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Abstract: A custom tribometer was developed to measure friction coefficient and temperature in
high-pressure, low-velocity conditions, specifically for studying copper alloys used in sliding bearings
for heavy equipment. Using this equipment, two commercial alloys were tested to evaluate friction
coefficient, specific wear rate, thermal behavior, and subsurface strain. The results, validated through
comparison with reference commercial equipment and uncertainty estimates, met acceptable criteria
for tribological tests, with an uncertainty estimate value for the friction coefficient of 0.4%. The
tribological tests confirmed the importance of solid lubrication in high-lead bronzes and the high
wear resistance of Cu-Al-Ni-Fe alloys, which directly influence temperature, subsurface strain, and
respective wear mechanisms.

Keywords: tribometer; tribology; copper; bronze; solid lubrication; Cu-Al-Ni-Fe bronze alloys

1. Introduction

Journal sliding bearings are machine elements designed to transmit loads or reaction
forces from a shaft with an essentially radial reaction force. Sliding bearings are superior to
roller or ball bearings, especially in heavy machinery applications, because they require less
space and are more cost-effective. Most of this equipment operates at high load and low
velocity. This combination inevitably leads to boundary lubrication, where a thin layer of
lubricant forms but does not fully separate the surfaces, and dry sliding, where there is no
lubricant and direct contact between the shaft and journal bearing materials occurs [1-4].

Dry sliding predictably increases surface interaction, leading to a higher friction
coefficient (1) and surface wear. Consequently, more surface interactions increase heat per
area generation (q). The magnitude of q can be determined by Equation (1), where p is
the friction coefficient, W is the applied normal load, A is the bearing contact area, P is the
contact pressure, and V is the sliding velocity [1,5,6]:

W
g=p 5V =pPV (1)

The increase in temperature caused by heat transfer through conduction can potentially
impact the performance of the plain bearing surface while in use. Therefore, assessing the
energy generation per area with the contact pressure (P) and sliding speed (V) (the PV
Factor) is useful for evaluating the bearing conditions. Equation (2) allows one to establish
a relationship between the PV factor conditions as a function of the surface temperature
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increase (AT), the thermal conductivity of sliding bearing material (kt), and the thickness
of the bearing base material (s) [1,6].
PV = k—T-AT )
K-S

When evaluating (2), it is essential to consider situations with high pressures and/or
velocities, i.e., higher PV factors. These situations require bearing materials with high
thermal conductivity, low friction coefficients, and the ability to withstand high surface
temperatures. This gradually brings greater importance to the correct selection of journal-
bearing material. In this context, copper alloys have been historically extensively used in
bearing bushings since the first steam engines, mainly due to the high thermal conductivity
associated with low friction coefficient values when in contact with ferrous alloys. In
the present context, it is worth emphasizing two significant types of alloys: high-lead tin
bronzes and nickel aluminum bronzes [2,6-8].

High-lead tin bronze alloys, containing up to 30% lead by weight, stand out as one of
the most suitable alloys for the intended purpose. The insolubility of lead in the CuSn matrix
gives rise to a microstructure consisting of successive copper-rich matrices interspersed
with low-shear strength lead “sponges”, being the main reason to employ alloys with the
most significant lead content possible, resulting in a self-lubrication mechanism triggered
by the extrusion of lead inclusions [7-13].

Copper-aluminum-nickel-iron (CuAlNiFe) alloys, known as nickel aluminum bronze
(NAB), contain around 5% wt. nickel and iron, which causes the intentional formation of «
(kappa) phases. Although they do not have self-lubricating properties, these alloys are a
popular choice for journal bearings that operate in harsh environments, as they offer higher
strength, wear, and corrosion resistance and can withstand elevated temperatures that
often exceed 260 °C. However, while these alloys have excellent mechanical resistance, they
tend to have lower ductility and require specific care regarding surface finishing, assembly
alignment, and lubricating oil cleaning [2,8,14-20].

