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ARTICLE INFO ABSTRACT

Keywords: Surface treatments such as electropolishing and chemical-mechanical vibropolishing are widely used to enhance
Roughness surface quality in medical technology, semiconductor, and aerospace. Copper, commonly used in heat ex-
P"liSh.mg changers and electronics, can benefit from improved tribological behavior to increase efficiency, reliability, and
EZ;‘:;:Y lifespan. This study investigates how surface treatments affect tribological performance and evaluates the long-
Tribology term effectiveness of the more promising treatment. Specimens with varying porosity were either vibropolished
Friction or electropolished and tested using a reciprocating ball-on-flat tribometer for 1000 and 5000 cycles. Electro-

Wear polishing enlarged sintering pores. This led to an increase in S, from 0.1 to 1.6 um, higher surface stresses, as well
as more deformation; causing deeper wear tracks and pronounced grooves, smeared pores, and finer grains.
These friction-induced changes include formation of new grain boundaries, promoting tribo-oxidation, cracking,
and delamination. In contrast, vibropolished surfaces show minimal subsurface deformation. These mechanisms
correlate with a coefficient of friction of 0.25 after vibropolishing and 0.65 after electropolishing. Long-term
performance was assessed by examining whether vibropolished specimens, despite minimal subsurface defor-
mation, behave similarly to electropolished ones. High-porosity vibropolished samples kept friction below 0.3
over 5000 cycles, despite increased tribo-oxidation, while the low-porosity one developed cracks, delamination,

maintaining high friction around 0.65.

1. Introduction

In many application fields, the surface of workpieces is processed to
achieve a high-quality surface finish. Both electropolishing and chem-
ical-mechanical vibropolishing are widely used for this purpose. During
electropolishing, the workpiece is made anodic in a most often high-
viscosity concentrated acid solution, which may contain phosphoric
acid [1-3]. Due to the applied voltage, a significant portion of the
electric charge accumulates at the asperities of the surface roughness,
causing the edges to dissolve first [4]. Electropolishing is widely used in
industrial applications to achieve very smooth surfaces, due to its
simplicity, and because it can be applied to complex structures [1,5,6]. It
is employed in various industries, including the food industry, medical
technology, such as in stainless steel surgical devices, as well as in the
semiconductor industry for optical, electrical and ultra-high vacuum
components, and in the pharmaceutical industry. Additionally, it is used
to remove preparation-induced deformation layers before examining
specimens, such as those analyzed with electron backscatter diffraction.
During chemical-mechanical polishing, both a chemical reaction and
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mechanical material removal occur [7,8]. According to Steigerwald
et al. [9], clusters of atoms are first mechanically removed by abrasive
particles from the specimen surface and then chemically dissolved.
While an insufficient chemical polishing may cause the sample surface
to be scratched again, a more intense chemical reaction can lead to both
increased surface roughness and difficulty in achieving planarity. In
contrast, Zhao and Lu [10] assume that the chemical reaction softens the
surface, making it easier for the material to be mechanically removed by
particles in the slurry. Similarly, Paik and Park [11] assume that the
oxide polishing suspension, which contains abrasive colloidal silica
particles, chemically reacts with the specimen’s surface. Vibropolishing
is described by Brust [12] as a combination of peening, burnishing, and
microcutting, whereas Domblesky et al. [13] characterize it as a
sequence of randomized grinding processes. By using ultrasonic vibra-
tions, the agglomeration of abrasive particles in the slurry can probably
be prevented [14]. Chemical-mechanical polishing is considered the
most effective method in the semiconductor industry for surface pla-
narization, such as in the thinning and smoothing of thin films during
the production of integrated circuits [10,15]. Vibropolishing is used for
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fine finishing and deburring, among other industries, in the aviation jet
engine sector to polish components, including turbine and fan blades, as
well as blisks, to reduce fuel consumption and lower costs [16].

A major motivation for surface smoothing is the enhancement of
tribological performance. Improving tribological systems is crucial, as
they account for 23 % of global energy consumption, with 20 % spe-
cifically used to overcome friction [17]. Optimizing systems like those in
vehicles and machinery could result in a reduction of up to 8 % in overall
energy consumption. It was found that introducing pores can result in
nearly a threefold reduction in friction [18]. Thus, they are highly
promising in bringing us closer to the goal of energy reduction. This
study hypothesizes that the surface treatment method has a significant
impact on the tribological performance, including the long-term
behavior of porous copper specimens. Should it prove that, with an
appropriate surface treatment, the low coefficient of friction remains
stable over a long period, not only could energy consumption be reduced
in applications, but time and cost savings could also result from less
frequent component replacements.

