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Highlights
· Thrust bearing performance and structure of a bimetal bismuth bronze was studied.
· The bimetal shows equal bearing load capacity to the reference bronze CuSn10Pb10.
· The bimetal bismuth bronze shows an even distribution of fine bismuth precipitations.
· The fine distribution of dry-lubricating bismuth enables the good load capacity.
· The bismuth bimetal shows potential for substituting leaded tin bronzes in bearings.

Abstract
Leaded tin bronze alloys are widely used in heavy machinery bearings operating in boundary and mixed lubrication regions
due to the excellent dry lubrication properties of lead. However, restrictions on the use of lead have created an increasing
demand for lead-free or low-lead bearing materials. In the present study, suitability of a novel bismuth bronze bimetal
material for possible substitution of leaded tin bronze was studied with a special thrust bearing test device, which simulates
the contact conditions in the main thrust bearing of mineral crushers. The oil-lubricated test bearings have a flat-on-flat type
contact with oil grooves and a constant eccentric motion against a case hardened steel counter plate under a periodically
increased axial pressure. The test was continued until a sudden rise in friction, which indicates bearing failure and risk of
an imminent seizure. The bismuth bronze showed a load capacity of the same level with the reference material, continuously
cast CuSn10Pb10. Characterization by electron microscopy showed that the dry-lubricating bismuth precipitations had a
fine grain size and an even distribution, which explains the good load carrying capacity. It was concluded that the bismuth
bronze has potential for substituting the leaded tin bronzes in the studied operating conditions.
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1. Introduction
Leaded tin bronze alloys are widely used in heavy machinery bearings operating in boundary and mixed lubrication regions
due to the excellent dry lubrication properties of lead. One such application is the thrust bearing supporting the main shaft
in mineral crushing machines under harsh operating conditions. The emergency dry-lubrication property of leaded bronze
bearings is based on insolubility between lead and copper. Instead of forming solid solution with the copper-rich base, the
lead forms precipitations. The lead is soft and has a low melting point, due to which it is easily spread under asperity
contacts, during which local flash temperatures sufficiently high for melting the lead occur [1]. The smearing lead tribolayer
prevents further asperity contacts between the harder bronze matrix and the counter surface.

Prasad [2] proposed conditional requirements for efficient dry-lubrication in leaded tin bronzes. Dry sliding tests with pin-
on-disc test device showed that, at slow sliding rates, wear of the bronze is dominated by microchipping leading to removal
of large debris. At higher sliding velocities, frictional heat will promote smearing of the lead on the contact surfaces, and
further, inhibits the microchipping. Instead, the bronze surface will deform strongly, forming a strain-hardened layer, and
the wear rate decreases. [2]

Similarly to lead, bismuth has a low hardness and a low melting point, and furthermore bismuth is not hazardous on
environment or health, rendering it a potential alloying element to substitute lead in bronzes. Studies on mechanical and
tribological testing of bismuth bronze alloys have been published for example by Sahu [3] and Thomson et al. [4]. Thomson
et al. [4] produced bronzes with 5 wt% Bi and 10 wt% Sn, 10 wt% Bi and 10 Wt % Sn, and 10 wt% Pb and 10 wt% Sn. The
lead bronze and the bismuth bronze showed somewhat globular morphology of the soft phase, whereas the bismuth
precipitations in the alloy with 10 % bismuth have a more elongated form. The traditional leaded tin bronze showed better
mechanical properties and lower friction force in lubricated block-on-ring tests. The lead precipitations of the reference
bronze had micro hardness 11 HV, whereas the bismuth precipitations of the bronzes with 5 wt% and 10 wt% Bi had micro
hardnesses of 30-40 HV and 24-25 HV, respectively, which explains the difference in the friction. However, the bismuth tin
bronzes had higher wear rates, indicating better conformability, and less fluctuating frictional behaviour. [4]

The bismuth tin bronze with 10 % Bi showed lower friction force than that with 5 % Bi, but also suffered from interconnected
shrinkage porosity and bismuth precipitation on the grain boundaries of the matrix. The shrinkage porosity had similar
morphology to that of the bismuth precipitations, i.e. somewhat elongated. The shrinkage porosity was observed to affect
ultimate tensile strength, elongation and fatigue strength adversely. [4] Increasing size and irregularity of the morphology
of the pores are known to aggravate these adverse effects. Porosity may, however, also have positive effect on tribological
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behaviour by functioning as reservoir for a liquid or solid lubricant. Controlled, interconnected porosity is utilized for example
in self-lubricating journal Cu-Sn bearings produced by powder metallurgy. [5]

Bismuth is known to be prone to form grain boundary phases detrimental to the mechanical properties of copper-bismuth
alloys. Plewes and Loiacono [6] found tin to be the best alloying element for preventing the bismuth precipitation on the
grain boundaries. In tribological studies by Yin et al. [7], 3.0 wt% was found to be optimal bismuth content for bimetal bronze
bearings operating under boundary lubrication.