Tribology studies are fundamental to accessing enhanced performance and new copper
alloys and composites in journal bearings applications. There are several ways to establish
a good tribological study through theoretical approaches and computational simulations,
but experimental analysis remains decisively essential. There are several tribological
experimental setups, including the pin-on-disc test, which is specifically concerned with
the study of conformal contacts, and its applicability for the study of journal bearings is
not impaired when considering situations of small radial clearances and large contact areas
of the geometry of the concave shaft and convex bearing [21-23].

With the gradual technology evolution, commercial tribometers are available on the
market, covering a significant range of tests standard to scientific and industrial interests.
However, the normal force applied to this equipment does not usually exceed 200 N,
mainly due to the mechanical restrictions of inserting suspended masses. Greater capacity
equipment, such as the Plint TE67 manufactured by Phoenix Tribology Ltd, Kingsclere, is
equipped with a pneumatic system capable of handling loads of up to 1000 N. Still, this
feature is not commonly found among other suppliers [24].

Using self-made dedicated tribometers in tribological research is a relatively common
activity, and a recent study, based on publications in the leading tribology journals during a
period in 2022, reveals that 34% of researchers used some customized tribometers for their
experiments, which are relevant numbers [22].

As the demand for innovative copper alloys and composites continues to rise in heavy
machinery applications, it becomes crucial to consider the tribological and thermal effects
present in high-load and low-speed conditions. Furthermore, broadening the range of alloys
compatible with emerging manufacturing processes and technologies is imperative. The
present study aims to disseminate the insights gained from developing, constructing, and
validating a custom tribometer, specifically emphasizing these fundamental principles and
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discussing tribological results obtained from testing high-lead bronze and nickel aluminum
bronze alloys.

2. Materials and Methods

This work encompasses all project stages, including the inception of fundamental prin-
ciples, equipment design, and construction (Section 2.1), results validation (Section 2.2), and
an in-depth tribological behavior study of two commercial copper alloys in a wide range of
tribological tests, using various PV factors in this developed equipment (Section 2.3).

2.1. Design and Construction

Figure 1 shows an overview of the external design, and Figure 2 details the main
tribometer parts. Considering the high specific loads of interest, a design for applying loads
using two pneumatic actuators with a combined load capacity of up to 784 N was chosen.

PIN-ON-DISC TEST
EQUIPMENT

FRICTION FORCE

APPLY LOAD

START TEST

Figure 1. Tribometer overall external design.
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Figure 2. Main tribometer parts: (1) 4-wire load cell for normal load, (2) pneumatic actuator,
(3) base, (4) axial ball bearing, (5) 4-wire load cell for friction force, (6) geared motor, (7) type J
1.5 mm thermocouple, (8) pin of test material, (9) steel disc.

Support for a 36.00 mm pin was developed to receive a @1.5 mm Type-] thermocouple.
This thermocouple was chosen because its operating range is compatible with the expected
temperature ranges for the tribological test and is associated with higher sensitivity and
fast response. The support is mounted in a robust base with two axial ball bearings to
significantly reduce the existing friction, whose force vector component could impair the
friction force results. The concept designed for the support allows for a wide variety of
different lengths for the pin, which can vary from 10 to up to 60 mm, and the pin diameter
can be changed by replacing the pin holder.

AISI 1045 steel disc with a diameter of 36 mm and a thickness of 5 mm was selected as
a counter face. The maximum allowable deviation from parallelism is 0.01 mm. However,
any other alloy can be used since it is not restricted. This material is chosen because of its
widespread use as heavy equipment shafts. The dimensions of the disc and pin holder
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result in a 13 mm radius for the wear track. The disc support shaft is rotated by a geared
motor with a maximum output of 207 rpm.

Figure 3 details the communication system, with proper real-time recording of results.
The 1.5 mm Type-] thermocouple is linked with a digital temperature controller with a
4-20 mA analog output for pin temperature recording. To record real-time measurements
of normal and friction force values, two aluminum single-point load cells were used, with
dimensions of 149 x 37 X 24.5 mm, maximum capacity of 1982 N, and resolution of
0.0981 N, linked individually to a 4-20 mA analog converter.

! Arduino i 4-20mA |  PIN-ON-DISCTEST | ;
i UNO to ' communication ; EQUIPMENT 220VAC
i PC, . B | FRICTIONFORCE [ !
! power . S e e ! i
1 I ' -
; supply, ' v

i and ey .