The influence of pores on the tribological behavior under unlu-
bricated conditions can result in either an increase or a decrease in
friction and wear. According to previous work, sintering pores lead to a
drastic reduction in the friction coefficient in unlubricated copper, while
a higher wear rate is to be expected [18]. Ordonez et al. [19] found that
although a higher sintering porosity in Fe-Mo-C steel leads to an
increased wear rate, it also results in a slight reduction of the coefficient
of friction. In contrast, Sinha and Farhat [20] showed that an increase in
porosity in both aluminum and aluminum alloy 6061 leads to an in-
crease in friction due to enhanced asperity-asperity contact as well as
wear due to a porosity induced higher surface roughness and a reduction
in hardness. On the other hand, Martin et al. [21] demonstrated that
increasing the porosity of stainless steel can improve wear resistance
under unlubricated conditions, as they assumed that during the initial
stages of sliding, the pores are filled with wear debris and by plastic
deformation. Chen et al. [17] showed that nanopores in gold can
enhance strength without compromising ductility by trapping disloca-
tions at the nanopores.

Similarly, no general relationship can be established between surface
roughness and tribological behavior. While Al-Samarai et al. [22] found
that friction increases with higher roughness on aluminum-silicon
casting alloys, Kubiak et al. [23] observed that in both carbon alloy (AISI
1034) and titanium alloy (Ti-6Al-4 V), lower friction prevails at high
roughness under fretting conditions. Svahn et al. [24] observed, on the
one hand, an increase in friction with rising roughness in an amorphous
carbon coating containing chromium, whereas, on the other hand, no
correlation between friction and roughness was found in an amorphous
carbon coating containing tungsten. Liang et al. [25] revealed that an
increased roughness on AISI 1045 steel specimens leads to an unstable
coefficient of friction with greater fluctuations.

Numerous studies have already investigated the tribological
behavior of materials. Bowden and Tabor [26] assumed that the fric-
tional force consists of two components: adhesion and deformation. Due
to cold welding and adhesion, junctions form in the real contact area
between the specimen and the counterbody. When the counterbody
slides over the specimen’s surface, a certain force is required to shear off
these junctions. The deformation component results from processes like
grooving, plowing or cracking of the softer surface caused by the as-
perities of the harder material. In copper, significant changes in the
microstructure have been observed under tribological loading. After 100
sliding cycles, a network of geometrically necessary dislocations forms,
creating cell walls and further develops into small angle grain bound-
aries [27,28]. Ultimately, they evolve into subgrains and are progres-
sively displaced deeper below the surface. These subgrains exhibit grain
boundaries aligned parallel to the surface, with grain sizes increasing
toward the interior of the material [29]. According to Argibay et al.
[301, in pure copper with a low friction coefficient under 0.5, grain sizes
of 10-20 nm are present directly below the surface, allowing for shear
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accommodation through grain boundary sliding. In contrast, for friction
coefficients above 0.5, larger grains are observed below the surface, and
dislocation-based plasticity occurs. Before grain refinement, tribo-
oxidation occurs under tribological loading in air, where amorphous
oxides form, particularly at surface defects [31]. Since diffusion is faster
at the copper-oxide interface and at CuyO grain boundaries compared to
in pure copper, oxidation predominantly occurs at the interface,
resulting in the formation of island-like clusters [31-33]. With an
increasing number of sliding cycles, these clusters grow, forming ther-
modynamically more stable CupO nanocrystalline domains, and the
coalescence of these semispherical clusters results in a continuous oxide
layer [31].

If porous copper exhibits long-term stable low friction with the
appropriate surface treatment, this could have important implications
for component design across various industries. Porous copper compo-
nents are increasingly relevant in applications that require low weight,
high conductivity, and reliable tribological performance, like in aero-
space, automotive, and railway industries [34,35]. Their reduced mass
due to porosity enables material savings and improved energy effi-
ciency, contributing lower fuel consumption and emissions [36,37].
Moreover, their high thermal and electrical conductivity makes them
promising for dynamic applications including bearings, seals, sliding
elements, electrical contacts, and heat exchangers involving moving
components, provided that the porosity-induced loss of conductivity is
not critical compared to the friction reduction achieved [38-40].

Despite their potential, the tribological behavior of porous copper
remains insufficiently understood, particularly the interaction of
sintering-induced pores with surface treatments and the effects on fric-
tion and wear. While porosity offers functional benefits, it creates
complex surface topographies that potentially deteriorate tribological
performance. Previous studies have largely focused on the tribological
behavior of dense copper, leaving a significant knowledge gap on
unlubricated porous copper.

This study addresses this gap by systematically investigating the
influence of two distinct surface treatment techniques, electropolishing
and chemical-mechanical vibropolishing, on the friction and wear of
porous unlubricated copper. These methods differ fundamentally in how
they affect surface roughness and pore exposure, offering a unique op-
portunity to tailor tribological performance through surface design. A
central innovation of this work is the investigation not only of the direct
effects of surface treatments but also the durability of friction reduction
over an increased number of sliding cycles, from 1000 to 5000, equiv-
alent to 33.3 h of continuous testing. This approach enables assessment
of long-term performance, which is essential for practical applications
where stable, low-friction behavior over time is critical. By combining
surface engineering with tribological testing, this study provides new
insights into how to design functional porous copper components with
optimized tribological properties. These findings could support broader
use of porous copper in lightweight, energy-efficient systems.

