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Abstract: Electropolishing at high current densities without agitation of the electrolyte results in a
pitting phenomenon that produces dimple-like surface features. Although pitting is unfavorable in
the electropolishing process, its effect on surface modification, such as surface texturing, has not been
thoroughly investigated. Surface topography and chemical composition analyses of electropolished
steel revealed surface pits and an oxide surface layer, indicating the presence of surface texture and
coating. The resulting surface is characterized by negative skewness and high kurtosis values. The
tribological behavior of the electropolished steel-bronze pair is investigated by evaluating coefficients
of friction and bronze wear using sliding tests conducted in mixed and boundary lubrication regimes.
The results are compared to those of the ground steel-bronze pair. In the mixed and upper range of
the boundary lubrication regime, coefficients of friction reduction up to 30% and shorter running-in
phases are observed for electropolished steel (electropolished steel payg = 0.019 vs. ground steel
Havg = 0.028). In contrast, the coefficient of friction increased in the lower range of boundary lubrica-
tion regime by 50% (electropolished steel piavg = 0.098 vs. ground steel piavg = 0.065). Electropolishing,
as a cost- and time-effective method applicable to complex geometries, presents an alternative method
for achieving surface modifications aimed at friction reduction and improved tribological behavior
for non-conformal contacts in the boundary and mixed lubrication regimes.

Keywords: electropolishing; steel; bronze; friction; lubrication

1. Introduction

Surface modification of metal surfaces is often conducted to reduce wear and friction.
Surfaces are usually modified by employing surface coatings or by altering surface topog-
raphy. The change in surface topography is frequently achieved by producing a surface
texture. Common techniques used for surface texturing include laser surface texturing
(LST), electrochemical etching, and micro-machining [1,2]. Surface textures are charac-
terized by micro-cavities with multiple beneficial functions: entrapment of wear debris,
secondary oil effect, friction reduction, and an increase in the oil film thickness [3]. The
influences of surface textures have been frequently investigated with the aim of friction
and wear reduction in boundary and mixed lubrication regimes. Ali et al. [4] explored the
use of textured surfaces in high-load boundary lubrication conditions. Textured surfaces
reduced friction and contributed to the creation of an extra hydrodynamic lift effect. Vrbka
et al. [5,0] investigated the effect of surface texturing in mixed lubricated non-conformal
contacts. The authors observed that shallow micro-dents and textures increased the oil
film thickness and the rolling contact fatigue life. Galda et al. [7] researched surfaces
textured with different shapes. The spherical oil pockets increased the oil film thickness
and reduced the coefficient of friction compared to the untextured surface. Gupta et al.
chemically etched [8] and laser textured [9] spur gear teeth flanks, producing a dimpled
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surface. Results showed reduced wear and a significant decrease in vibration amplitudes.
Besides the surface texturing techniques mentioned earlier, other techniques can produce
surface textures, such as shot peening (shot blasting) and electropolishing. Li et al. [10]
shot-peened specimens made of gear steel. A positive influence on the friction coefficient
reduction was attributed to the dimpled surface, particularly if fine particle peening is
used. Nakatsuji and Mori [11,12] investigated the electropolishing of medium carbon steel
gears. The produced surface had many pores/pits and shallow dimples that encouraged
the creation of the oil film, consequently improving the pitting durability by 50%.

Certain surface characteristics, such as kurtosis (Ry,) and skewness (Rgy), can reduce
friction. The symmetrical height distribution of a roughness profile indicates zero skewness,
while predominant peaks and spikes on a surface result in positive skewness (Rg > 0). In
contrast, porous and dimpled surfaces with deep valleys are reflected in negative skewness
(Rsk < 0). The kurtosis coefficient describes the sharpness of the probability density of the
profile. If Ry, < 3, the distribution curve is characterized by relatively few high peaks and
low valleys. On the other hand, if Ry, > 3, the distribution curve is characterized by many
high peaks and low valleys [13]. A schematic representation of kurtosis and skewness is
given in Figure 1. The influence of kurtosis and skewness was a topic of many investigations
regarding surface texturing. Akamatsu et al. [14] investigated rolling bearing fatigue life
with several surface texture types and found that bearings with higher negative skewness
had a longer life. Sedlaek et al. [15] produced the textures by LST and concluded that when
skewness is more negative while kurtosis is increasing, the coefficient of friction reduces.
Krupka et al. [16] observed that shallow pits work as lubricant micro-reservoirs, while deep
grooves cause oil film thickness reduction in mixed lubricated non-conformal contacts.
Dzierwa [17] concluded that an increase in kurtosis and more negative skewness results in
lower wear volume under dry sliding conditions in steel-steel contact. Senatore et al. [18]
improved the tribological properties of lead bronze coating by producing a textured surface
characterized by negative skewness (Sgx = —1.42) and high kurtosis (Sy, = 5.68). Based on
the literature overview, it can be concluded that surface topography designated by high
kurtosis and negative skewness positively contributes to friction and /or wear reduction in
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Figure 1. Schematic representation of kurtosis (Ry,) and skewness (Rgy).