1 serial =+ | NORMALLOAD

' COM Sl ) !

. data ik :

(e e D ]

! 4-channel . i i PIN TEMPERATURE

! analog-to- § e LIS |- i

i digital g : : L :

i converter g - i o : :

! Python PC-based
! Graphical User Interface ;

! Frequency
inverter

4-Wire Load Cell

pa——
y 4-Wire Load Cell

Figure 3. Tribometer communication protocol.

The three 4-20 mA signals are sent to a 4-channel analog-digital converter (ADC) with
16 bits of resolution, allowing a maximum of 860 samples per second. A frequency inverter
controls the disc rotation, and the pneumatic actuator pressure is manually adjusted using
a pneumatic regulator. The ADC is connected to an Arduino UNO, and programming was
done to establish serial communication at an acquisition rate of 10 samples per second.
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Arduino UNO is connected to a PC serial port, and a Python-based GUI accesses
data via this communication protocol, allowing graphical monitoring of the test outcomes.
Additionally, information from the serial port is saved in a .csv file for future analysis.

2.2. Results Validation Approaches

Two approaches were taken to validate the tribometer’s developed results: one focus-
ing on estimating the equipment measurement uncertainties (Section 2.2.1) and the other
on comparative results with different equipment (Section 2.2.2).

2.2.1. Uncertainty Friction Coefficient Estimation Methodology

The primary sources of uncertainty were studied to evaluate the measurement uncer-
tainty of the tribometer’s friction coefficient, categorized into Type A and Type B [25,26].

Type A uncertainties were determined when the measurement was repeated under the
same conditions, and the statistical methods were applied to the measured values. Based
on this, the defined load cell calibration approach consists of a calibrated mass suspended
by steel cables, as shown in Figure 4. To guarantee the system’s stiffness, it has been secured
to an aluminum structure forming part of the equipment’s fairing, thus contributing to a
compact design. In addition, the system has been placed on a level base equipped with
vibration dampers to safeguard against any potential external effects during testing [25,26].

¥
P

Normal i Friction
Load cell i force cell
calibration | calibration

20.67 kg
Calibration mass

20.67 kg
Calibration mass

Figure 4. Load cells calibration apparatus.

The evaluation procedure considered 24 measurements of normal and friction forces, each
after unloading and load steps, using a 20.67 kg standard mass. Type A uncertainty in these
conditions can be associated with standard deviation of the mean and expressed as (3) [26]:

u(x;) = S(X;) = (n(nll)i(xi,k —X)2> ®)
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The Type B evaluation of standard uncertainty typically depends on scientific expertise.
It considers all the relevant information accessible, including manufacturer specifications,
data provided in calibration, and other reports. Comprehensive error, output error, nonlin-
earity error, and instrument resolution were considered from manufacturer data. Due to
analog—digital conversion and the complexity of defining how measurement uncertainty
is distributed, a reasonable default model for all Type B uncertainty components (a) is a
rectangular distribution, and can be estimated by (4) [25,26].

u(x;) = % 4)

The combined standard uncertainty of the measurement result, designated by u.(y), is
taken to represent the estimated standard deviation of the result. Given that measurements
are evaluated independently, i.e., zero covariance, the second component of the equation is
disregarded and takes the form (5) [25,26].

20 =y (252
wt) = 1 () 4w ®
=\ 0x;

Considering the friction coefficient equation as p = F/W, a suitable equation to define
uncertainty can be expressed from (5) as (6) [25]:

12 F\?
= (W) up? + <I/\/2> U (6)

2.2.2. Comparative Study of the Results with Reference Equipment

Knowing that tribological tests are destructive, they cannot be repeated under the
repeatability conditions stated, the uncertainties Type A cannot be evaluated, and the
reproducibility of tribological tests is far from trivial [27].

Aware of this limitation, the results of the pin-on-disc test were compared between
two different pieces of equipment. For this purpose, a Plint TE-66 pin-on-disc tribometer
was chosen [24].