2. Experimental
2.1. Materials

Copper was chosen for this work as it has already been shown that
introducing porosity can reduce the friction coefficient by more than 50
% [18]. Building on this, the present study investigates the effect of
surface treatment on the frictional behavior of porous copper. Further-
more, numerous studies on the tribological behavior of copper under
mild loading conditions are already available, which enables a better
understanding of the results of this study and allows conclusions to be
drawn. In addition, copper is characterized by its high electrical and
thermal conductivity, as well as its ductility, contributing to uniform
heating and improved densification of the powder particles during the
sintering process [41,42]. For the investigations of this study, two types
of copper powder with a purity of 99.95 % and d90 particle sizes of 20
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um and 36 um from Inopowders S.A.S, Paris, France, were used. The
powder was maintained in an argon atmosphere to reduce oxidation.
Tribological tests were performed with a 10 mm diameter single-crystal
sapphire sphere supplied by SaphirwerkAG, Bruegg, Switzerland.

2.2. Sample fabrication

Different specimens were produced, varying in pore quantity and
size. While the finer powder was used for the specimens with small
pores, the coarser powder was employed for those with large pores. In
order to investigate the effect of surface preparation, two specimens
with many small pores (MSP) were produced using Field Assisted Sin-
tering Technology (FAST). To study the impact of an increase in cycles
on the development of the microstructure, a specimen with few small
pores (FSP), as well as an MSP sample and a specimen with many big
pores (MBP), were fabricated. The FAST technique was performed with
aHP D 25/1 from FCT Systeme GmbH, Frankenblick, Germany. Initially,
a graphite die, lined with a graphite foil and having a diameter of 20
mm, was filled with powder to a height of 3.4 mm. Following this, the
powder was pre-compacted using a force ranging from 3 to 5 kN. At the
beginning of the FAST process, the specimens were loaded with 5 kN and
a vacuum was applied for up to 3 min, resulting in a final pressure of less
than 1 mbar. In the second step, the chamber was flooded with argon for
45 s, followed by redrawing the vacuum for 1 min. Afterwards, the
specimens with many sintering pores were continuously subjected to a 5
kN load for 1.5 min, while the load on the specimens with few pores
increased to 15.7 kN during this time interval. Subsequently, the sam-
ples were heated until 450 °C was reached, using a maximum heating
power of 21 kW, resulting in a heating rate of around 140 K min’.
Throughout the process, a pulsed current was applied with a pulse
duration of 25 ms and a 5 ms pause. After reaching 450 °C, the speci-
mens were heated to 600 °C within 1.5 min by applying a heating rate of
100 K min~!. This maximum temperature was maintained for 2 min
before cooling the specimens at a rate of 100 K min~'. Upon reaching
400 °C, the specimens initially loaded with 15.7 kN were gradually
unloaded to 5 kN over 1 min, while those with lower loading were kept
at 5 kN. After venting the chamber and waiting for 7 min, it was opened.
Finally, after a 5 min waiting period, the die had cooled to room tem-
perature and was removed.

2.3. Sample preparation

Following the FAST process, the specimens were ground with SiC
papers, reaching a grit size of 4000 with the grinding machine Saphir
320, both from QATM GmbH, Mammelzen, Germany. Subsequently, the
specimens were polished using MD-Dur polishing cloths and a LaboPo-
30, both from Struers GmbH, Fellbach, Germany, with 3 pm and 1
um diamond suspensions supplied by Cloeren Technology GmbH,
Wegberg, Germany. Afterwards, the samples underwent either a
chemical-mechanical vibropolishing or an electropolishing step. During
the 15 h vibropolishing process, the specimen was polished with an OP-
U non-dry solution from Struers GmbH, Fellbach, Germany, using a
VibroMet 2 from Buehler, Lake Bluff, Illinois, United States, at an
amplitude of 60 %, on a MicroCloth polishing cloth from Buehler ITW
Test and Measurement GmbH, Leinfelden-Echterdingen, Germany. The
specimen preparation was completed by cleaning it with detergent and
deionized water, and was finished with a final rinse using isopropanol.
During electropolishing, 2 cm? of the specimen was polished for 20 s
with a voltage of 28 V and a flow rate of 16, using the LectroPol-5
electropolishing device and the D2 electrolyte from Struers GmbH,
Fellbach, Germany. Immediately after electropolishing, the sample was
rinsed with 200 ml of deionized water and then ultrasonic cleaned in
isopropanol for 10 min. Before fixing the sample in the tribometer, it was
dried using an air blower.
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2.4. Tribological testing

In order to conduct the tribological tests, the specimens were
mounted on a precision linear stage (M—404.2DG from Physik Instru-
mente (PI) GmbH & Co. KG, Karlsruhe, Germany). A piezoelectric, three-
axis force sensor (type 216758 from Kistler Instrumente AG, Winterthur,
Switzerland) was used to measure the friction throughout the tests. The
spheres were aligned using a light source and a polarizer, ensuring that
the contact surface was parallel to their hexagonal close-packed crystal
basal plane. During the entire tribological tests, the spheres were loaded
with a 2 N force using a dead weight, and they slid over a distance of 6
mm at a speed of 0.5 mm s~ for 1000 or 5000 reciprocating cycles
across the middle of the sample surfaces, corresponding to either the
bottom or top faces of the cylindrical specimens. All tribological tests
were performed at room temperature and in air with a controlled rela-
tive humidity of 50 %. Immediately after the last stroke, the specimens
were unloaded and stored under vacuum to prevent oxidation.

