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The present study investigated the role of alloy microstructure and surface roughness on wear and fric-
tion behavior of leaded and unleaded tin bronzes. Ball-on-disk experiments were carried out under dry
conditions with steel balls sliding against bronze disks. Scanning electron microscopy (SEM), energy
dispersive electron microscopy (EDX), x-ray photoelectron spectroscopy (XPS) and Auger electron spec-
troscopy were performed to analyze the sliding tracks and the ball scars. The wear reducing effect of
lead was associated to the formation of an oxidized lead rich layer. When no such film formed on the
leaded bronze wear was more severe than in case of unleaded bronze. Nevertheless, the presence of lead
in the alloy was a necessary but not sufficient condition to obtain a smeared layer and thus a lubricating
effect of the leaded alloy. Two mechanistic hypotheses were formulated to explain the formation of the

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Leaded bronzes have been widely used as bulk material or
as coating of steel pieces for applications as bearings, shafts or
hydraulic pumps. Lead acts as an efficient solid lubricant in systems
functioning under boundary or dry conditions. For environmen-
tal and legal reasons, efforts are being made to remove lead from
bearing alloys. Numbers of materials are already proposed as alter-
native to leaded alloys, in particular metallic composites containing
self-lubricant particles like graphite, MoS, or PTFE [1-4]. Increas-
ing the wear performances of alternative materials to leaded bronze
requires a scientific understanding of the relevant mechanisms, and
in particular of the relationship between materials microstructure
and tribological behavior. However the present understanding of
the mechanisms by which lead improves the tribological properties
of alloys is limited.

Lead-base alloys, like babbit alloy, are used as soft coating for
bearings. Upadhyaya et al. [5] compared the tribological properties
oflead-base babbit alloys produced by casting and thermal spraying
in relation with their microstructure. Due to the low melting point,
lead was found smearing on the counterpart at an early stage of
sliding process. This thin lubricating film efficiently protected the
sliding parts against wear. Samples produced by thermal spraying
showed a lower wear due to a smaller spacing between intermetal-
lic particles. Dispersed lead particles are also used as solid lubricant
in aluminum-based or copper-based alloys. Mohan et al. showed
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the effect of lead content in a stir-cast Al-Pb alloy [6]. An increase
of the lead content led to a decrease of wear of up to 20 wt % Pb.
Higher Pb concentration increased the wear due to easier crack
propagation and to the removal of thick layer of lead. The effect
of lead content on Cu-Pb alloys was studied by Pathak et al. [7].
Increasing the lead concentration up to 40 wt % led to a decrease
in wear. The coefficient of friction also decreased up to 35 wt% Pb
before increasing at higher lead content.

Pandey and Prasad studied the effect of applied pressure and
sliding velocity on zinc-based and copper-based alloys [8]. The
highest wear rate of the copper-based alloy was attributed to its
microcracking tendency. The cracks were mostly present at low
sliding speed and did not form at higher velocity due to the higher
frictional heating.

Concerning leaded bronzes, the crucial role of third bodies in
dry sliding has been previously observed with similar tribologi-
cal conditions as in this study [9]. At low load, only small metal
oxide particles were generated. Under higher contact pressure,
lead-enriched larger flat debris were built up, decreasing the wear
coefficient and the friction. Microstructure played an important
role in the formation of the antifriction flat debris. Fewer but larger
lead inclusions allowed building up the beneficial flakes under
lower contact pressure.

In this study, the role of the alloy microstructure and of the
surface roughness on dry wear and friction of leaded bronze
is investigated with the aim to better identify critical mecha-
nisms. A CuSn10Pb10, with two dendritic microstructures and
a lead-free bronze, CuSn8, were studied. The sliding tracks and
the ball scars were analyzed with scanning electron microscopy
(SEM), energy dispersive electron microscopy (EDX), x-ray pho-
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Fig. 1. Microstructures of a) fine dendrites CuSn10Pb10 (Br1), of b) coarse dendrites CuSn10Pb10 (Br2) and of c¢) CuSn8 (Br3).

