also
tend to enhance the cracking tendency of the bronze, while
producing the solid lubricating effect. In fact, the net influence of
lead particles presentwithin the bronzewould depend onwhether
the sliding conditions permit the predominance of the cracking
tendency or lubricating effect on each other.
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