In addition to bulk materials complex multi-layer solutions for hybrid bearings have been studied. Gebrestadik [8-9] et al.
compared tribological performance of various multilayer bearings for automotive engines under mixed and boundary
lubrication conditions with a block-on-ring test device. Nilsson and Prakash [10] also describe sliding bearing test device
operating under dry contacts and all lubrication regimes.

Ruusila et al. [11] studied the effect of lead content and the microstructure of tin bronzes on tribological properties in dry
and boundary lubricated sliding contacts. Copper alloys with different lead contents (0 – 20 wt%) and produced by different
casting methods were studied. In dry-sliding pin-on-disc tests, continuously cast leaded tin bronzes with fine microstructure
had the lowest coefficients of friction but also the highest wear rates, due to wear mechanism dominated by microcrack
initiation on the phase boundaries between lead and the copper matrix. In the pin-on disc test, the material removal rate
was too high for efficient dry-lubrication. As an optional method for testing the dry-sliding conditions, ball-on-disc tests were
carried out. In the ball-on-disc tests, the continuously cast leaded bronze showed a low wear rate and a low friction in
comparison to lead-free tin bronze CuSn12. The authors concluded that in contrast to the pin-on-disc tests, the dry-
lubrication was effectively present in the ball-on-disc tests. [11]

Liu et al. [12] present tribological study on graphite containing leaded tin bronze bimetal under reciprocal ball-on-disc sliding
test. CuSn10Pb10 bimetal layers with various graphite mass fraction from 1 wt% to 8 wt% were manufactured on steel
substrate by powder metallurgy. 3 wt% graphite produced the lowest wear rate of the bearing material and the lowest
fluctuation in the coefficient of friction during the test. The minimum of the average coefficient of friction was achieved at 2
wt% carbon, and further additions of carbon did not affect it. The authors concluded that increasing amount of graphite in
the bronze decreases the surface hardness, and consequently the bearing surface cannot support the tribofilm, leading to
further asperity contacts. [12]

Although some research on the bismuth bronzes has been reported, information on their bearing test performance is scarce.
Furthermore, extensive tribotesting with block-on-ring, pin-on-disc and ball-on-disc set-ups has been reported, but
component level testing for thrust bearings and other bearings operating under severe conditions has not been published
on large scale. Previously, the test device utilized in the present study, has been used for evaluating potential thrust bearing
materials by Ruusila et al. [11, 13], and Kallio et al. [14].

In continuation to the pin-on-disc and ball-on-disc presented above [11], Ruusila et al [11] carried out thrust bearing test for
copper alloys with various lead contents and microstructures. Minimum of 4 wt% of evenly distributed lead in the tin bronzes
was considered to provide a good bearing performance. According to the authors, the tendency for crack initiation at the
lead/matrix phase boundary was beneficial in the boundary-lubricated conditions. Coarse-structured, sandcast low-lead
alloy CuSn10Pb4 showed slightly inferior performance to that of the same alloy with fine microstructure formed by
continuous casting. Increased amounts of lead improved the load capacity of the bearings only slightly, as did the casting
method in the case on high-lead alloys. According to the authors, above certain level of composition, the increased lead
content affects mostly the precipitation size of lead while the amount of precipitations stays almost constant. The amount
of the lead precipitations, and consequently the probability for an asperity contact to cause crack initiation at the lead/matrix
interface, is the dominant feature affecting the ability of the material to enable local dry-lubrication. The lead-free alloys
CuSn12 and CuSn10Zn2 showed inferior performance to all the leaded tin bronzes, which emphasises the importance of
the presence of a dry-lubricating phase in the boundary lubricated conditions. [11]

Kallio et al [14] reported performance of bismuth bronzes CuSn10Bi4 and CuSn6Bi6 in the thrust bearing tests. The bismuth
bronzes showed very similar microstructures to those of the reference materials used, leaded tin bronzes CuSn10Pb10 and
CuSn10Pb4, but with bismuth precipitations instead of lead. In both leaded and bismuth tin bronzes, the surfaces
experienced similar dry-lubrication mechanism through strong deformation and initiation of crack at the phase boundaries
between the matrix and the lead precipitations, through which the dry-lubricating phases could spread onto the contact
surfaces. However, the studied bismuth bronzes showed poor bearing performance, having both low load capacity and high
coefficient of friction. The authors concluded that bismuth was not as good dry-lubricant as lead in the tested alloys. [14]

In addition to bulk bronzes, thrust bearing performance of lead-free braze claddings with dry-lubricating graphite inclusions
have been studied [13, ‘14]. Some braze cladding types have shown good potential in the thrust bearing test.