A steel-bronze pair is widely used for rolling-sliding contacts in power transmission
systems. Most commonly, it can be found in journal bearings and worm gearing. While
surface texturing has already been successfully applied for conformal contact, as found
in journal bearings [19,20], the application of surface modifications in steel-bronze pairs
for non-conformal contact, as found in worm gears, remains to be thoroughly studied.
Moreover, the implementation of surface texturing in gears is challenging due to relatively
complex geometry, tight tolerances, high loads, and surface roughness requirements. Addi-
tionally, many gears are case-carburized. Therefore, the impact of a certain surface texturing
method, such as the laser source, may severely reduce surface hardness [21]. Based on the
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literature overview, laser surface texturing and etching have been applied in gear surface
texturing and both methods have proven beneficial. However, these methods are relatively
time consuming, especially if they must be applied to complex geometries. Therefore, a
motivation to investigate a new surface modification method that is cost and time-effective,
and applicable to hardened steel arises. This paper investigates the tribological behavior
of gear steel (16MnCr5)-bronze (CuSn12) pairs by evaluating coefficients of friction and
wear under non-conformal line contact. The comparison was conducted between ground
steel-bronze and electropolished steel-bronze pairs based on tribological tests on a block-
on-disc sliding experimental rig. The electropolished steel surface had many pores and pits,
thus being indirectly textured through the electropolishing process. Surface topography
and chemical composition analyses of electropolished steel surfaces were conducted before
and after the sliding tests. The main goal of the research was to evaluate the benefits of
electropolished steel surface application and its behavior under non-conformal contact in
boundary and mixed lubrication regimes, as well as tackle electropolishing as an alternative
surface modification technique.

2. Materials and Methods
2.1. Materials

Materials used in this study were 16MnCr5 steel and CuSnl2 bronze, which are
commonly used as reference materials for worm pairs [22]. Additionally, 16MnCr5 steel’s
ability to be heat treated makes it suitable for other types of gears, shafts, axles, and
machine components, particularly for parts that are surface hardened. Bronze CuSn12 is
characterized by good wear resistance and antifriction properties suitable for high sliding
speeds. Most commonly, it is used for worm wheels, bushings, and valve components. The
chemical composition (wt.%) of the materials is presented in Table 1.

Table 1. Chemical composition of the materials, wt.%.

16MnCr5 Fe C Si Mn P S Cr Ni Mo As Al Cu
97.05 0.19 0.31 1.11 0.018 0.01 1.01 0.08 0.01 0.034 0.033 0.15
CuSn12 Cu Zn Al Si Mn Pb Sn Fe P Ni As -

87.8 0.25 <0.01 <0.01 <0.01 0.57 11.05 0.04 0.17 <0.01 0.02 -

Steel discs were carburized and ground. The surface hardness of steel discs was
800 HV. Bronze specimens were either ground or milled. The surface hardness of bronze
specimens was 110 HV. Steel discs and bronze specimens were tested under pure sliding
initial line contact conditions. A detailed description of the experimental rig and specimen
geometry is given in Section 2.2. The surface topography of steel discs was modified by
electropolishing to produce a pitted surface. The electropolishing setup and parameters are
described in detail in Section 2.3. The results of ground steel-bronze and electropolished
steel-bronze specimens were compared in mixed and boundary lubrication regimes. The
difference in lubrication regimes was achieved by varying the sliding speed of a steel disc
and producing different surface finishes on bronze specimens due to grinding or milling.
Additional details regarding the variable selection and surface finish of bronze specimens
are presented in Section 2.6.

2.2. Experimental Rig

The block-on-disc experimental rig (Figure 2) consists of a housing, shaft, load cell,
torque transducer, load application mechanism, and electric motor. The rig is characterized
by two axes: the rotating axis and the vertical static z-axis. The rotating axis consists of an
electric motor, a shaft, a torque transducer, bearings, and a steel disc. The vertical axis z
consists of a static bronze specimen placed in the specimen holder connected to the load
cell. The load cell is loaded via a spindle piston (not shown in Figure 2), thus producing
a normal load. The torque is provided by a 0.55 kW asynchronous electric motor. The
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Bronze specimen

Steel disc

rotational speed of the motor is controlled using a frequency regulator. A compressive load
cell with a maximum capacity of 2 kN and an accuracy grade of 0.2 was used. A torque
transducer with a maximum capacity of 20 Nm and an accuracy grade of 0.2 was used to
measure the torque. A rotating steel disc with an outer diameter d4;. = 60 mm mounted on
a shaft and a static bronze specimen with a thickness b = 5 mm were used to produce initial
line contact. According to Figure 2, the coefficient of friction is calculated as a ratio of the
frictional and the normal force [23]:

_ Fi friction

2 Tfriction
= 1
FN ddisc . FN ( )

A (schematic)

Fy Load cell

) v Electric motor
Bronze specimen

holder ~— 7'

FI}'iMiun
A

s friction

Torque transducer

Lubricant A a Oil inlet

entrainment
Figure 2. Experimental rig.