The tests were carried out in triplicate using two copper alloys: a nickel aluminum
bronze (NAB) obtained through the industrial process of continuous casting, hot extruded
at 900 °C, light draw and stress relived at 600 °C, and an industrially manufactured
continuous cast high-lead bronze (HLB), with respective chemical compositions detailed in
Table 1.

Table 1. Chemical composition of evaluated materials (%wt.).

Designation Al Ni Fe Pb Zn Sn Cu
NAB 11 4 5 - - - Remainder
HLB - 15 8 4 Remainder

Both sets of samples were prepared from J50 mm bars in EDM to &J6 x 30 mm pins,
and every contact face was carefully surfaced with 200, 400, and 600 grit sandpaper to
ensure the best contact condition between the pin and disc.

J36 x 5 mm 1045 steel disc, with a hardness of 246.17 £ 7.4 HV, was ground on both sides
to obtain a maximum parallelism deviation of 0.01 mm and Ra roughness of 0.624 4= 0.11 um.

Pins and discs were ultrasonically cleaned in acetone for 20 min and dried for 10 min
at 60 °C. Posteriorly, they were measured on a 0.0001 g precision analytical balance. The
comparative test, whose parameters are in Table 2, was carried out in both equipment
(custom and reference) in dry sliding conditions, with a load of 580.07 N, a rotation of
80 rpm, and a 13 mm track radius.
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Table 2. Comparative tribological tests.
Test w P v PV Test Slléfalrrllfe
[N] [MPa] [m/s] [MPa-m-s—1] [s] [m]
Comparative ~ 580.07 20.52 0.11 2.2 3600 388.32

After the test, the pins and discs were subjected to the same cleaning and drying
procedure and weighed again to evaluate the specific wear rate (k), defined as the worn
material volume (Q) per unit of sliding distance (Ls) and per unit of load (W) of normal
contact (Equation (7)) [1,5].

e 9

LW (7)

2.3. Tribological Performance Study of Two Commercial Copper Alloys Methodology

Before conducting tribological tests, physical, mechanical, and metallographic evalua-
tions were performed on two copper alloys under high loads and low sliding speeds using the
developed equipment. The same alloys presented in Table 1 and @36 x 5 mm 1045 steel discs
described in Section 2.2.2 were used. The samples were first analyzed using the pycnometer
density test and HVj( hardness test. Optical microscopy observation was performed using
FeCls etching solution on HLB and as polished on NAB to identify the phases.

The tribological evaluation was divided into three sections. Section 2.3.1 presented de-
tails of the tribological tests. Section 2.3.2 evaluated the effect of temperature on tribological
performance. Section 2.3.3 studied subsurface strain during dry sliding.

2.3.1. Tribological Tests Definitions

Tribological tests were conducted on all samples for both HLB and NAB. These tests
included three normal load levels, named L (Low-289.89 N), M (Medium-580.07 N), and H
(High-755.37 N, and five PV factor levels (1.1 to 5.0 in MPa-m-s~!), as detailed in Table 3.
The tests were performed in triplicate using developed equipment. During the tests, the
friction coefficient values were continuously recorded.

Table 3. Tribological tests.

Test w P v PV Test ]§11:tialrrllcge
[N] [MPa] [m/s] [MPa-m-s—1] [s] [m]
PV-1.1L 289.89 10.25 0.11 1.1 3600 388.32
PV-1.1M 580.07 20.52 0.05 1.1 7200 388.32
PV-1.1H 755.37 26.72 0.04 1.1 9381 388.31
PV-2.2L 289.89 10.25 0.21 2.2 1800 388.32
PV-22M 580.07 20.52 0.11 2.2 3600 388.32
PV-2.2H 755.37 26.72 0.08 22 4691 388.36
PV-29L 289.89 10.25 0.28 2.9 1382 388.52
PV-2.9M 580.07 20.52 0.14 29 2764 388.33
PV-2.0H 755.37 26.72 0.11 29 3600 388.32
PV-4.0M 580.07 20.52 0.19 4.0 2011 388.29
PV-4.0H 755.37 26.72 0.15 4.0 2618 388.29
PV-5.0M 580.07 20.52 0.24 5.0 1609 388.33
PV-5.0H 755.37 26.72 0.19 5.0 2095 388.40