In this study, the suitability of an experimental bismuth bronze bimetal for thrust bearing applications was evaluated by the
test device presented in the previous work [11-15]. In addition, material characterization and studies of the wear mechanism
were carried out. The material test performance and the characterization findings were compared with those of continuously
cast CuSn10Pb10.
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2. Materials and methods

2.1 Thrust bearing test device
The thrust bearing test device has been described in previous work by Pasanen et al. [15] and Ruusila et al. [11, 13]. For
clarity, an overview of the test device is given here. The device simulates the main shaft thrust bearing operation in boundary
and mixed lubrication conditions in mineral crushing machines. Fig. 1 presents the test chamber. In the test, a planar thrust
bearing and a steel counter plate slide against each other on an elliptical trajectory under an axial pressure in oil lubricated
conditions. Pure rotation of the test bearing and the counter plate are prevented by fixing bolts and slot presented in Fig.
1. The wear marks on the counter plate surface in Fig. 2b illustrate the elliptical sliding motion at the test interface caused
by the eccentric motion of the test bearing. The loading pressure is produced by pressing the counter plate hydraulically
against the test thrust bearing. The support sleeve of the counter plate is pivoted to the top of the hydraulic cylinder resulting
in a parallel test interface.

Figure 1. Thrust bearing test rig. [11]

During the test, the electric motor used for power transmission was run at 1592 rpm and the eccentricity throw i.e. amplitude
was 3 mm, resulting in a sliding velocity of 0.5 m/s. Lubrication was carried out with gear oil ISO VG 150 with EP additives
and it was held at a flow rate of 1.00 ± 0.05 l/min, including the lubrication for the test bearing contact and for the support
bearings. The oil inlet pressure was kept below 0.08 MPa to prevent hydrostatic lubrication condition. In addition to the
above-mentioned parameters, torque loss of the test system and temperature of the counter plate were measured. The
coefficient of friction for the test contact cannot be determined directly because torque loss was measured from the power
transmission shaft including also the power losses from the support bearings in addition to the test contact.

The contact plane of the test bearing consists of three inner and six middle sliding ring sectors and a narrow outer sliding
ring, sectioned by lubrication grooves, as presented in Fig. 2a. The lubrication oil is supplied through a bore in the middle
of the counter plate, shown in Fig. 2b. The narrow, outer contact ring forces main part of the oil to exit through three small
outlet bores. The nominal sliding contact surface is 2801 mm2. The temperature of the counter plate is measured by two K-
type thermocouples, located in bores approximately 1 mm below the contact surface of the counter plate, at a radius
corresponding to the outer parts of the inner contact sectors of the test bearing.

Figure 2. a) Examples of a) an unused test thrust bearing [11] and b) a used counter plate.
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2.2 Test procedure
In the present test procedure, three test bearings of the same material were tested against one counter plate. Before each
test run, oil was heated up to 50 °C and circulated through the test device overnight in order to stabilise the initial
temperature. A fresh oil batch was changed for each new test series for the bearing type, and each of the three test runs
were performed with the same oil batch. In the first stage of the test cycle, a three-hour running-in period was carried out
under a nominal thrust pressure of 2.0 MPa. After the running-in period, the pressure level was increased by 0.25 MPa at
intervals of 7.5 minutes.

The test is typically run until a sudden, exponential increase in the torque loss is observed, indicating lubrication failure.
After the lubrication failure, the contact surfaces slide in a metal-to-metal contact, which could lead into a sudden seizure.
However, in the case of the tests of the bimetal bearings in this study, the test runs were carried on for a short while in the
metal-to-metal contact. Another ending criterion was excessive heating of the counter plate to above 120 °C, which may
degrade the lubrication oil.

2.3 Bearing materials
An experimental series of bimetal bearings was produced by Kugler Bimetal SA, consisting a thick layer of bismuth bronze
CuSn9Bi3Ni2 on a steel substrate. The manufacturing process consists of melting the bismuth bronze directly onto the
steel substrate so that interdiffusion of the two alloys occurs in a layer of few micrometres in depth. The steel substrate and
the bronze layer are thus linked in an inseparable fashion to form one part. The bimetal blanks were machined by a lathe
so that the final thickness of the bismuth bronze layer was approximately 1 mm. Continuously cast bulk leaded tin bronze
CuSn10Pb10-C was used as the material for reference test bearings. Previously, numerous tests series have been carried
out for the reference material.