The lubricant employed was Castrol Alpha SP 150 mineral oil. This lubricating oil
is intended for industrial gearboxes with forced circulation, splash, or bath lubrication.
The quality of the employed oil complies with AGMA 9005—E02 and DIN 51517 Part 3.
Lubricant properties are provided in Table 2. The lubricant was supplied through the oil
inlet targeted directly at the steel disc, making lubricant entrainment in the direction of
steel disc rotation.

Table 2. Main properties of the Alpha SP150 lubrication oil.

Kinematic

Density at 20 °C Viscosit Viscosity Open Flash Point Pour
(kg/m®) o Index (-) o) Point (°C)
(mm*/s)
40 °C 100 °C
890 150 14.5 95 249 -21

2.3. Electropolishing Process

Electropolishing is an electrochemical process aimed at passivating, deburring, or
improving the surface finish of a metal part by making it anodic in an appropriate solution.
The workpiece is immersed in the electrolyte and connected to the positive polarity of
a power supply, thus serving as the anode. The negative polarity is connected to the
cathode. When the electric current passes from the anode to the cathode, anodic dissolution
occurs, resulting in the removal of surface irregularities. The electrolyte is normally a
highly viscous and conductive medium, such as concentrated phosphoric or sulfuric acid
or acid mixtures. Due to its simplicity, electropolishing is often used for polishing complex
geometries [24-27]. Parameters for electropolishing carburized gear steel are scarce in
the literature since it is not usually considered for finishing via electropolishing. Several
processing guidelines for selecting the parameters for electropolishing carburized steel can
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be obtained from [28], where carburized 20MnCr5 steel was electropolished. Additionally,
some general information regarding the electropolishing parameters of various metals can
be found in the ASTM-E1558 standard [29]. A schematic of an electropolishing setup is
shown in Figure 3.

DC
Cathode —{]]- Power
(Stainless steel) || = supply
L
Insulation —}{|* -| 16MnCr5 disc |
LT s
H,80,+H,PO+H,0 ||, ~-
Heater

Figure 3. Electropolishing setup.

For electropolishing to be effective, the workpiece should be free of oils, grease, and
other impurities. Before electropolishing, the steel discs were cleaned in an ultrasonic bath
with ethanol (96%) for 10 min. After electropolishing, the discs were rinsed and dried to
remove the electropolishing solution completely. The employed solution was a mixture of
34% sulfuric acid, 42% phosphoric acid, and 24% water [29]. The solution was not agitated,
and its temperature was kept at 50 £ 2 °C. The cathode material was stainless steel (AISI
304). The side surfaces of the steel disc were insulated using a polytetrafluoroethylene
(PTFE) mask.

2.4. Impact of Electropolishing on Surface Profile, Topography, and Hardness

The electropolishing process aims to produce a surface with high Ry, and negative
Rqk values without increasing the average surface roughness R,. The significant increase
in R, would consequently lead to higher friction and wear. The initial surface roughness
of steel discs was R, = 0.2 um. Generally, the higher the current density and/or longer
the electropolishing time, the larger the reduction in surface hardness and change in
geometry that can be expected. As presented in Table 3, the current density of 15 A/dm?
produced an unacceptable surface with a high R, value and a Ry value near zero. Current
densities of 25 A/dm? and 30 A /dm? produced acceptable surfaces characterized by a small
increase in surface roughness R, with high Ry, and negative Ry values. Higher values of
current density (40 A/ dm? and 50 A/dm?) produced surfaces with significantly higher
R, values. After different combinations were tested, the current density of 30 A/dm? and
electropolishing time of 5 min were adopted, considering the produced surface topography
and possible impact on surface hardness and geometry. The hardness profile of steel discs
is given in Figure 4. Surface hardness HV 0.2 for ground and electropolished steel discs
corresponded to 810 HV and 661 HYV, respectively, indicating an 18% reduced surface
hardness of electropolished steel. Surface hardness reduction occurs due to the removal of
a thin hardened layer from the disc surface during electropolishing.
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Table 3. Investigated electropolishing parameters.
Current Densit . .
(A/dm?) Y Time(min) MassLoss(g Ra(um) Rq(um) Ry Ry R (um) Ry (um) Ry (um)
15 5 0.041 0.46 0.62 -0.08 33 1.38 0.48 0.62
25 15 0.37 0.27 0.41 —-093 6.13 0.78 0.30 0.62
30 5 0.18 0.27 0.37 -1.15 713 0.93 0.34 0.98
30 10 0.35 0.31 0.44 —-1.25 6.63 0.80 0.28 0.93
30 15 0.41 0.43 0.61 -139 661 1.05 0.34 0.86
40 15 0.47 0.34 0.44 —-051 444 1.02 0.38 0.75
50 15 0.47 0.39 0.48 —-0.79  4.83 1.11 0.36 0.77
800 1 Ground steel disc (GSD) ]
= —---e---- Electropolished steel disc (ESD)
¥
g
~ 700
= 6.,
> ..
T 600 -
72}
2 N,
g B—meb. ’
= 500 e
< - TN e .e.___“ n
T e R - o
400 : : !
0 0.2 0.4 0.6 0.8 1
Depth from surface (mm)
Figure 4. Hardness profile of steel discs.