2.5. Subsurface microstructure characterization

Following the tribological tests, the samples were thoroughly
examined in order to understand their tribological performance and to
analyze the impact of the surface preparation methods. To achieve this,
cross-sections were cut using a focused ion beam (DualBeam Helios
NanoLab 650 from ThermoFisher Scientific, Waltham, Massachusetts,
United States). The cross-sections were prepared parallel to the sliding
direction, at the center of the wear tracks. In order to protect the surface
to be investigated from the cutting ion beam, one platinum layer was
deposited using the electron beam and a second one was applied with
the ion beam. Imaging of the microstructure was conducted in immer-
sion mode, using a current of 0.8 nA and an acceleration voltage of 2 kV.

2.6. Surface characterization

Surface analysis was performed using light microscopy images (BX60
from Olympus, Tokyo, Japan), scanning electron microscopy (SEM)
images (Helios 650), and optical surface profilometry images. While the
wear track profiles of the chemical-mechanical vibropolished specimens
after 1000 cycles were measured with the optical surface profilometer
Plu Neox from Sensofar, Barcelona, Spain, the chemical-mechanical
vibropolished surface, the wear track profiles after 5000 cycles, and the
electropolished specimen were evaluated with TopMap Micro.View +
from Polytec GmbH, Waldbronn, Germany, using a 10x magnification
objective from Nikon, Tokyo, Japan. The images were acquired at the
center of each wear track. The height profiles of the various wear tracks
shown in this study represent the average values along the sliding di-
rection across a 0.9 mm distance. To compare the roughness, the
arithmetic means of the height, given by

S.=1/A // j2(x, )| dxdy 8

were calculated using the ordinate values z(x,y) within the evaluation
area A, according to ISO 25178-2:2021. Microhardness measurements
were performed using a FISCHERSCOPE® H100 from Helmut Fischer
GmbH, Sindelfingen, Germany, equipped with a Vickers indenter. A test
load of 250 mN was applied, and five indentations were made per
sample.

2.7. Density measurements

The specimen densities were measured using the Archimedes
method. To ensure the reliability of the water density value, a ther-
mometer was immersed in deionized water 2 h before measuring the
weight using a precision balance (type R160P-*D1 from Sartorius AG,
Gottingen, Germany). The sample density
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ps = Msa)/ (Msa) — Msw))*(Pw — Pa) +Pa (2)

was calculated with the densities of water py according to ISO
15212-1:1998 and air p4 = 0.0012 g cm ™3, after weighing the samples
in air mge), as well as in water mgw) [43]. All measurements were
repeated three times, with values read exactly after 5 min and the
average of these readings was used to calculate the sample density. For
determining the relative density of the samples, the absolute density of
copper was assumed to be 8.96 g cm > [44].

3. Results
3.1. Chemical-mechanical vibropolishing vs. Electropolishing

Initially, the densities of the ground specimens were measured. The
MSP specimen that was subsequently electropolished had a total density
of 85.0 %, while the MSP specimen that was vibropolished afterward
showed a total density of 84.8 %. After being electropolished, or
respectively vibropolished, the surfaces of the specimens were analyzed
using both the profilometer and SEM, as shown in Fig. 1. It was found
that the vibropolished specimen had a S, value of 0.11 pm, while the
electropolished sample had a value of 1.63 pym, more than 16 times
higher. In both the profilometer and SEM images, it is evident that
electropolishing significantly enlarged the sintering pores and led to
rounding of the sintering pore edges. In comparison, vibropolished FSP
and MBP yielded even lower average Sa values of 0.03 ym and 0.04 um,
respectively. SEM images presented in Fig. S1 highlight the distinct
surface characteristics of the different specimen types. Clear differences
between the sample types and surface preparation methods are also
evident in the hardness values. While the vibropolished FSP sample
show an average microhardness of 68 HV, MBP 41 HV, and MSP 49 HV,
the electropolished MSP sample exhibit a significantly lower average
hardness of 31 HV, as shown in Fig. S2.

A closer examination of the electropolished surface in the SEM,
shown in Fig. 2, revealed circular patterns on the surface, which were
visible at varying densities in different areas of the specimen. In the

Height [pm]
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center of the circular patterns small craters could be detected, as visible
in Fig. 2¢). It could also be observed that electropolishing resulted in a
more pronounced material removal at the grain boundaries.

After conducting the tribological experiments, SEM investigations in
Fig. 3, particularly in the secondary electron (SE) images in Fig. 3a) and
b), reveal that delamination occurred on the surface during both tests.
The craters within the wear tracks resemble the sintering pores adjacent
to the tracks, which were enlarged by the electropolishing process.
Backscattered electron (BSE) images in Fig. 3c) and d) show that these
sintering pores were partially worn away and filled during tribological
loading, especially at the center of the wear tracks.