The specific wear rate was obtained using the same cleaning, preparation, and weigh-
ing procedure described in Section 2.2.2. The debris generated during the test was collected
and comparatively analyzed by SEM.
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2.3.2. Effects of Temperature on Tribological Performance Study

As already mentioned, due to the expected relevance of thermal effects in the tribolog-
ical conditions involved in dry sliding, using the same materials and the same procedure
for preparing the pins described in Section 2.2.2, a 91.5 x 20 mm hole was made on the
opposite side to receive an embedded Type-J thermocouple starting positioned at 10 mm
from the sliding contact region.

A prediction of bulk temperature increase from room temperature (T, — Tp) during
dry sliding in a pin-on-disc test is a work that received several contributions [28—41].
During friction tests, the pin remains in constant contact with the disc. The pin temperature
fluctuates significantly in the initial stages until it stabilizes and reaches a steady state.
From this point, conduction is the primary mode of heat transfer. Based on this assumption
and ignoring heat lost by emission, Ashby et al. [31] proposed Equation (8). It considers the
total heat per area generation as a sum of the pin and disc heat per area (respectively q; and
q2). These calculations involve considering the pin and disc materials’ thermal conductivity
(k1 and ky) and the two equivalent linear heat diffusion lengths (13, and ly},) for the pin and
disc, respectively.

k k
g=pwPV=gi+q =1 (T,—To)+ (T~ To) ®)
1b 2b

11}, can be determined by (9), being |; the linear distance of sliding contact and pin support,
A, nominal contact area, and A.; the nominal contact area of the clamp contact. Ly, is
determined by (10), being 1 the radius of the nominal contact area [31].

Anky
hy =1
w=ht 2= )
i,
by = —5— (10)

The heat transfer coefficient, denoted by h;, is related to the convective heat extraction,
and can be approximated using (11). w represents the angular velocity. [33]

he = 2.25\/w (11)

Bulk temperature increase (T, — Tp) is determined from algebraic manipulation of (8)
in form (12): [31]

T, — Ty = u-P-V- (12)

ki ko
hy ' Iy

2.3.3. Subsurface Strain during Dry Sliding Study Methodology

When the normal load is high, and the sliding velocity is low, severe mechanical damage
is expected due to higher mechanical stresses, with a predominantly plastic wear mechanism.
Therefore, it is crucial to assess the subsurface strain (¢) during dry sliding [5,42].

Frictional forces cause strains beneath the surface of metals that can be analyzed
through metallographic examination of longitudinally prepared samples. The examination
focuses on the tribologically transformed zone (TTZ), which consists of three distinct
regions. The first zone is the unaltered bulk material, the second zone has undergone
plastic strain due to shear, and the third zone contains metallic oxides with refined sub-
micrometric grains and additional chemical elements, according to Figure 5a [43-47].
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Flow line

Surface X

(b)

Figure 5. (a) TTZ zones, (b) shear angle (0) measurement.

To measure subsurface shear strain (¢(Z)) in TTZ, a shear angle (8) can be measured at
different depths (Z) from the worn surface by tracing these lines separately, as explained in
Figure 5b [41,44-46].

Equation (13) provides a mathematical interpretation of ¢(Z). A geometrical approach
determines this value by calculating the average linear intercepts of the deformed and
original grain. This assumes a spherical metal grain model deformed due to shear stress.
The cross-section that passes through the sphere’s center and is perpendicular to the shear
stress plane is considered [43,44,46].

e(2) = ?-tan[G(Z)] (13)
3. Results and Discussion
3.1. Design and Construction of the Custom Tribometer
Figure 6a shows the self-made tribometer, and Figure 6b shows equipment used
during the calibration step.