Surface profile measurements were performed using a Mitutoyo SJ-500 measuring
instrument according to ISO 4287 [30]. Examples of the surface profiles of ground and
electropolished steel discs are presented in Figure 5. The surface profile of ground steel
exhibited a uniform shape with a lower R, value and a Ry value near zero. On the other
hand, the surface profile of the electropolished steel had stochastically distributed pits. The
pits vary in diameter from approximately 10 um to 20 pm, while their depth ranges from
1 pm to 4 pm. Due to induced pits, the electropolished steel disc had a higher R, value and
a significantly more negative Ry value than the ground surface. It should be noted that a
higher R, value was primarily a consequence of induced pits. For example, the R, value
for the electropolished steel disc surface profile from 0.4 mm to 0.6 mm (i.e., between two
pits, Figure 5b) equals R, = 0.194 pm, similar to the ground surface value.

2.0 2.0

‘g 1.0 = 1.0
E g
= 0.0 1M Y = 0.0
G 5
o —
E -1.0 .%‘3-1.0
o -2 s
= 2.0 ©-2.0
S 30 | R,=0.169 pm S 30 | Ra=0313um
A Ry =-0.067um ~ Ry =-1.563um

-4.0 -4.0

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Profile length [mm)] Profile length [mm)]

Figure 5. Initial surface roughness of (a) a ground steel disc and (b) an electropolished steel disc.
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Scanning electron microscope (SEM) images of steel disc surfaces are presented in
Figure 6. The ground steel surface was characterized by grinding marks, Figure 6a, while
the electropolished surface was characterized by pits of irregular shapes and various
sizes, Figure 6b. The distribution of the pits on the electropolished surface was uneven,
meaning there were regions on the surface with sparser and denser pit distributions. Using
commercially available image processing software, the pit distribution was calculated. In
the regions with sparser pit distribution, the pit area density was 5% of the total area. In
denser regions, that value rises to 12%. On average, the calculated pit area density was
10%. Area density in the range of 5-20% was reported as beneficial in terms of friction
reduction [31-33]. Several potential explanations for pitting formation can be found in
existing research. Under higher current densities, pitting occurs due to oxygen bubbles
evolving from the surface (i.e., gas evolution). Consequently, the phenomenon referred to
as Broken Bubble Tunnelling Effect (BBTE) takes place. A broken bubble represents a place
with a higher current density, increasing the dissolution rate and consequently generating
a pitting hole [34]. Pits during electropolishing are internally polished and therefore
superimposed on the polishing process and do not displace it [35]. Apart from the gas
evolution, Imboden and Sibley [36] argued that pits also occur near surface inclusions and
that mild agitation of the solution considerably reduces pitting. Lastly, phenomenon such
as streaking due to hydrogen gas evolution can also contribute to uneven pit distribution
as it affects the roughness at smaller frequencies [37].

200 pm

(@

Figure 6. SEM image of (a) a ground steel disc surface and (b) an electropolished steel disc surface.