Similarly, no significant differences in the subsurface microstructure
could be observed in Fig. 4 between the specimen tested immediately
after electropolishing and after an additional 24 h exposure to air before
the tribological test. In both microstructures, the subsurface deforma-
tion layer in Fig. 4a) and c) is similarly pronounced, with a depth of 3.8
um after electropolishing and 7.4 ym with an additional 24 h after
electropolishing. Also, the dark gray zone in Fig. 4b) and d) is similarly
developed, with a depth of 1.6 um after electropolishing and 0.8 pm
tribologically tested 24 h after electropolishing. In this zone, black
elongated features are visible in both microstructures. Additionally, the
sintering pores seem to act as boundaries for the subsurface deforma-
tion, as the grain refinement does not extend deeper into the material
once a sintering pore appears.

Based on the mean wear track profiles measured from white light
interferometric images in Fig. 5, it can be observed that the electro-
polished samples exhibited a much rougher surface compared to the
vibropolished ones. Additionally, for the sample with few sintering
pores, pile-ups can be observed at the sides of the wear track, in contrast
to the specimens with more sintering pores. In general, the wear tracks
of MSP show a tendency to be, on average, 0.9 um less deep and 100 ym
narrower than those of MBP. The wear track depths of the electro-
polished MSP lie between the depths of vibropolished MSP and MBP.

Light microscopy images in Fig. 6 show no difference between the
wear track width of the MSP surface that was tribologically tested
immediately after electropolishing in Fig. 6a) and the wear track of the

Height [pm]

Fig. 1. Optical surface profilometry images of the a) vibropolished and b) electropolished specimen surfaces with a similar overall porosity, and scanning electron
microscopy (SEM) images of the c) vibropolished and d) electropolished surfaces. The scale bar in a) applies to all images. In contrast to vibropolishing, electro-
polishing led to an enlargement of the sintering pores at the surface and rounding of their edges.
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Fig. 2. SEM images of the electropolished surface showing circular patterns at varying densities, with a) and b) taken from different spots in the center of the
specimen. The scale bar in a) applies to both a) and b). At a higher magnification in c), it can be seen that small craters are present in the center of the circles.

-~ Smeared,worn pores-

Fig. 3. SEM images of the wear tracks of the surface with many small pores (MSP) directly after electropolishing in a) and c) as well as after being exposed to air for
24 h in b) and d). While secondary electron (SE) images with the same scale are shown in a) and b), enlarged backscattered electron (BSE) images are visible in ¢) and
d) using the same scale. Both SE images show delamination and enlarged sintering pores at the edges of the wear tracks, while BSE images reveal partially filled and
worn sintering pores towards the center.

Fig. 4. Cross-section images in sliding direction at the center of the wear track for the MSP specimen tested directly after electropolishing in a) and b), and after an
additional 24 h air exposure in ¢) and d). In a) the specimen surface is marked exemplarily beneath the protective platinum layers. The subsurface deformation layer,
highlighted in blue in a) and c) using the same scale, is similar in both microstructures, as is the dark gray zone marked in blue and the elongated black features
emphasized in orange in b) and d), which also use the same scale.
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Fig. 5. Wear track profiles based on white light interferometric images show
that samples with many sintering pores exhibit no significant pile-ups, unlike
the specimen with few small pores (FSP). The vibropolished (vp) specimen with
many big pores (MBP) exhibit deeper and wider wear tracks than the vp MSP
one, while the electropolished (ep) MSP sample falls in between, with a rougher
surface than the vp ones.

surface exposed to air for 24 h before the tribological test in Fig. 6b).
Additionally, both exhibit a similar groove pattern in sliding direction,
as well as the same grayish discoloration in the wear track. In both,
craters can be detected, which are more frequent at the edges of the
tracks.

The coefficients of friction of the varying specimen types over 1000
cycles in Fig. 7 exhibit significant differences between electropolished
and vibropolished MSP. While the coefficient of friction of the vibro-
polished sample reaches a value of 0.2 after just a few cycles and shows
only a slight increase over the cycles, the coefficient of friction of the
electropolished sample reaches nearly three times that value within the
first 50 cycles. The value for the sample tested directly after electro-
polishing subsequently drops by 0.1 and then rises, reaching the value of
the first peak after approximately 600 cycles, whereas the coefficient of
friction of the surface exposed to air for 24 h after electropolishing
shows a steady, slight increase. After 1000 cycles, the coefficients of
friction of the electropolished MSP sample are comparable to the one of
vibropolished FSP, ranging between 0.6 and 0.65. Thus, these co-
efficients of friction are about 2.5 times higher than that of vibropol-
ished MSP, which reaches a value of approximately 0.25 after 1000
cycles.