The counter plate material was a case hardening steel 18CrNiMo7-6. Blanks produced by a lathe were case hardened to a
hardness of 640 HV at a depth of 1 mm from the surface. Finally, the contact surfaces were finished by facing. The counter
plates used for the two test series had same Ra surface roughness values of 0.32 µm.

2.4 Characterisation methods
After the bearing tests, the samples were prepared for electron microscopy. The components were cut by a disc cutting
machine and cleaned by ultrasonic washing in acetone. Cross-sectional samples for materials and wear characterisation
were hot-mounted and polished.

Electron microscope Philips XL30 was used for secondary electron and back-scattered electron imaging and EDS analysis.
In addition, the compositions of the bearing materials were measured by XRF.

3. Results and discussion

3.1 Thrust bearing test results
Table 1 presents the thrust bearing test results. The main result, describing the load capacity of the bearings is the nominal
bearing pressure level at which the final lubrication failure process begins. The nominal bearing pressure is the bearing
normal force divided by the nominal sliding contact area.

Table 1. Thrust bearing test results.

Load capacity / Final bearing pressure [MPa] Running-in torque loss [Nm] Final torque loss [Nm] Final counter plate temperature [°C]

Bearing type 1st run 2nd run 3rd run Average 1st run 2nd run 3rd run 1st run 2nd run 3rd run 1st run 2nd run 3rd run Average

Reference
CuSn10Pb10 8.5 9.0 9.75 9.0 1.15 1.25 1.25 3.1 3.1 3.1 73 70 71 71

Bimetal
CuSn9Bi3Ni2 8.25 9.25 8.75 8.75 1.25 1.35 1.25 2.7 2.9 2.8 69 72 70 70

Table 1 shows that the average load capacity of the bismuth bronze bearings is nearly in the same level as that of the
reference bearings made from the leaded tin bronze. Typically, the load capacity level is lowest in the first test run, and
increases during the second and third test rounds as the counter plate experiences favourable running-in effects. This kind
of behaviour can be observed in the results on the present reference test bearings. However, the results on the
CuSn9Bi3Ni2 bimetal bearings show slightly lower performance in the third run. In general, the scatter of load capacity
results within each bearing material is reasonably small indicating good repeatability of the test.



5

Fig. 3 presents the torque loss curves for the first test rounds on both bearing materials. During the three-hour running-in
period, the torque loss decreased from initial values to a minimum level, which was very even between the bearing
materials. However, in the case of the bimetal bearings, the running-in torque loss value varied slightly more between the
separate test runs.

Figure 3. Torque loss curves on the first test runs of the reference and the bimetal bearings. A few sudden changes
appear on the running-in periods of both curves, caused by fine-tuning of bearing pressure and oil flow. The curves are
slightly smoothed.

The most distinct difference in the test results was observed in the final torque loss, i.e. the torque loss just before failure
occurred. The bimetal bearings showed lower final torque loss throughout the tests. The final counterplate temperature
(average for the two thermocouple readings) had similar trend with slightly lower average for the bimetal bearings. Fig. 3
shows rather evenly increasing torque loss trends for both bearing materials in the first two hours of the performance stage.
Each periodical bearing pressure increase resulted in an immediate increase in the torque loss. Typically, the initial increase
was followed by a slow decrease caused by running-in. However, at high bearing pressure levels, the behaviour of the
reference bearings changed, showing unstable running-in. The unstable running-in led to increased growth of the torque
loss on the two first runs on the reference bearing. In the case of the test series on the bimetal bearings, and the last run
on the reference material, this kind of behaviour was observed only at the final bearing pressure level, during which the
tests were terminated.

As an exception to the reference tests, the test runs for the bimetal bearings were carried on after the lubrication failure for
approximately 1 minute. During this period, metal-to-metal contacts occurred in the sliding interface. The torque loss
increased suddenly to approximately 9 Nm and kept slowly rising to 10 Nm until the test was terminated due to increasing
counterplate temperatures. The exception to the test procedure did not cause seizure.

3.2 Materials characterization
Fig. 4 presents typical microstructure in the bearing materials. Compositions of the bearing materials, measured by areal
EDS and XRF, are shown in Table 2. The measured hardnesses of the bearing materials were 140 – 170 HV1 for the
reference CuSn10Pb10 and 160 – 180 HV1 for bimetal CuSn9Bi3Ni2.