2.5. Chemical Composition of Steel Surfaces

The chemical composition of the ground and electropolished steel surfaces was inves-
tigated by Energy Dispersive Spectroscopy (EDS), and the results are presented in Figure 7.
Summarized results are presented in Table 4.

cps/eV

20 18
187 167
161 !
147
12N
107 L
: s i v «
T T ! 1 T T T T T T T
5 6 7 8 9 10 4 6 8 10 12 14 16 18 20
Energy [keV] Energy [keV]
(@) (b)

Figure 7. EDS spectrum of (a) a ground steel disc and (b) an electropolished steel disc.
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Table 4. The energy dispersion spectroscopy (EDS) analysis of the steel discs, wt.%.
Element Fe (0] P N Si Cr Mn
Ground steel 96.67 - - 0.85 0.25 0.95 1.35
Electropolished steel 85.78 10.11 0.65 1.06 0.19 1.01 1.19

Electropolishing passivates the workpiece due to the formation of the oxide surface
film, which was observed by a high percentage of oxygen in the electropolished steel
surface. In addition, phosphorus can be found on the electropolished surface. The generated
phosphate layer acts as secondary passivation when mild steel electropolishing is conducted
in phosphoric and sulfuric acid [38]. The generation of phosphate films on the steel surfaces
was also reported in [12,39]. Oxide and phosphate surface films, as well as surface pits
produced by electropolishing, contributed to the darker appearance of the electropolished
steel disc (Figure 8).

ESD GSD

N\

Figure 8. Electropolished steel disc (ESD) and ground steel disc (GSD).

2.6. Variable Selection

In the presented experimental setup, the steel disc and the bronze specimen produce
initial line contact, and the corresponding dimensionless film thickness parameter Hin
was calculated according to [40].

H,;,y = 2.65-U070.GO54.y—0.13 2)

A detailed description of the Equation (3) can be found in [4042] and in the nomenclature
section at the end of the manuscript. The values of parameter H, ranged from 5.2 x 107°
in the boundary lubrication regime up to 2.5 x 10> in the mixed lubrication regime. Some
important parameters used in the calculation of the parameter Hy,i, are given Table 5.

Table 5. Parameters for calculation of the dimensionless film thickness parameter Hyy,

R’ 0.03 m

E’ 152,000 MPa

u 0.165m/s 1.5m/s
1 5 x 103 Pas (at 60 °C)

w 23 x 1072 m?/N

u 1.81 x 10712 1.65 x 10711
G 3445

w

22 % 107°
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The oil film thickness parameter A is often used to classify lubrication regimes. It is de-
fined as the ratio of the minimum oil film thickness to the composite surface roughness [42].

A= hmin (3)
\/Rq1? + Rep?

where A <1 indicates boundary lubrication, 1 < A < 3 represents mixed lubrication, and
A > 3 indicates hydrodynamic lubrication [43], Iy is the minimum film thickness, while
Rq1 and R, represent the root mean square roughness of the bronze specimen and the
steel disc, respectively. The change in the value of A ratio was achieved by varying the
sliding speed (i.e., the rotational speed of a steel disc) and the initial surface roughness
of steel discs and bronze specimens. Steel discs were ground or ground and additionally
electropolished. Bronze specimens were milled or ground, as these machining processes are
commonly used for bronze worm wheel manufacturing. Additionally, the milled surface
has increased composite surface roughness compared to the ground surface, resulting in
a lower A ratio, thus establishing a boundary lubrication regime. Average surface profile
values for steel discs and bronze specimens are provided in Table 6.

Table 6. Average surface profile values of steel discs and bronze specimens.

Steel Disc R, (um) Rq (um) Rgy Ry Ry (um) Rpy (pm) Ryi (pm)
Ground 0.21 0.24 -0.07 1.88 0.67 0.10 0.14
Ground + Electropolished 0.27 0.37 —1.15 7.13 0.93 0.34 0.98
Bronze specimen
Ground 0.13 0.16 0.13 2.73 0.33 0.25 0.09
Milled 0.69 0.86 0.37 2.76 2.09 0.98 0.63
The normal load of 500 N, resulting in an initial Hertzian pressure of 292 MPa, was
applied in all tests. The load was chosen as a possible design working point regarding the
pitting resistance for CuSn12 at 425 MPa [22]. Test setups in this work are displayed in
Table 7. Each test was repeated three times to ensure the reproducibility of the results. The
tests were conducted for six hours (f = 21,600 s). By conducting the tests for a longer period,
it was possible to investigate the duration of the running-in phase for different experimental
setups and the coefficient of friction at the start of the test, during the running-in phase,
and in a steady-state operation. In Table 7, “G”, “M”, and “E” stand for “ground”, “milled”,
and “electropolished”, respectively, while “SD” and “BS” stand for “steel disc” and “bronze
specimen”, respectively. Three test setup comparisons were performed according to the
last column in Table 7: 1 vs. 2,3 vs. 4, and 5 vs. 6.
Table 7. Test setups.
No. Steel Disc Bro.n ze Sliding Lubrlc.atlon Abbreviation Comparison
Specimen Speed (m/s) Regime
1 Ground Ground 3 2.48 Mixed GSD-GBS
1vs. 2
2 Ground + Electropolished Ground 3 1.86 Mixed ESD-GBS Ve
3 Ground Milled 3 0.83 Boundary GSD-MBS
3vs. 4
4 Ground + Electropolished Milled 3 0.76 Boundary ESD-MBS Ve
5 Ground Milled 0.33 0.17 Boundary GSD-MBS
5vs. 6
6 Ground + Electropolished Milled 0.33 0.16 Boundary ESD-MBS Ve