3.2. 1000 vs. 5000 cycles

By increasing the number of cycles from 1000 to 5000 of the
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vibropolished specimens, it can be observed in Fig. 8a) that the differ-
ences in the coefficients of friction due to varying porosities remain. The
friction coefficients of MSP and MBP stabilize at a value of 0.23 after
5000 cycles, while the friction coefficient of FSP is nearly three times
higher, reaching 0.67. The increase in the coefficient of friction of MSP
after approximately 2500 cycles can be attributed to an increase in
relative humidity, as shown in Fig. S3 in the supplementary information.
Fig. 8b) demonstrates that neither the width nor the depth of the wear
tracks changed with an increase in the number of cycles for any of the
specimen types. Specimens with many sintering pores continue to
exhibit no pile-ups at the edges of the wear track after 5000 cycles. In
contrast, FSP shows pile-ups after both 1000 and 5000 cycles.

Below the surfaces of the different specimen types after 5000 cycles,
a zone with finer grains is observed with the help of cross-section images
in Fig. 9a), c), and e). This zone is approximately 15.8 um deep for FSP,
while for specimens with many sintering pores, it is much shallower,
measuring 0.8 um for MSP and 1.2 um for MBP. In all three micro-
structures a dark gray layer appears, as visible in Fig. 9b), d), and f). This
layer is significantly more pronounced in FSP, as it extends up to 1.9 um
beneath the surface, while for MSP it reaches 0.3 ym and for MBP 0.5
um. In contrast to the other microstructures, FSP exhibits black elon-
gated features beneath the surface, as shown in Fig. 9b).

4. Discussion
To answer the leading question of this manuscript — How surface

treatment of porous copper samples dictates dry friction and wear? — both the
influence of surface preparation on the tribological performance and the
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Fig. 7. Coefficients of friction of the different specimen types over the 1000
sliding cycles. It can be observed that, in contrast to the vibropolished (vp) MSP
sample, the friction coefficients of the electropolished (ep) MSP specimen in-
crease significantly within the first 50 cycles, similar to the vp FSP one.

Fig. 6. Light microscopy images of the wear tracks of the MSP specimen tested a) directly after electropolishing and b) after additionally exposed to air for 24 h. The
scale in a) applies to both images. Both show a similar color and width, along with small craters and grooves in sliding direction.
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Fig. 8. A) development of the coefficients of friction over 5000 cycles for vibropolished FSP, MSP and MBP specimens, and b) comparison of their wear track profiles
based on white light interferometric images after 1000 and 5000 cycles. Both the coefficients of friction and the wear track profiles show no significant change with
the increasing number of cycles. The coefficients of friction of the specimens with many sintering pores seem to stabilize at a consistent value after 5000 cycles.

BRATHS

Fig. 9. Cross-section images in sliding direction at the center of the wear track after 5000 cycles of the vibropolished FSP specimen in a) and b), MSP in ¢) and d),
MBP in e) and f). The subsurface deformation layers of the different specimens are highlighted in blue in a), ¢) and e), with the scale in a) applying to the three
images. In b), d), and f), the dark gray zones beneath the surfaces are outlined in blue, while the black, elongated features in this zone are marked in orange. The scale
in b) applies to these images. Specimens with many sintering pores exhibit both a significantly lower subsurface deformation compared to FSP, as well as smaller dark

gray zones and no black elongated features.

long-term effectiveness of friction reduction of the tribologically more
beneficial method, through a significant increase in loading duration,
were investigated.

4.1. Chemical-mechanical vibropolishing vs. Electropolishing

First, the influence of surface preparation was investigated by
comparing the effect of chemical-mechanical vibropolishing and elec-
tropolishing of the MSP specimens. By vibropolishing, the preparation-
induced Beilby layer and scratches could be reduced [45]. Addition-
ally, after being smeared during preparation, as seen in Fig. S4a) in the
supplementary information, the sintering pores between the particles
were exposed during vibropolishing, as shown in Fig. 1a) and c¢). Under
the assumption, according to Steigerwald et al. [9], that clusters of