The reference bronze CuSn10Pb10, shown in Fig. 4a consisted of a lead-rich phase (the brightest one) and a tin-rich phase
(light grey phase) in a copper-rich matrix. The size distribution of the lead-rich phase was rather wide, with the largest
precipitations having dimensions up to approximately 50 µm.

The microstructure of the bismuth bronze layer in the bimetal bearings, presented in Fig. 4b, consisted of a bismuth-rich
phase, observed as the brightest phase in the BSE images, a tin-rich phase (light gray) and two copper-rich phases which
showed slight contrast between each other in BSE images. In the CuSn9Bi3Ni2 layers, a substantial amount of globular
porosity was also observed. The diameter distribution of the pores was wide, up to 40 µm. Porosity is known to have adverse
effect on the mechanical properties of metallic materials. However, the pores observed in the bimetal bearings were globular
and not interconnected, which should diminish their effect on the mechanical properties. On the other hand, pores may
serve as reservoirs for lubricants, in this case for the lubrication oil or for the bismuth smeared by the asperity contacts. The
effect of porosity on the tribological behaviour of the bearing was not in the scope of this study.
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Figure 4. BSE images of the microstructure of a) reference CuSn10Pb10 and b) bimetal CuSn9Bi3Ni2 on radial-axial
cross-sections.

The EDS and XRF results in Table 2 show controversial contents for Pb in the reference bronze and for Bi and Fe in the
bimetal bronze layer. For the bismuth in the bimetal bearings, the areal EDS gave a substantially excessive value. The
bismuth content obtained from the XRF analysis is in compliance with the material specification, and confirmed by the
bimetal producer. Preparation of polished sections of materials that include soft inclusions, such as lead or bismuth, is
known to be challenging because the soft phases smear easily. The smeared material may attach to other irregularities on
the surface under preparation [16]. This may explain the excessive value for the bismuth content in the EDS analyses. The
pores in the CuSn9Bi3Ni2 layer may have functioned as embedding sites for the bismuth smearing during grinding and
polishing. Furthermore, such embedded bismuth sites may obscure the observations on the areal precipitation density of
bismuth on a polished surface.

The high iron content for the bimetal bearings is caused by diffusion during the spark XRF measurements. The manufacturer
has reported iron content of less than 0.1 wt% for the bimetal bronze layer measured by XRF. In the case of the Pb content,
the XRF value of 7.0 wt% is below the 8.0 – 11.0 wt% specified in CEN/TS 13388:2015 for alloy CuSn10Pb10-C. It could
not be defined if either of the measured values were correct.

Table 2. Results on areal EDS and atomic emission spectroscopy analyses on the bronze materials. The lead and
bismuth contents are overemphasised in the EDFS analyses. The high iron content in the XRF results on the bimetal
CuSn9Bi3Ni2 is caused by diffusion from the substrate material during the analysis.

Reference CuSn10Pb10 Bimetal CuSn9Bi3Ni2

Element EDS [wt%] XRF [wt%] EDS [wt%] XRF [wt%]

Cu 78.37 81.6 77.58 77.4 - 80.0

Sn 10.66 10.1 11.91 9.2 - 11.1

Pb 10.47 7.0 - -

Bi - - 7.92 3.1 - 3.5

Ni 0.49 0.6 2.59 2.02 - 2.05

Fe - 0.1 - 2.6 - 7.7

Total 100.00 - 100.00 -

The compositions of the phases observed in the bimetal bearings, measured by EDS, are presented in Table 3. The two
copper-rich phases (identified as Cu-rich 1 and Cu-rich 2 in Table 3) showed differences in the contents of tin and nickel.
The distribution of the tin-rich phase was slightly uneven, and the copper-rich phase with the lower contents of tin and nickel
was observed in areas surrounded by the tin-rich precipitations. It was concluded that the copper-rich matrix areas
surrounded by the tin-rich phase were impoverished of tin by diffusion during the production process.

The distribution of the phases in the bimetal CuSn9Bi3Ni2 bearings varied locally, as can be seen in Fig. 4b. Localized
condensations of Sn-rich and Bi-rich precipitations and the matrix impoverished of tin were neighboured by regions of the
Bi-rich precipitations and the matrix with higher Sn with low amount of the Sn-rich phase.

The size distribution of the bismuth-rich phase in the bimetal bearings was narrow in relation to that of the lead-rich phase
in CuSn10Pb10. The largest bismuth-rich precipitations observed had dimensions of approximately 4 µm. Consequently,
bismuth-rich precipitations large enough for conducting the EDS analysis were rare.
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Table 3. Compositions of the phases observed in the bimetal CuSn9Bi3Ni2 bearings in wt%, measured by EDS. The
results are averages of 3 measurements excluding the single analysis result for the bismuth-rich phase.