Figure 6. (a) Custom tribometer, (b) custom tribometer in the calibration step.
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3.2. Validation
3.2.1. Uncertainty Friction Coefficient Estimation

The uncertainty components, their inferred probability distributions, and the coverage
actor of the normal force (W) are presented in Table 4, and those of the friction force (F) in
Table 5. The combined uncertainty, i.e., the root of the quadratic sum of the uncertainty
components of W, resulted in 0.042 kg, and the frictional force was 0.041 kg. Applying
these results to Equation (5) and expanding this uncertainty by a factor k = 2, we have
an uncertainty estimate value for the friction coefficient of 0.4%. An extensive number
of variables can interfere with tribological results; however, it is possible to state that the
equipment built within the proposed premises has a negligible effect on the computed p.

Table 4. Uncertainty components for normal load (W).

Uncertainty Probability Coverage .
Component alkgl Distribution Factor ulxi) kgl
Type A uncertainty 0.009616 Normal 1 0.009616
Comprehensive error 0.04 Rectangular V3 0.023094011
Output error 0.04 Rectangular V3 0.023094011
Nonlinearity error 0.04 Rectangular V3 0.023094011
Instrument resolution 0.01 Rectangular V3 0.005773503
Table 5. Uncertainty components for friction force (F).
Uncertainty Probability Coverage .
Component alkgl Distribution Factor ubd) [kgl
Type A uncertainty 0.006295 Normal 1 0.006295
Comprehensive error 0.04 Rectangular V3 0.023094011
Output error 0.04 Rectangular V3 0.023094011
Nonlinearity error 0.04 Rectangular V3 0.023094011
Instrument resolution 0.01 Rectangular V3 0.005773503

3.2.2. Comparative Results with Reference Equipment

Table 6 displays the average and relative standard deviation of the friction coefficient
and specific wear rate for the two types of equipment on two different materials. The
difference in group average is similar to the relative standard deviation within the group.
Figure 7 shows the box plot graphs, which indicate the same. Figure 8 illustrates the
progression of the friction coefficient in each group, with expected fluctuations in values.
Furthermore, these variations, being of the same order of magnitude in both equipment,
lead to the understanding that the source of the variability is in the samples, and the
equipment difference is not a probable variation source in this aspect. It is important to note
that the tests are destructive, making repeatability more complex. Therefore, at least one
triplicate test is necessary, as recommended by Blau [27]. Future interlaboratory proficiency
studies in a broader range of tribological conditions are possible.

Table 6. Comparative test results.

u Relative Difference between e Difference between
Test W Mean Standard Deviation Group Means Specific Wear Rate Group Means
HLB-Ref. 0.127 7.1% - 39 x 1077 -
HLB-T.W. 0.134 4.5% 5.5% 35 x 1077 11%
NAB-Ref. 0.247 5.7% - 9.1 x 1078 -
NAB-T.W. 0.254 7.9% 2.8% 5.6 x 1078 38%
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Figure 7. Comparative box plot of friction coefficient. (a) HLB alloy, (b) NAB alloy.
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Figure 8. Comparative friction coefficient along time. (a) HLB alloy, (b) NAB alloy.

3.3. Tribological Performance Study of Two Commercial Copper Alloys

Table 7 presents the measured HV1y hardness and density values. Thermal conduc-
tivity values were taken from refs [14,48]. Regarding the microstructures obtained, the
HLB material (Figure 9a) shows a typical microstructure resulting from the continuous
casting process it underwent. It consists of an alpha matrix rich in copper with delta phase
precipitates rich in tin and lead globules dispersed throughout the dendritic formations.
This is similar to what was reported by Glaeser [13] and Prasad [12]. On the other hand, in
NAB (Figure 9b), phase formations kyj, ki, and kyy can be observed, according to what was
published by Hasan [19], Jahanafrooz [16], Wharton et al. [17], and Nascimento et al. [20].

Table 7. Properties of evaluated materials (%wt.).

. Thermal
Material H[e;;c\llne]s s []l)(ensits); Conductivity
10 gm [Wm-1K-1]
HLB 65.2 9210 52

NAB 193.8 7510 42
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Pressure [MPa]

(@) (b)
Figure 9. HLB microstructure (a) and NAB microstructure (b). Optical microscopy.