Lubricants 2023, 11, 325

10 0of 18

0.05

Coefficient of friction
o o o
(=3 [=3 =3
0 ) S

e
=

S

3. Results and Discussion
3.1. Sliding Test Results

A rotating steel disc with an outer diameter d ;. = 60 mm and a static bronze specimen
with a thickness b = 5 mm were used to produce initial line contact in sliding tests. A detailed
and schematic description of specimens is given in Section 2.2. Test results are reported for
two sliding periods: the first three minutes of the test (t = 180 s) and the total sliding time
(t =21,600 s). For sliding time ¢ = 180 s, initial non-conformal line contact can be assumed with
no change in contact geometry, i.e., no significant bronze wear occurred. Also, A ratios given
in Table 7 are applicable. In the mixed lubrication regime and upper range of the boundary
lubrication regime, the ESD-GBS pair performs with a considerably lower coefficient of friction
than the GSD-GBS pair. Results with the ground bronze specimen (GBS) are presented in
Figure 9a, while results with the milled bronze specimen (MBS) are presented in Figure 9b.
However, in the lower range of the boundary lubrication regime, the coefficient of friction
for the ESD-MBS pair was significantly higher compared to the GSD-MBS pair (Figure 9¢c). A
comparison of average coefficients of friction for non-conformal line contact is given in Figure 10.
Electropolished surfaces resulted in a significant reduction in friction in the mixed lubrication
regime and the upper range of the boundary lubrication regime. ESD-GBS and ESD-MBS
pairs had a 30% and 25% lower coefficient of friction compared to GSD pairs, respectively.
Although the change in surface topography of electropolished steel resulted in higher surface
roughness and lower A ratios, the induced surface pits provided a friction reduction effect. This
can be attributed to surface pits acting as micro-oil reservoirs and providing the functionality of
micro-bearings. Consequently, a local increase in the oil film thickness occurs, which results in a
lower coefficient of friction [3,44,45]. However, in the lower range of the boundary lubrication
regime, the ESD-MBS pair had a 50% higher coefficient of friction compared to the GSD-MBS
pair. The load in the boundary lubrication regime is greatly supported by contacting surfaces.
If surfaces in contact are rougher, an increase in the coefficient of friction is expected. Surface
pits induced through electropolishing consequentially increase surface roughness, as shown by
higher R, and Rq values (Table 6). Additionally, there is an increase in contact stresses on surface
pit edges. If additional lubricant from pits cannot compensate for an increase in roughness and
edge stresses, the coefficient of friction will increase [46].

o

GSD - GBS (A =2.48) GSD - MBS (A =0.83)
— ESD - GBS (A= 1586) | | - ESD - MBS () = 0.76)
S 1
2
E
o
=}
=1
o
2
3
o
© 0.01
, . . , , . . . 0 . . . . . . . .
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(a) (b)
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GSD - MBS (A=0.17)

= 0251 ESD - MBS (A=0.16) | 4
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Figure 9. Results of the sliding test (t = 180 s): (a) the ground bronze specimen in the mixed lubrication
regime; (b) the milled bronze specimen in the boundary lubrication regime; (c) the milled bronze
specimen in the boundary lubrication regime.
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Figure 10. Comparison of the average coefficient of friction for non-conformal contact (f = 180 s).

Sliding test results for a total sliding time of 21,600 s are given in Figure 11. In
sliding tests that started with a mixed lubrication regime and an upper range of boundary
lubrication regimes, the coefficient of friction for ESD pairs was lower compared to GSD
pairs (Figure 11a). Additionally, ESD pairs showed a faster transition to steady-state
friction, particularly the ESD—MBS pair (Figure 11b). The transition to steady-state friction
is caused by bronze specimen wear, resulting in a contact geometry change. At the start
of the test, steel discs and bronze specimens produce line contact that gradually changes
to rectangular contact patches due to bronze wear (Figure 12). In other words, contact
geometry transforms from non-conformal line contact to conformal cylinder-inner cylinder
contact. A change in contact geometry resulted in a lubrication regime shift from boundary
or mixed to hydrodynamic, which can also be observed by the lower coefficient of friction.
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Figure 11. Results of the sliding test (t = 21,600 s): (a) the ground bronze specimen in the mixed
lubrication regime; (b) the milled bronze specimen in the boundary lubrication regime; (c) the milled
bronze specimen in the boundary lubrication regime.



Lubricants 2023, 11, 325

12 0f 18

Figure 12. Contact patch on the bronze specimen after the ESD-GBS test (v =3 m/s, t = 21,600 s).