atoms are first removed from the surface and secondly chemically dis-
solved, the remaining scratches after vibropolishing, visible in Fig. 1c),
can either be attributed to insufficient chemical reaction, causing the
clusters to scratch the sample surface, or to dissolved particles that may
have been trapped in the sintering pores. The latter is confirmed by
small particles exposed in the sintering pores after vibropolishing, as
shown in Fig. S4b). Electropolishing of the MSP specimen not only
resulted in the removal of the Beilby layer and scratches, as well as the
exposure of the sintering pores but also caused an enlargement of the
sintering pores, visible in Fig. 1b) and d), due to a higher current density
in the pores, which led to increased material removal [46]. As noted by
Yang et al. [1], the current density is highest at sharp edges, which ex-
plains the observed rounding of the sintering pore contours during
electropolishing. Both led to a significant increase in roughness,
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compared to the vibropolished surface. Since similar overall porosities
were measured for the two MSP specimens, which were subsequently
either vibropolished or electropolished, the porosity affected the effec-
tive Young’s modulus of both specimens to the same extent. According
to Buch and Goldschmidt [47], a porosity of 15 % is expected to result in
an effective Young’s modulus of 98 GPa. Fig. S2 shows that the average
microhardness of the vibropolished MSP is higher than that of the
electropolished one. According to Fellah et al. [48], the effective
Young’s modulus increases with hardness. Campbell et al. [49] detected
local variations in the effective Young’s modulus through nano-
indentation; however, no change in the average effective Young’s
modulus could be experimentally determined due to surface roughness.
Accordingly, Fig. S2 reveals a greater scatter of hardness measurement
values in the electropolished MSP sample compared to the vibropolished
one, indicating local differences in the effective Young’s modulus.
Therefore, it is plausible to assume that the overall average effective
Young’s modulus of the electropolished and vibropolished specimens
are the same. Considering porosity and surface roughness in the calcu-
lation of the maximum Hertzian pressure, a value of 507 MPa could be
expected in both specimens during the tribological tests [50]. However,
due to the enlarged sintering pores on the surface of the electropolished
specimen, as shown in Fig. 1, the contact area between copper and the
sapphire sphere was smaller at the beginning of the tribological test
compared to the vibropolished specimen. Consequently, the applied
load from the sphere was distributed over a smaller contact area in the
electropolished specimen, so that a higher maximum pressure was ex-
pected compared to the vibropolished one, since surface roughness, just
like the predominant plastic deformation, is not considered in the
calculation of the maximum Hertzian pressure. This surface-induced
stress increase caused more pronounced plastic deformation beneath
the surface, as shown by the grain refinement in Fig. 4, compared to the
shallower layer seen in the vibropolished MSP specimen, as reported by
Lung et al. [18]. This increased deformation is also evident in both the
light microscope images in Fig. 6 and the SEM images in Fig. 4. Spe-
cifically, grooves in the sliding direction, which are a typical feature of
abrasive wear, could be observed [51]. The asperities of the harder
sapphire sphere penetrated and cut the softer copper specimen. In the
wear tracks of the vibropolished MSP sample, on the other hand, these
grooves were barely found, as little subsurface deformation occurred
[18]. Another indication, particularly evident in the BSE images in
Fig. 3, is that in the center of the wear track, where, according to the
Hertzian pressure distribution, the stress is highest during the tribo-
logical tests, the sintering pores have been either smeared or removed
[52]. In contrast, after the tribological loading, the sintering pores in the
vibropolished MSP specimen remained almost unchanged at the surface,
which supports the fact that no significant subsurface deformation was
observed. Through the reduction of sintering pores in the contact area of
the electropolished specimens and the enhanced depth in the mean
height profile of the wear track, as shown in Fig. 5, the contact area
between the specimen and the sapphire sphere increased. While this
contributed to a reduction in the maximum stress, as the force from the
sphere was distributed over a larger real contact area, the overall shear
force increased since, according to Bowden and Tabor [26], a higher
amount of junctions were formed and sheared in the larger real contact
area of the specimen and the sphere, resulting in an increase in the co-
efficient of friction [53].

Upon examining the mean height of the wear track profiles in Fig. 5,
it is evident that the surface of the electropolished MSP sample is
significantly rougher than that of the vibropolished MSP specimen, due
to the previously described enlarged sintering pores, delamination and
grooves in the sliding direction. Additionally, both the electropolished
and vibropolished MSP specimen do not show pile-ups on the sides of the
wear tracks, unlike the FSP sample. While in the vibropolished MSP
specimen, particles were pressed down into the subsurface sintering
pores, in the electropolished MSP sample, material was removed and
plowhed into the enlarged surface sintering pores, especially in the
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center of the wear tracks. Plowing takes place when one surface is
significantly harder than the other, leading the asperities of the harder
surface to forcibly displace the softer material to a substantial depth
beneath the surface [54]. Similar to the electropolished MSP sample, in
the vibropolished FSP specimen, material was pushed onto the sides of
the wear track. However, due to the lack of sufficient sintering pores to
fill, pile-ups formed along the edges of the wear track. Fig. 5 also shows
that, depending on the location on the sample where the tribological
tests were conducted, the wear tracks exhibited varying widths and
depths. This is attributed to the position of the sintering pores on and
below the surface as well as the sintering pore density. Therefore, a
sample-dependent variance in the wear track depth within the same
specimen is generally expected. Consequently, the different depths of
the wear tracks, from the tribological experiments conducted immedi-
ately after electropolishing and 24 h later, cannot be attributed to the
aging time, including the presence of a native oxide layer after 24 h in
air, which is reported by Platzman et al. [55] to be between 2.5 and 4.0
nm thick, and by Leén et al. [56] to be around 2 nm thick. However, it is
generally observed that the width and depth of the wear tracks are
greater in the vibropolished MBP specimen, as particles were more
easily pressed into the larger sintering pores [18]. While the average
depth of the wear tracks in the electropolished MSP specimen lies be-
tween that of the vibropolished MSP and MBP samples, their width is
almost identical to that of the MBP sample. This could be due to the fact
that the sintering pores were significantly enlarged during electro-
polishing compared to those in the vibropolished MSP sample, thus
behaving more similarly to the MBP specimen.