Element Cu-rich phase 1
[wt%]

Cu-rich phase 2
[wt%]

Sn-rich phase
[wt%]

Bi-rich phase
[wt%]

Cu 81.14 86.12 55.81 15.11

Sn 11.71 7.04 32.03 1.71

Bi 5.45 5.93 4.16 82.77

Ni 1.70 0.91 7.99 0.41

Total 100.00 100.00 100.00 100.00

3.3 Wear characterization
After the bearing testing, the wear surfaces were characterized by SE and BSE imaging and EDS analysis. The wear
surfaces in the reference material bearings had experienced mostly polishing wear, presented in Fig. 5a. Fig. 5b and Fig.
6 present the mechanism by which the Pb-rich phase emerges to the contact, as described by Ruusila et al. [11] and Kallio
et al. [14]. The phase boundaries between the Pb-rich precipitations and the matrix have acted as nucleation sites for
surface fatigue cracks, caused by the reversible contact motion. After the cracks emerge to the contact surface, the local
surface deformation increases, extruding lead through the crack to the contact surface. Once on the contact surface the
lead has acted as a dry lubricant, prohibiting contacts between the asperities of the bearing and the counter plate.

In the bimetal CuSn9Bi3Ni2 bearings, two predominant types of wear surface could be observed by eye. The first type,
showed in Fig. 7, had experience polishing wear, similarly to the reference CuSn10Pb10 bearings. By BSE observations,
the amount of the dry-lubricating bismuth phase on the wear surfaces of the bimetal bearings was slightly higher than that
of the corresponding lead phase on the reference bearings even though the weight percentage of lead was threefold. This
is in good compliance with the even distribution of the fine bismuth precipitations in the bimetal bearings.

Figure 5. BSE images of wear surface in the reference CuSn10Pb10 bearing used for the 2nd test run. a) Low
magnification on polishing wear surface. b) Higher magnification of the area indicated in Fig. 5a, presenting Sn-rich and
Pb-rich precipitations and crack edges with lead extrusions.

Figure 6. BSE image of a cross-section below the wear surface in the reference CuSn10Pb10 bearing used for the 2nd

run. A wear crack has propagated between the surface and a Pb-rich precipitation in the subsurface, allowing lead to
emerge on the surface.
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Figure 7. BSE Images of polishing type of wear in the bimetal CuSn9Bi3Ni2 bearing used for the 2nd test run. a) A low
magnification b) and a high magnification, showing a good distribution of bismuth on the wear surface.

The second dominant wear surface type, presented in Fig. 8, consisted of mechanically mixed layer and pits with fracture
surface. The phases of the surface had mixed with each other, which was concluded as an evidence of strong surface
deformation. The fractured pits had formed by spalling of the deformed material.

Figure 8. BSE images of mechanically mixed layer and fracture surface on the wear surface in the bimetal bearing of the
2nd test run. a) A low magnification, showing large areas of fracture surface in the deformed surface and b) a high
magnification, illustrating the mixing of the surface phases.

In the cross-sectional samples of the bimetal CuSn9Bi3Ni2 bearings, the mechanically mixed layer and pits, as deep as
approximately 5 µm, left by spalling could be observed. In addition, thin veins of the Bi-rich phase, presented in Fig. 9,
could be observed in the subsurface. Unfortunately, the resolution achieved by the electron microscope in use was not
good enough for confirming if the veins were surface fatigue cracks filled by the Bi-rich phase, or for closer inspection of
the mechanically mixed layer.

Figure 9. BSE image of a cross-section below the wear surface in the bimetal CuSn9Bi3Ni2 bearing used for the first run.
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It is generally known, that under a heavy surface pressure, sliding metal surfaces start deform plastically which will affect
to a certain depth, leading to the formation of a mechanically mixed layer. The formation of the mechanically mixed layer
on the bimetal bearings and the spalling wear were concluded to be consequences of the metal-to-metal sliding after the
lubrication failure. The fact that only a part of the bearing surface was mechanically mixed shows that the lubrication failure
did not occur throughout the sliding surfaces. A total seizure did not occur during the tests, showing that the surface
deformation and fracturing may have worked as a part of a fail-safe mechanism.

On the counter plates, an uneven, yellow transfer layer formed by wear products was observed visually after the test series.
On the counter plate used for testing against the CuSn10Pb10 reference bearings, the yellow layer covered most of the
contact area, whereas in the case of bimetal bearings, the layer on the counter plate was more scattered. The visible layer
was washed almost completely away during sectioning and ultrasonic washing of the samples.