Table 1
Microhardness, size of the lead particles and average roughness R, of the analyzed samples.
Fine dendrites CuSn10Pb10 (Br1) Coarse dendrites CuSn10Pb10 (Br2) CuSn8 (Br3)
Microhardness 944+ 6.6 HV 91.0+10.3 HV 70.7+£0.7 HV
Size of Pb inclusions 4.7+1.7 pm 28+12pum -
Ra (as-machined) 0.48+£0.14 um 1.6 £0.4pum 1.2+£03pum
Ra (polished) 0.09+£0.02 wm 0.12+0.02 wm 0.07 £0.02 pm

toelectron spectroscopy (XPS) and Auger electron spectroscopy
(AES).

2. Experimental

Materials: Ball-on-disk experiments were performed on three
types of bronze: a CuSn10Pb10 alloy with a fine dendrites
microstructure called later Br1, a CuSn10Pb10 alloy with a coarse
dendrites microstructure called later Br2 and a lead-free bronze,
CuSn8, called later Br3. The Br1 bronze corresponded to the as-
delivered alloy and the Br2 alloy was obtained by casting the Br1
alloy followed by a heat treatment at 580 °C during 1 hour. The as-
delivered lead free Br3 alloy was annealed at 600 °C during 2 hours.

Fig. 1 shows the microstructures of the investigated alloys as
analyzed with optical microscopy. Alloy Br1 exhibits a fine den-
dritic structure (Fig. 1a) with uniformly dispersed small dark spots
corresponding to the lead inclusions. The casted and heat treated
alloy (Fig. 1b) presents a coarser dendritic structure with larger lead
inclusions located mainly in inter-dendritic spaces. The structure
of the lead free CuSn8 alloy (Fig. 1c) is homogeneous and single
phased. Table 1 lists the Vickers micro-hardness (as measured on
mirror polished samples with 2 N load applied during 15s) as well
as the lead grain size and the average roughness R,.

Additionally two surface finishing methods were used. A first
series of samples was tested directly after machining with a met-

alworking lathe and the second was polished with silicon carbide
abrasive papers with grit sizes down to 4000. Denominations of the
different types of samples are detailed in Table 2. During polishing
smearing of lead particles over the entire surface may happen. To
check for this, AES analysis was carried out on polished surfaces.
A lead signal could only be found in the lead inclusion but not on
the bronze matrix. This indicates that no significant lead smearing
occurred during polishing.

Tribological tests: A pin-on-disk tribometer previously described
[10] was used for wear and friction tests. Rotating bronze disks
were sliding against a stationary 100Cr6 ball (diameter of 6 mm) at
a sliding speed of 0.5 m/s with a normal load of 2N or 5N during
500 m. The radius of the disk wear track was 8 mm. The most used
normal load of 2N corresponded to an average Hertzian contact

Table 2
Naming of the analyzed alloys with the corresponding surface finishing.

Name Material Surface finishing
Br1-m CuSn10Pb10 As-machined
Br1-p fine dendrites Polished

Br2-m CuSn10Pb10 As-machined
Br2-p coarse dendrites Polished

Br3-m As-machined
Br3-p Cusn8 Polished
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pressure of 383 MPa for a contact diameter of 81.6 pm. The tests
were performed under ambient conditions (temperature: 22 4+ 1°C
and RH: 40-50%) and were repeated three times. A thermocouple
was placed on the top of the steel ball (opposite to the contact) in
order to detect frictional heating.

Wear volumes were measured by performing 8 line scans across
the wear track using a UBM non-contact laser profilometer. The
cross section area was extracted for the line scans by including the
generally very small lateral ridges. The average wear track volume
was determined for each sample by multiplying the average cross
section area by the length of the track.

Characterization of worn surfaces: Surface imaging was per-
formed with a SEM (FEI XLF30-FEG) and EDX analyses were
performed with a 15 kV acceleration voltage.

AES analysis was carried out with a Perkin-Elmer 660 scan-
ning Auger spectrometer (Perkin Elmer, Waltham, MA, USA) using
a 10 keV electron-beam with a 5 or 10nA current (LaB6 source).
Depth profiles were performed with a 2 keV argon beam that cor-
responded to an etching speed of 3 nm/min in Ta;Os.