The contact patch area on the bronze specimen was measured after the sliding test was
completed. The results are presented in Figure 13. Bronze wear occurred at the start of the
tests and during the running-in phase. The running-in phase is characterized by a gradually
decreasing coefficient of friction as the contact area enlarges. It lasted until a steady state
was established, characterized by a low and constant coefficient of friction. Such low values
indicate a hydrodynamic lubrication regime where the fluid film fully supports contacting
surfaces and no further bronze wear occurs. A larger contact patch area indicates that
ESD produced more bronze wear in a mixed lubrication regime. The difference in contact
patch area can be attributed to a noticeable difference in starting A ratios. Due to the higher
Ra and Rq parameters of the ESD surface, the A ratio for the ESD-GBS pair (A = 1.86) is
considerably lower compared to the GSD-GBS pair (A = 2.48), indicating a more severe
mixed lubrication regime for the ESD-GBS pair. However, when the difference in starting A
ratios is smaller, i.e., GSD-MBS (A = 0.83) and ESD-MBS (A = 0.76), the difference in bronze
wear is also smaller. In the tests that started from the boundary lubrication regime at
A =0.16-0.17, bronze wear was similar for both ESD and GSD pairs, as there is practically
no difference in their A ratios. The presented data show that rougher discs, in this case, ESD,
produce more wear. Similar findings on dimpled discs have been reported by Kovalchenko
et al. [32]. Furthermore, wear results suggest faster running-in for ESD pairs in a mixed
and upper range of boundary lubrication regimes. In practice, this may benefit components
that depend on proper and efficient running-in, such as worm pairs.
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Figure 13. Comparison of the contact patch area on the bronze specimen.

Some of the limitations and drawbacks of the presented experimental research should
be addressed to possibly improve further studies. Sliding tests were conducted under a



Lubricants 2023, 11, 325

13 0f 18

pure sliding regime, while in reality many non-conformal contacts operate in rolling-sliding
conditions. With the current disc-specimen configuration, the goal was to evaluate the
initial line contact condition as well as the transition towards hydrodynamic lubrication
due to bronze wear. A reverse configuration, i.e., bronze disc-steel specimen, would result
in constant line contact, and the durability of the electropolished steel surface could be
better assessed.

3.2. Surface Inspection after the Sliding Tests

After the sliding test, the electropolished steel surface was examined by SEM and
ESD. The state of the ESD surface after the test is presented in Figure 14. EDS analyses
were conducted on the marked places on the SEM micrographs shown in Figure 15: wear
track (Spectrum 1) and base electropolished steel surface (Spectrum 2). The results in
Table 8 point to a reduction in oxygen and phosphorus in the wear track due to the partial
removal of the oxide and phosphate layers from the surface. The surface profile of ESD
after the test is presented in Figure 16. Since no changes in R, or Ry values were detected
and pits remained on the electropolished surface after the test, it can be concluded that
no visible wear of the base material occurred despite the reduced surface hardness of
electropolished steel.

wear track

Figure 14. Electropolished steel surface after the test.

wear track

= 500 pm-

Figure 15. Marked places on the surface for EDS analyses after the sliding test.
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Table 8. EDS analysis of the wear track and base surface after the sliding test.

Element Fe o P N Si Cr Mn
Spectrum 1 (wear track) 94.31 2.38 0.21 0.55 0.26 1.02 1.27
Spectrum 2 (base surface) 85.78 10.11 0.65 1.06 0.19 1.01 1.19

2.0
g 10 |
< 0.0
)
= .10
A
‘g 20 | Ra=029um
~ Ry =-1.496 um

-3.0

0.0 0.2 0.4 0.6 0.8 1.0
Profile length [mm]

Figure 16. Surface profile of ESD after the test.

Besides changes in surface topography, another contributing factor in the tribological
behavior of electropolished steel was the oxide surface layer formed during electropol-
ishing. Studies showed that black oxide surfaces yield a lower coefficient of friction than
ground steel surfaces in lubricated rolling/sliding contacts and improve adhesive wear
resistance [47]. In addition, the electropolished surface had a lower hardness (Figure 4) and
enabled faster running-in, as observed from the results in Figure 11. Optimized running-in
was also reported by Ueda et al. in micro-pitting tests when black oxide coating was applied
to steel surfaces [48]. Another chemical element in the surface layer of electropolished steel
was phosphorus, indicating phosphates derived from phosphoric acid (H3POy). Although
its content is relatively small compared to oxygen (0.65 vs. 10.11 wt.%), phosphorus is
commonly used in various friction reduction additives and coatings [49,50], and its pres-
ence could also have contributed to the friction reduction observed in this research. As the
results suggest, the oxide surface layer experienced significant wear during the running-in
phase and, as such, fulfilled the function of coating only for a shorter period, as opposed
to conventional coatings, which are more durable. Another drawback of the presented
surface modification is the use of strong acids, which require proper handling and disposal
due to possible negative environmental effects.