However, some more stable transfer layers were observed on the counter plate surfaces even after the cleaning process.
Fig. 10 presents findings on the contact surface of the counter plate used against the reference CuSn10Pb10 bearings.
Fig. 10a shows narrow strings of a thick transfer layer and impurities on the surface. Fig. 10b presents a higher
magnification of the area in the middle parts of Fig. 10a. Most of the surface appeared to have stayed intact from asperity
contacts during the test. Only the highest asperities, located at the tops of the surface profile formed during the machining,
had worn and gained transfer layers of varying size. The distance between the surface profile tops was approximately 75
µm, measured from the electron microscope images. The impurity layers, on the other hand, were situated at the valleys of
the surface profile. Large, thick transfer layer areas, such as in the middle of Fig. 10b, were scarce, whereas thin, small
transfer layers, as those visible at the right-hand and left-hand wear surfaces in Fig. 10b, were common.

Figure 10. BSE images of the contact surface of the counter plate tested against the reference material bearings. a) An
overview on a part of the contact area where large transfer layers were observed and b) a higher magnification of the
area indicated in Fig. 10a.

The compositions of the counter plate and the transfer layers were measured by EDS. Table 4 presents the results on the
analysis on the counter plates of both tests series. The EDS analyses on the unworn parts (Detail 1 in Fig. 10b) and worn
steel surfaces (Detail 2 in Fig. 10b) showed no traces of Cu, Sn or Pb.

The composition of the thick transfer layer varied. In the darkest areas of the large transfer layers (Detail 3 in Fig. 10b), the
lead content was too small to detect, whereas in the brightest areas (Detail 4 in Fig. 10b) the amount of lead was rather
high. The weight percent ratio of lead and copper was around 1:5, i.e. twice that of the bulk material. The thin, small transfer
layers (Detail 5 in Fig. 10b) also showed high amounts of lead. The wear debris and the transfer layers experience
continuous mechanical mixing, and the bulk of the transfer layers had been formed this way. However, on the basis of the
high lead contents, the bright details and the a part of thin transfer layers may have formed by smearing of lead from the
lead precipitations of the bronze surface.

All EDS analyses of the transfer layers in the case of the reference test showed high amounts of iron, which is either caused
by very low thickness of the transfers or by mixing of the bronze and the steel. The iron content was at highest in the
analyses of the small transfer layers, which refers to the first explanation. Separate lead-rich transfer layers could not be
observed. However, the lead-rich details on the large transfer layer may be evidence on the smearing transfer of lead.

Fig. 11 presents wear surface of the counter plate tested against the bimetal CuSn9Bi3Ni2 bearings. Similarly, as the case
of the counter plate used in testing of the reference bearings, the wear surface and material transfer layers were observed
only at the tops of the surface profile, and the profile valleys were intact. Dark impurity layers were not observed. Only
scarce, thick transfer layers could be observed and they were concentrated at narrow sectors. Thin bronze transfer layers,
which were common in the case of the reference test, could not be observed. Results of the EDS analyses on the transfer
layers are presented in Table 4. The measured contents of bismuth and tin were higher in comparison to those in the
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general composition of the material. Weight percent ratio of Bi and Cu was approximately 1:9, almost thrice that observed
in the XRF analysis of the bulk material.

Figure 11. BSE images of the contact surface of the counter plate tested against the CuSn9Bi3Ni2 bimetal bearings. a)
An overview on a part of the contact area where material transfer has occurred and b) a higher magnification of the area
indicated in Fig. 11a.

Table 4. Results of the EDS analyses on details observed on the counter plate surfaces. Examples of each analysed
surface detail type are presented in Fig. 10b or Fig. 11b. Elemental contents shown in weight percent.

Reference CuSn10Pb10 [wt%] Bimetal CuSn9Bi3Ni2 [wt%]

Element As-machined surface
(Fig.10b 1)

Worn steel surface
(Fig.10b 2)

Dark details of thick
transfer layer
(Fig.10b 3)

Bright details
of thick transfer layer
(Fig.10b 4)

Small transfer layers
(Fig.10b 5)

Thick transfer layers
(Fig. 11)