XPS analyses of the wear track were performed with a Kratos
Axis Ultra system (Kratos Analytical Ltd, Manchester, UK) using a
monochromatic Al Ka radiation as x-ray source. The diameter of
the analyzed area was 400 pm. The pass energy and the step size
were 80eV and 1eV for survey spectra and 40eV and 0.1eV for
high-resolution spectra, respectively. The C1s peak was used as
reference and was set at 285.0 eV. Measurements were performed
without sputtering and after 1 minute Ar sputtering at 2 kV. XPS
peaks were fitted using the CasaXPS software (Casa Software Ltd,
Teignmouth, Devon, UK). Gaussian-Lorentzian curves were used as
line shapes with an iterated Shirley background.

3. Results

Friction: The evolution of the friction during the experiments
with polished surfaces is shown in Fig. 2. The Br3-p alloy showed the
most reproducible behavior with a coefficient of friction stabilized
around 0.66 +0.01. The Br1-p samples showed an increasing fric-
tion coefficient reaching in all cases a value around 0.62 4+ 0.04 and
Br2-p bronze showed a stable value of friction around 0.59 + 0.02

1.0+ CuSn10Pb10, fine dendrites
0.8+
0.6
0.4+
0.2+

Friction coefficient ™

0.0 — T T T T 1
Time [min.]

1.0+ CuSn8
0.8

0.6
0.4

Friction coefficient ©

0.2+

0.0 — T T T 1
0 4 8 12 16
Time [min.]

Table 3
Tribological results of experiments repeated three times if not stated. (1) single
measurement.

Material Conditions Friction coeff. Wear [mm?/m N]

1 Br1-m 2N 0.5m/s 500 m 0.30+£0.08 441074 +0.7.10~*
2 Br1-p 0.50-+0.08 451077 £1.5.10°6
3 Br2-m 0.45+0.15 1.510°£1.6-10*
4 Br2-p 0.55+0.05 2.7-1075+£3.8-.10>
5 Br3-m 0.64+0.06 13.1074+0.2.10*
6 Br3-p 0.70+0.01 1.7.1074+£0.7-10~*
7 Br2-p 5N, 0.5m/s, 500 m 0.62 (1) 1.3:.107> (1)

0.21(1) 3.6:1074 (1)

0.23 (1) 1.8-107% (1)

with the exception of one sample showing some discontinuities at
the beginning and at the end of the tests. Similar trends in time
evolution were observed with the machined surfaces although the
absolute values of the coefficient of friction varied. The coefficients
of friction averaged over the entire test duration are shown in
Table 3. Independently on surface finishing the Br1 bronze showed
the lowest coefficients of friction while the lead-free alloy showed
the highest values. For all alloys, polishing increased the coefficient
of friction

Wear: The wear track volumes measured on the bronze disks
were converted into wear coefficient by dividing the wear vol-
ume by the applied load (2 or 5N) and the total sliding distance
(500 m). The obtained data are listed in Table 3. Note the decrease
by a factor of 1000 in wear rate induced by polishing on the Br1
bronze while surface finishing has no significant effect on wear of
the other materials investigated here. The unleaded alloy exhibits
more severe wear than the other bronzes with the exception of the
Br1-m samples

Transferred bronze was generally found on the steel balls with-
out any evidence of steel wear. The absence of steel damage is
confirmed by the fact that steel debris particles could not be iden-
tified by AES, XPS or EDX on disks or balls.

Work hardening: Work hardening was determined by taking the
difference between micro-hardness measured inside and outside
the wear track and dividing it by the latter. Results are shown in

1.04 CuSnlOPbl10, coarse dendrites
0.8+
0.6
0.4+
0.2+
0.0 T T T T T T T T -

Friction coefficient

Time [min.]

Fig. 2. Evolution of the friction coefficient with time for polished samples: a) Br1-p, b) Br2-p and c) Br3-p.
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Table 4
Vickers microhardness measured beside and inside the wear track.

Material Vickers Microhardness Strain hardening [%]
Out of track On track

1 Br1-m 166.2+ 9.0 172.4 £15.2 3.7

2 Br1-p 118.0+6.2 136.2 £7.1 154

3 Br2-m 181.2+35.7 128.6 £36.0 -29.1

4 Br2-p 1109+126 128.8 +£9.3 16.1

5 Br3-m 150.4+19.1 266.0 £32.1 76.9

6 Br3-p 71.0+2.2 171.1 £14.8 141.2

Table 5

Cu:Sn:Pb ratios measured by EDX on particles and beside particles in the wear tracks
of the leaded bronzes after 2 N load tribological tests.