3.3.1. Tribological Tests

The results of the friction coefficient, plotted as a function of pressure and velocity,
are presented in Figure 10, with the dashed lines corresponding to the same PV factor and
black dots representing each test described in Table 3. The results for the HLB material
(Figure 10a) showed a reduction trend with an increase in the PV factor, mainly because
of the frictional heating that causes effective smearing of the Pb, which acts as a lubricant
phase. The opposite effect is observed in NAB (Figure 10b), with the friction coefficient
increasing considerably due to the higher PV factors applied, and a sharp increase in the
friction coefficient was observed in the NAB at PV 5.0 tests, which will be further discussed
in the results in Section 3.3.2.
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Figure 10. Comparative friction coefficient. (a) HLB alloy, (b) NAB alloy.

The wear rate values (Figure 11) follow a trend where higher PV factors result in
higher k values. The HLB results were around 10~7, while NAB showed a significantly
lower wear rate of around 10~8. This can be attributed to NAB’s higher hardness due to
the presence of phases kyj, ki, and kyy.
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Figure 11. Comparative specific wear rate. (a) HLB alloy, (b) NAB alloy.

Regarding the debris collected during the test (Figure 12), the debris from the HLB
material was generally coarse metal plates with some fine oxide particles, and progressively,
the debris and the size of coarse debris increased due to the increase in the PV factor.
In the case of NAB, the fraction of oxidized particles is higher, and there is also the
presence of coarse debris. These characteristics are directly and consistently related to the
delamination wear mechanism, which was expected in the high-load and low-velocity
regime. One point identified in some NAB samples was evidence of an additional abrasive
wear mechanism, with the formation of ferrous alloy chips. This may be one of the reasons
for the sudden increase in the NAB friction coefficient due to the increase in the PV factor.
These characteristics lead to a transition from mild to severe wear regime [5,36].

Figure 12. Examples of collected debris after pin-on-disc test. SEM, backscattered electrons.

3.3.2. Effects of Temperature on Tribological Performance

Figure 13 details comparative graphs of the total temperature increase in the pin.
Figure 14 shows the temperature variation of one of the replicas of each test as a function
of test time. During all the tests, the temperature increased significantly in the first few
seconds. This finding is consistent with previous studies [29-41].
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Furthermore, the research found that higher PV factors resulted in greater temperature
increases. This outcome was expected since higher PV factors generate more energy in the contact
area, leading to a rise in temperature. Figure 15 illustrates a significant correlation between the
calculated energy values per area entering the test pin (q;) and the measured temperatures.
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Figure 15. Calculated q; versus measured temperature increase.
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Figure 16 compares measured and calculated temperatures according to Equation (12).
In general, the calculated values are slightly lower, even though the results are within the
same order of magnitude. The thermal model adopted is strongly dependent on linear heat
diffusion lengths, and according to the author [31], experimental results can be used to
fine-tune the results.
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Figure 16. Calculated temperature increase versus measured temperature increase.

A significant correlation coefficient was found between the measured and calculated
temperature values, particularly for the NAB alloy. While HLB exhibited a slightly lower
correlation coefficient, it followed a similar trend and was consistent with the theoretical
model outlined in Equation (12). Temperature measurement in tribological tests is known
to be complex, as discussed in another research [47]. However, there are opportunities to
improve temperature measurement, and, consequently, the thermal model for the specific
conditions addressed in this study, for instance, by employing numerical simulation.

3.3.3. Subsurface Strain during Dry Sliding

Figure 17 presents the plotted values of the subsurface strain calculated according
to Equation (13) as a function of the distance from the surface using the micrographs of
the subsurface strain in the tested pin samples for the HLB alloy in Figure 18 and for the
NAB alloy in Figure 19. In general, the results show that the applied loads induce more
significant subsurface strains, and the values for the NAB alloy are considerably greater
than those obtained for the HLB alloy. This difference is mainly due to the smearing of the
self-lubricating lead particles, and respective low shear strength.
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Figure 17. Subsurface strain in different PV regimes.
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Figure 18. TTZ zone of HLB alloy. Optical microscopy.

£

{Pv 4.0H§

Figure 19. TTZ zone of NAB alloy. Optical microscopy.