O 1.23 1.01 1.62 1.69 2.56 0.59

Si 0.42 0.50 - - - 0.22

Mo 0.69 0.73 2.35 1.00 1.85 1.26

Cr 1.67 1.83 1.10 1.38 1.57 0.39

Mn 0.56 0.58 0.49 0.46 0.60 0.08

Fe 93.77 93.99 51.36 59.60 64.38 7.14

Ni 1.65 1.36 0.78 0.90 1.32 2.10

Cu - - 31.31 26.06 20.83 67.80

Sn - - 11.00 4.05 2.45 12.65

Pb - - 0.00 4.87 4.45 -

Bi - - - - - 7.78

Total 100.00 100.00 100.00 100.00 100.00 100.0

The iron content measured in the transfer layers on the counterplate used in testing of the bimetal bearings was
considerably low in relation to that in the case of the reference test. This implies that the bismuth bronze transfer layers
were either thicker or less mixed with the steel than the transfers on the counterplate tested against the reference
CuSn10Pb10 bearings. The bismuth bronze transfer layers had most probably formed by mixing of the large, spalled pieces
of the mechanically mixed layer and smeared bismuth, whereas the CuSn10Pb10 transfers had formed from smaller wear
products. The high bismuth content of the large transfer layers shows that a considerable amount of bismuth has mixed to
the ‘bulk’ bronze. The thick transfer layers may offer a better separation of the bulk surfaces than the thin layers in the case
of the reference bearing. However, it is impossible to deduce at which stage of the test series the thick transfers have been
formed.

The similar performance between the continuously cast CuSn10Pb10 reference bearings and the experimental bimetal
bismuth bronze bearings implies that the bimetal bronze is a potential substitute for the leaded tin bronzes. The even
distribution of fine bismuth phase in the bimetal bearings was in compliance with the good test behaviour.

The test runs on the bimetal bearings were carried on further than the reference test runs. This may have been the reason
for the formation of mechanically mixed layer on parts of the bearing surfaces. In consequence, pieces of the mechanically
mixed layer had spalled off, and these pieces may have formed the thick transfer layers on the counter plate. The large
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transfers may have played a role on the consecutive test runs. However, the conclusions on this cannot be finalised with
the current sample material, as wear debris continuously forms, attaches and detaches from the sliding surfaces during a
continuous sliding process. In order to obtain a better understanding of the bearing operation after lubrication process has
failed, similar extended test runs will be carried out for the reference material. In addition, tests interrupted at lower contact
pressure levels should be conducted in order to produce characterisation material on the tribological behaviour of the
bearing before the failure process begins.

In the previous work on the thrust bearing performance of bismuth bronzes [14], the results have not been encouraging.
However, the microstructure of the present bimetal bearings differs greatly from those of the bulk bismuth bronze castings
that have closely similar microstructures as the reference leaded bronzes. In addition to the fine microstructure of the
present bimetal bismuth bronze, other factors as the hardness of the phases or tendency for crack nucleation at the phase
boundaries between the bismuth precipitations and the matrix should be studied. Furthermore, loose wear particles on the
sample surfaces should be gathered for analysis in the further research. As the dry-lubrication is a crucial factor in bearing
performance under mixed and boundary lubrication conditions, it is also important to be able to study this aspect. In addition,
closer examination of the wear surfaces and cross-sections of both bearing and counter plate samples will be beneficial for
a better understanding of the tribological behaviour of the bimetal bismuth bronze.

4. Conclusions
In the present study, the performance of an experimental bimetal bismuth bronze bearing type in a special thrust bearing
test was evaluated and compared to that of the reference bearings, produced of continuously cast bulk leaded tin bronze
CuSn10Pb10. In addition to the measured thrust bearing performance data, the materials and contact surfaces were
characterized, resulting in the following conclusions:

· The reference and bimetal bearings performed evenly. The maximum load capacity of the bimetal bearings was
close to that of the reference bearings, and the bimetal bearings showed slightly better running-in behaviour.

· The dominating wear mechanism in the reference test was polishing. Both mechanically mixed bulk bronze wear
debris material and smeared lead had transferred to the asperities on the counter plate.

· The bimetal structure consists of a bronze layer of fine tin-rich and bismuth-rich phases in a copper-rich matrix
reinforced by the steel substrate. The general distribution of the microstructure was somewhat uneven, which may
have caused slight scatter in the thrust bearing test results. However, the fine bismuth precipitations were evenly
distributed, contributing to better test performance than those of the previously tested bulk bismuth bronzes.

· Both bearing materials had experienced polishing wear during the normal test run. In addition to polishing, the
bimetal showed mechanically mixed layer areas, apparently formed during the extension of the test runs in the
lubrication failure region. Thick pieces of the mechanically mixed layer, rich in bismuth, had transferred to the
asperities of the counter plate.

· The bismuth bronze bimetal shows potential for the substitution of leaded tin bronzes in thrust bearings operating
in the boundary and mixed lubrication conditions.
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