Cu: Sn: Pb ratio

Samples On particles Beside particles
Br1-m 89:7:4 91:8: 1
Bri-p 71:5:24 88:6:6
Br2-m 62:6: 32 93:5:2
Br2-p 83:7:10 91:6:3

Table 4. Small strain hardening was observed on the leaded bronzes
while the unleaded one exhibited significant hardening. The sample
Br2-m experienced softening instead of hardening. Note that the
machined surface exhibits higher hardness outside the wear track
probably because machining introduced some work hardening in
the surface layer. During the progression of wear, the sliding sur-
face may move below the surface layer affected by machining and
thus experience softening. This could explain the decrease of hard-
ness in the case of the Br2-m samples, while tribological hardening
remains predominant in the case of the Br1-m samples

Bronze wear patterns: Fig. 3 shows the SEM images taken in the
wear tracks on the bronze disks after the tests at 2 N for the different
alloys and surface finishes. The unleaded surfaces present relatively
large scratches with wedge formation. The worn surfaces on leaded
bronzes are much smoother and in the case of Br1 bronze they are
covered with particles. Such particles are clearly smeared in form
of flakes on the Br1-p while on the machined Br1 samples they are
more granular. The Br2 samples exhibit a surface layer apparently
formed by smearing and compaction of particles. Smearing is more
pronounced on the Br2-p samples as evidenced by the thin flakes
observed in the centre/right of Fig. 3d and marked P1

EDX analyses were performed on the particles and beside the
particles present in the wear track. Typical analysis spots are
marked P1 and P2 on the SEM Images of Fig. 3. The obtained
Cu:Sn:Pb atomic concentration ratios are shown in Table 5. The
composition of the spots beside particles correspond well to the
bulk alloy (Cu:Sn:Pb ratio of 91:6:3). On sample Brl-p a small
increase in Pb concentration can be observed. The same hold for the
particles found in Fig. 3a (Br1-m sample) while the other particles
exhibit a marked enrichment in lead. However, EDX analysis gives
values averaged over a sampling surface of 10 wm? and a sampling
depth of approximately 2-4 pwm. Thus the presence of depth con-
centration gradients or lateral inhomogeneities of submicron size
is not taken into account. To minimize such effects high depth res-
olution techniques, such as Auger electron spectroscopy combined
with ion sputtering are necessary.

Auger depth profiling (Fig. 4) was carried out on such a flake
as well as on a position not covered by a flake (such as the one
marked P2 on Fig. 3d). The flake is covered by an oxide layer con-
taining approximately 47 at.% Pb, 37 at.% O and 16 at.% Cu (Fig. 4
b). The thickness of this layer can be estimated at 15 nm after the
conversion of sputter time into depth using the calibrated tanta-
lum oxide sputter rate of 3 nm/minute. Around the flakes a film
of similar composition but much thinner (3 nm) covers the surface
(Fig.4a).Similar AES results were obtained with Br1-p samples with
thick oxide film covering the flakes but not the surrounding areas.

XPS analyses were performed on non-contact regions and in the
wear track on the four types of leaded bronze samples tested with
a 2N normal load. The large analyzed areas (diameter of 400 wm)
gave average values of the species present on the samples, as it was
not possible to distinguish flakes from bronze substrate. XPS sur-
veys showed the presence of copper, tin, lead, oxygen and carbon.
The analyses were performed before and after sputter cleaning to
study any degradation due to the etching process. As no major alter-
ation appeared, analyses after sputtering are shown. Fig. 5 shows
the spectra of a Br1-p sample. Very similar spectra were recorded on
the other samples. The copper Cu 2ps3), signal showed a main peak
at 932.4+0.2eV attributed to metallic copper or to Cu,0 [11,12]
and a minor contribution at 934.7 + 0.4 eV attributed to copper +2
hydroxide [11,13]. The oxygen O 1 s signal had two contributions at
530.1+0.3eV and 531.4+ 0.5 eV attributed to metal oxides and to
hydroxides or carbonates, respectively [11,13,14]. The main peak
of tin Sn 3dsj, was detected at 486.3 +0.4eV and was attributed
to Sn(+2). A minor contribution was found at 485.1 +0.4eV and
was attributed to metallic tin [15]. The aliphatic carbon peak was
used as reference and was set at 285.0eV. Two other contribu-
tions were detected mostly on polished samples at 286.4 +0.2 eV
and 288.8 £0.2eV and were assigned to C-O groups and to car-
bonates or carboxylic group, respectively [16,17]. The lead signal
Pb 4f;/, showed a main contribution at 183.3 +0.3 eV and a minor
peak at 136.6 + 0.3 eV corresponding to Pb(+2) and to metallic lead
[15,18-20], respectively. Signals of metal oxides Cu(+2), Sn(+4) and
Pb(+4) usually present at 933.7+0.3eV [11,12,21], 486.8 +0.3 eV
[15,21]and 137.54+0.3eV [15,21,22], respectively, were absent. No
trace of iron was detected by XPS on any sample as measurement
of the region of the Fe 2p3, signal was always performed.