3.3. Stribeck Curve for Non-Conformal Contact

Approximated Stribeck curves for ground and electropolished steel-bronze pairs
based on the coefficient of friction results for non-conformal line contact (Figure 10) are
presented in Figure 17. The benefits of the electropolished surface first become evident in
the boundary mixed lubrication regime defined by A ~ 0.5. In the mixed lubrication regime
(1 < A < 3), the coefficient of friction reduction becomes less significant as A ratio increases.
For the same sliding test conditions, ESD pairs operate in lubrication regimes defined by
lower A ratios due to surface topography and roughness changes. The electropolished
surface lowered A ratio from 2.48 to 1.86 and from 0.83 to 0.76. However, such lubrication
regimes defined by lower A ratios exhibit the most friction reduction compared to GSD
pairs (Figure 11). Unlike in conformal contacts, where more successful use cases of textured
surfaces have been reported [3], in non-conformal contacts, surface textures may produce
both positive and negative effects. By comparing Stribeck curves for untextured and
textured surfaces in non-conformal contact, Gu et al. [51] showed positive effects of surface
texturing in mixed and hydrodynamic lubrication regimes. In contrast, negative effects on
tribological performance occurred in the boundary lubrication regime.
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Figure 17. Stribeck curve.

As presented by the Stribeck curve in this study, positive effects should be expected
for A > 0.5, while for lower A values, the coefficient of friction increases. These observations
suggest that surface pits provide additional lubrication, which helps to reduce asperity
contact for A > 0.5, while increased surface roughness of electropolished surfaces results in
increased friction in the lower range of the boundary lubrication regime for A < 0.5, where
the load is completely supported by the surface asperity-asperity contacts. To conclude,
electropolishing proved to be a successful surface modification approach for non-conformal
contacts in both boundary and mixed lubrication regimes. It could provide an alternative
to common surface texturing techniques, such as LST, especially for complex geometries
that usually operate in boundary and mixed lubrication regimes.

4. Conclusions

The tribological performance of the electropolished steel (16MnCr5)-bronze (CuSn12)
pair was investigated by measuring the coefficient of friction and bronze wear in sliding
tests. The results were compared to ground steel surfaces in the boundary and mixed
lubrication regimes. The following conclusions can be drawn:

e  Electropolishing modifies the steel surface in two ways: by creating surface texture
through surface pits and dimples and by generating a surface coating in the form of
an oxide surface layer.

e  The main advantage of electropolished steel is a lower coefficient of friction, up to 30%,
in a mixed lubrication regime and an upper range of boundary lubrication regimes.
According to the Stribeck curve, friction reduction should be expected for A > 0.5,
while in lubrication regimes defined by A < 0.5, the coefficient of friction increases.

e  Electropolishing enables faster running-in through an oxide surface layer on a steel
surface. Faster running-in could benefit machine components that depend on proper
and efficient running-in, such as worm pairs.

e  The presented findings suggest electropolishing as an alternative method for surface
texturing, as it is a cost- and time-effective method applicable to complex geometries.

The limitations of the presented work should be addressed. Even though electropolish-
ing may be applied to complex geometries, the density and geometry of the pits produced
cannot be precisely controlled as in other surface texturing methods. In addition, since
electropolishing parameters were empirically selected, they do not represent an optimal
solution for the surface texturing of carburized steel. Further research should be conducted
to define parameters for achieving different pit sizes and area densities. In future studies,
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E % = % 1}‘{‘2 + % reduced Young’s modulus [MPa]
ESD - electropolished steel disc

G G =aF’ dimensionless materials parameter [-]
GBS - ground bronze specimen

GSD - ground steel disc

Hpin - dimensionless film thickness parameter [-]
Bomin©~ Pmin = Hmin 'R’ minimum film thickness [m]

MBS - milled bronze specimen

R’ % = R% + R% reduced radius of curvature [m]

R, - average surface roughness [pum]

Ry - core roughness depth [um]

Riu - Kurtosis [-]

Rpx - reduced peak height [pum]

Rq - root mean square roughness [pum]

Rgx - Skewness [-]

Ry - reduced valley height [um]

u U= gr dimensionless speed parameter [-]

u u = din entraining surface velocity [-]

=
=

Il
e

. dimensionless load parameter [-]

w - load per unit length [N/m]

o - pressure-viscosity coefficient [m? /N]

1 - viscosity at atmospheric pressure and temperature

A - ratio of the minimum oil film thickness to the composite
surface roughness
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