The NAB alloy experiences greater energy dissipation due to friction, and this impacts
the amount of energy used for plastic strain in the alloy. The evidence of a lower wear
rate specific to the NAB alloy shows that debris detachment does not occur as rapidly as
observed in the HLB alloy. This leads to a more substantial accumulation of subsurface
plastic strain in the NAB alloy. Notably, NAB samples at PV 5.0 factors showed strong
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mixed layer formation with high surface oxidation, with evidence of seizure. Due to this, it
was not possible to measure the subsurface strain.

4. Conclusions

This work used a custom tribometer to study copper alloys suitable for use in plain
bearings, specifically for heavy machines operating at high pressures and low speeds (PV
factor). The main concluding remarks are:

The uncertainty estimate value for the friction coefficient of custom equipment is
0.4%, and the equipment built within the proposed premises has a negligible effect on the
computed friction coefficient.

The comparison of custom to reference equipment indicates that the variability is
attributed to the samples rather than equipment differences. There is the possibility of
conducting future proficiency studies under a broader range of tribological conditions.

Significative microstructural differences between NAB and HLB interfere with the
observed mechanical and tribological performance, including the lower friction coefficient
of HLB due to the insoluble Pb precipitates and the lower specific wear rate of NAB due to
the kappa precipitates.

Increasing the PV factor in HLB material reduces the friction coefficient due to frictional
heating smearing the Pb, which acts as a lubricant. In contrast, NAB shows a considerable
increase in the friction coefficient with higher PV factors, especially at PV 5.0 tests, due to
additional abrasive wear.

Measured and calculated temperatures are within the same order of magnitude. NAB
measured and calculated temperature values show a strong correlation. Although HLB
correlation coefficient is slightly lower, it follows a similar trend and is consistent with
the theoretical model. There are opportunities to improve temperature measurement and
the thermal model for specific conditions, which could be done through methods like
numerical simulation.

The results show that the NAB alloy experiences more significant subsurface strains
than the HLB alloy due to the smearing of self-lubricating lead particles with low shear
strength. The NAB alloy also dissipates more energy due to friction, causing more sig-
nificant plastic strain. The lower wear rate in the NAB alloy results in slower debris
detachment, leading to a buildup of subsurface plastic strain.

Copper alloys and composites that combine the low friction coefficients of HLB with
the high wear resistance of NAB offer an opportunity to develop solid lubricant potential,
and an in-depth study of this potential can be carried out.
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Abbreviations

q Heat per area generation [Wm~—2]

v Friction coefficient

4 Applied normal load [N]

A Bearing contact area [m?]

P Contact pressure [Pa]

A% Velocity [ms~1]

F Friction force [N]

kt Thermal conductivity of sliding bearing material [Wm~1K~!]
S Thickness of the bearing base material [m]
AT Bearing surface temperature increase [°C]
k Specific wear rate [mm3N~1mm—1]

Ls Sliding distance [mm]

Q Worn material volume [mm?]

u(xg) Standard uncertainty
S(X;) Standard deviation of the mean

a Uncertainty component range value

uc(xj) Combined standard uncertainty

uF Combined standard uncertainty of friction force

uy Combined standard uncertainty of normal load

up Combined standard uncertainty of friction coefficient
qi Pin heat per area generation in pin-on-disc test [Wm 2]
Q@ Disc heat per area generation in pin-on-disc test [Wm2]
kq Pin material thermal conductivity [Wm~1K 1]

ko Disc material thermal conductivity [Wm™ 1K 1]

4 Linear distance of sliding contact and pin support

Lip Pin heat-diffusion length [m]

Ly, Disc heat-diffusion length [m]

Tp Surface bulk temperature [°C]

Ty Room temperature [°C]

Aq Nominal contact area of the clamp contact [m?]

An Nominal contact area [m?]

w Angular velocity [s7']

hq Heat transfer coefficient [Wm 2K 1]

i Radius of nominal contact area [m]

L Low load level (289.89N)

M Medium load level (580.07N)

H High load level (755.37N)

e(Z) Subsurface shear strain in tribologically transformed zone
0 Shear angle in tribologically transformed zone

Z Depth from the worn surface
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