Ball wear patterns: SEM/EDX was performed on the ball scars.
Fig. 6 shows representative SEM images of ball scars for the four
series of experiments with leaded bronzes and the two with
unleaded bronze (2 N load). Large transfer was found on the balls
sliding against unleaded bronze as well as against polished leaded
bronze samples. Interestingly, sliding against as-machined samples
does not yield any significant transfer. EDX analysis revealed that
the transfer from the unleaded bronze (Br3) had the same compo-
sition as the bulk bronze. The transfer film on the Br2-p samples
was composed by lead only while the one formed by contact with
the Br1-p disks was a mixture of lead (55 at. %) and copper (45 at.
%) without any detectable Sn contribution

High-load wear test: Additionally unpublished results from a pre-
vious work studying the effect of load on the wear of leaded bronzes
[9] are presented to confirm the critical role of the lead rich layer.
The Br2-p alloy was characterized additionally at 5N under oth-
erwise identical conditions (500 m sliding distance, 0.5 m/s). The
three independent tests carried out under this load yielded quite
different results (Table 3). The first test showed a high friction
(CoF=0.62) and a low wear rate (1.3-:10~> mm3 m~! N-1) similar
to the one obtained at 2 N. The two other tests exhibited low fric-
tion (CoF=0.21 and 0.23) and a high wear (3.6:10~* mm3 m~! N-!
and 1.8-:10~* mm?3 m~1 N-1). SEM images of the corresponding disk
wear tracks and of the counter ball are shown in the Fig. 7 a,b and
7 c,d, respectively.

The surface of the low wear specimen was covered by a smeared
layer (Fig. 7a) which composition, as determined by EDX analysis,
showed an atomic concentration ratio of 63:6:31. Comparing this
value to the bulk composition (Cu:Sn:Pb ratio of 91:6:3) clearly
shows the massive lead enrichment of the smeared layer. The worn
surface zones not covered by the smeared layer had the same
EDX composition as the bulk alloy. Particles transferred from the
bronze disk are visible on the counter ball. EDX analysis revealed
that the transferred particles contain copper and lead in equiva-
lent amounts while no tin signal can be detected. The composition
and structure of the worn surface of the low wear specimen corre-
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Fig. 3. Images of the disk wear track of a) Br1-m disk, b) Br1-p disk, ¢) Br2-m disk, d) Br2-p disk, e) Br3-m disk and f) Br3-p disk.

sponds well to the results observed at 2 N under otherwise similar
conditions (Fig. 3d).

The high wear specimens exhibited different wear patterns.
The bronze worn surface appears plastically deformed and cracked
(Fig. 7b). The EDX analysis showed a Cu:Sn:Pb atomic concentra-
tion ratio of 89:8:3, i.e. very closed to the bulk alloy. Thus no lead
enrichment occurred here. Patches of bronze having the same com-
position as the bulk alloy adhered to the counter ball (Fig. 7d) but
no lead-rich transfer layer could be detected.

The reason for the different behavior of the two kinds of sam-
ples is not understood at present. However, these results clearly
show the correlation existing between presence of lead surface
enrichment and wear.

100 a
T 80-
T —C
§ 60+ — 0”
5
£ 40+ Pb
£ 20
O LN

I ’

T I T T 1
0 2 4 6 8 10
Sputtering time [min.]

4. Discussion
4.1. Wear mechanisms

In the present experiments plastic flow characterizes the worn
surfaces. This is not surprising since the contact pressure is high.
Indeed the average Hertzian contact pressure under a 2 N normal
load is 383 MPa, a significantly higher value than the yield strength
of the CuSn10Pb10 alloy (110 MPa).

Leaded alloys do not necessarily lead to lower wear compared
to the unleaded alloys. Indeed, the wear of the as machined,
fine dendritic structure bronze (Br-1m) is much larger than the
unleaded alloy. The other leaded bearing samples (Br1-p, Br2-m,

100 1,
80

Concentration [at.%]

: | paEs '
0 2 4 6 8 10
Sputtering time [min.]

Fig. 4. Auger depth profiles measured in the wear track of a Br2-p disk. The profiles are measured a) out of flakes and b) on a smeared flake.
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Fig. 5. Main XPS peaks measured a) in non-contact region and b) in the wear track in the case of a Br1-p sample. Surfaces were Ar-etched during 1 min. at 2kV.

Fig. 6. 100Cr6 ball scars after sliding against a) Br1-m bronze disk, b) Br1-p disk, ¢) Br2-m disk, d) Br2-p disk, e) Br3-m disk and f) Br3-p disk. No transfer film was detected
with EDX in the case a) and c), but transfer films were detected, containing 45 at. % Cu and 55 at.% Pb in the case b) and only lead in the case d).
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Fig. 7. SEM observation performed after two tests under a 5N load with different wear behavior. Images a) and b) correspond to wear tracks of Br2-p disks and images c)
and d) are the observation of the corresponding scars on the steel balls. Images a) and c) correspond to the low-wear case and images b) and d) to the high-wear case.

Br2-p) exhibit lower wear coefficients than the unleaded alloy
(Table 3).

The different wear behavior can be attributed to the formation
of a lead enriched surface layer covering partially the bronze wear
track and undergoing transfer to the counter piece. Such a smeared
layer is indeed observed on the low wear leaded bronzes but not on
the high wear Br1-m samples where granular third body particles
accumulate in the contact. Moreover, the tests carried out at 5N
involving Br2-p samples confirm that the build up of a lead rich
surface layer corresponds to a low wear situation.

Clearly, the presence of lead in the alloy is a necessary but not
sufficient condition to obtain a smeared layer and thus a lubricating
effect of the leaded alloy. Two hypotheses can be formulated to
explain the formation of the smeared layer.

1) Lead inclusions may melt due to frictional heating. Lead
would thus spread in the contact before further oxidizing and solid-
ifying. This mechanism explains the appearance of the oxidized
lead rich layer found by Auger profilometry (Fig. 4) and XPS. Dur-
ing rubbing other metallic elements can be incorporated in this
layer as indicated by the Cu signal in the AES profiles. Lead oxide
is a soft material and thus this layer likely acts as lubricant thus
protecting against local pressure peaks leading to material damage
and wear. This mechanism implies contact temperatures higher
than the melting point of lead (Tf =327.5°C). The contact tem-
perature Ts can be estimated from the temperature Ty measured
by the thermocouple positioned on the ball by using equation 1
[23]:

9L1[,LFNU
kA

Where 0 is the fraction of frictional heat transferred through
the ball (assumed here to be 0.5), L1 corresponds to the distance
between the thermocouple and the effective contact (i.e. the diam-
eter of the ball), w is the coefficient of friction, Fy is the normal load,
v is the sliding velocity, kq is the thermal conductivity of the 100Cr6
steel (here 45Wm~1K-1) and A is the apparent contact area. The
typical area A in the present experiments is approximately 0.2 mm?
and the coefficient of friction is 0.5. This corresponds to a theo-
retical temperature Ts in the contact of approximately 210 °C. This

Ts =To + (1)

shows the temperature significant increase in the contact and, con-
sidering the coarse approximations of this approach, the reaching
of the melting point is possible. Further, the real area of contact
is usually much smaller than the nominal one and thus the local
temperature at asperity contacts can be significantly higher than
the calculated value. Therefore in the present situation, melting of
lead can likely occur in the contact. However, further evidence for
frictional heating is needed to confirm this hypothesis.

2) Another mechanisms explaining the spreading of lead over
the contact surface may rely to a selective wear of bronze phase.
During sliding bronze and lead particles are detached from the base
material. These particles may remain trapped in the contact for a
certain time where they form a third body. The wear process is
then determined by the behavior of the third body particles. Lead
particles are soft and thus more prone to be smeared on the surface.
Bronze particles cannot be smeared easily and thus their probability
to be ejected from the contact is larger. Smaller bronze particles
can remain in the contact and, under the shear stress acting in the
contact, become smeared together with the lead particles. In this
way lead rich flakes can be formed. These flakes can further oxidize
due to frictional heating leading to the mixed copper-lead oxide
found in Fig. 4 (AES profile).

The two mechanistic models allow analyzing the results
obtained here. On polished samples molten lead can easily spread
over the entire smooth surface and thus form timely the lead
enriched layer that maintains low wear. On the machined samples
roughness impedes spreading of molten lead and thus the build up
of the lubricant layer at least until wear removes the asperities and
mechanisms 1 can act. However, lead accumulation can proceed
by selective wear (mechanisms 2) when bronze particles become
preferentially ejected from the contact. The ejection of particles
from a contact is a complex phenomenon that depends on several
factors such as particle size, openness of the contact, system vibra-
tions, kinematics. In the present case the two machined samples
(Br1-m and Br2-m) presents different wear rates and mechanisms.
Possibly, the finer microstructure of Br1-m samples leads to the
formation of finer lead particles that can easily be ejected from
the contact. Further, the facility for lead particles to be spread on
the surface may also be affected by the particle size. This makes
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Fig. 8. Relation between the hardening due to friction and the coefficient of friction
of leaded and unleaded alloys (2 N load).

that lead accumulation is faster on the Br2-m samples. This allows
the formation of the lead enriched lubricant layer (as evidenced by
EDX) and the wear mechanisms become similar to the one observed
on polished surfaces (spreading of material).

Clearly, the mechanistic hypotheses mentioned above are at
present highly speculative and need to be substantiated by a better
characterization of powder rheology and thermal effects in con-
tacts. Nevertheless they clearly show that the effect of lead, and
thus of similar behaving solid lubricant alloying elements, is not
simple and how it could be affected by thermal, micro structural
and surface topography factors as well as debris particles behav-
ior.

4.2. Work hardening and friction

The coefficient of friction values from Table 3 where plotted in
Fig. 8 versus the corresponding values characterizing work hard-
ening (Table 4) to evaluate any possible correlation between the
two factors. Interestingly work hardening was found to increase
exponentially with the raise of the friction. The hardening of
the bronze matrix was in direct relation with the friction inde-
pendently from the lead content of the alloys. For example, the
Br1-m samples showed the lowest coefficient of friction for the
second lowest work hardening even without lead enrichment.
Such a behavior is somehow expected due to the large plas-
tic flow and the associated energy dissipation of the bronze
observed during rubbing. Note that no clear correlation is found
between work hardening or friction and wear (Tables 3 and 4).
Indeed the samples Bri-m exhibit the lowest friction but also
the highest wear. The present results suggest that friction results
essentially from subsurface deformation that not necessarily leads
to the detachment of wear debris. Further, debris detached
from the deformed bronze may remain trapped within the con-
tact and thus become smeared on the contact surface. In this
way they would not contribute directly to material loss and
wear.

5. Conclusion

The present investigation of the dry sliding behavior of a leaded
CuSn10Pb10 bronze loaded against a steel ball has lead to following
conclusions:

- Energy dissipation is essentially controlled by the plastic defor-
mation of the bronze subsurface as evidenced by the exponential
dependence of work hardening on friction observed here.

- The wear reducing effect of lead is associated to the formation
of an oxidized lead rich layer of approximately 15 nm thickness
covering the wear track. When no such film forms on the leaded
bronze wear is more severe with respect to unleaded bronze.

- The formation of the lead rich layer and the wear behavior of
the bronze depend on the combined effect of microstructure and
surface roughness.

- Two mechanistic models describing the build up process of the
lead rich layer were proposed based on lead melting due to fric-
tional heating and on a third body approach.
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