In addition to the deformation, the dark grey zone immediately
beneath the surface, visible in Fig. 4b) and d), is of significance, repre-
senting the tribo-oxidation zone according to Rau et al. [57]. Due to the
deformation-induced grain refinement shown in Fig. 4a) and c), the
tribological loading led to the formation of numerous new dislocations
and grain boundaries through the rearrangement of dislocations during
dynamic recovery, both serving as diffusion paths for oxygen [57-59].
Since the vibropolished MSP specimen exhibits only a very small tri-
bologically induced subsurface deformation layer, the tribo-oxidation
zone is correspondingly less pronounced than in the electropolished
specimen, with a depth of 0.1 pym.

During the tribological tests Kirkendall pores form between the tribo-
oxide and copper because copper ions diffuse faster than oxide ions
[57,60]. With progressing oxidation, pores form along the diffusion
paths, leading to the formation of cracks beneath the surface, which
result in delamination at the surface [57]. Other factors contributing to
delamination could include the higher hardness of copper oxide, which
leads to a greater tendency for crack formation compared to copper, as
well as dislocation pile-up at the copper-oxide interface [31,61,62].
Since the tribo-oxidation zone is significantly more pronounced in the
electropolished MSP specimen compared to the vibropolished MSP
sample, cracks within the tribo-oxide and delamination at the surface
are observed in the wear track of the electropolished specimen, as visible
in Fig. 4b) and d). Both the depth of subsurface deformation and the
development of the tribo-oxidation zone, along with cracks beneath the
surface, are similar in the electropolished MSP and the vibropolished
FSP specimens [18].

The spots, visible in Fig. 2, are likely due to the effects of the elec-
trolyte. According to Jurin’s law, the capillary force is inversely pro-
portional to the diameter of the capillary tube [63]. Therefore, a high
capillary force is expected in very small craters, as observed in Fig. 2c).
Neither rinsing with water nor the ultrasonic cleaning with isopropanol
could probably flush out the electrolyte from the small cavities. After
drying the surface, a subsequent pressure difference between the outside
and the inside of the small craters could cause the liquid to rise within
the small craters and eventually emerge at the surface over time. This
phenomenon of rising liquid was observed a few minutes after drying
the MSP specimen, which had been previously cleaned with iso-
propanol. The electrolyte consists of ethanol, propan-1-ol, and
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phosphoric acid. As ethanol and propan-1-ol could evaporate at the
surface, the concentration of phosphoric acid increased, leading to su-
persaturation, which most probably resulted in crystallization around
the craters, forming round spots visible in Fig. 2 [64,65]. Furthermore,
in combination with water, phosphoric acid can form crystalline hemi-
hydrates at room temperature [65-67]. In addition to crystallization due
to supersaturation, crystallization could also occur due to reactions with
water, with which the specimen was rinsed to stop the reaction after
electropolishing, or with humid air during the tribological tests. This
crystallization at the surface could affect the tribological tests. During
the experiment after 24 h, the proportion of crystallization spots was
likely significantly higher than in the first experiment, directly after
electropolishing, where crystallization likely occurred mainly during the
tribological test. Additionally, as shown in Fig. 2a) and b), the number of
these spots varied across the surface. Since the sapphire sphere was
probably not only in contact with copper or its oxides in these areas, but
also with crystallized phosphoric acid, among other substances, this
could influence the coefficient of friction.

The differences in the coefficient of friction curves between the
experiment conducted immediately after electropolishing and the one
performed 24 h later, as shown in Fig. 7, are likely not caused by the
native oxide layer present in the latter. It has already been shown that
even with the same exposure time to air before the tribological experi-
ment and under identical experimental conditions, different running-in
behaviors of the coefficients of friction could be observed, with the
steady-state coefficients of friction sometimes only being reached after
500 cycles [68,69]. It was also demonstrated that different exposure
times to air, up to 56 h, have no influence on the steady-state coefficient
of friction [69]. Whether the crystallization of phosphoric acid on the
surface has an impact on the coefficient of friction would need to be
investigated; however, it seems to have no influence. The progression of
the coefficient of friction over 1000 cycles for the different specimens
indicates that due to the electropolishing of the MSP sample and the
associated phenomena, the coefficient of friction increased by a factor of
2-3 compared to the vibropolished MSP specimen.

Upon examining these findings, it can be concluded that a pro-
nounced subsurface deformation, which was observed in both the
specimens with few sintering pores and the electropolished MSP, could
accelerate tribo-oxidation and thus the formation of pores, cracks, and
delamination on the surface [18]. These energy dissipation mechanisms
were associated with an increased coefficient of friction. Since the
vibropolished specimens with many sintering pores showed minimal
subsurface deformation after 1000 cycles, the tribo-oxidation layer was
only slightly developed, and no cracks or delamination were observed.
This raised the question: Could a significant increase in the number of
cycles lead to the formation of a sufficiently thick tribo-oxidation layer
in vibropolished specimens with many pores, despite low subsurface
deformation, such that pronounced pores in the tribo-oxide, cracks, and
delamination appear, and thus an increase in the coefficient of friction?

4.2. 1000 vs. 5000 cycles

An increase in the number of cycles from 1000 to 5000 resulted in
neither a change in the coefficient of friction nor a deepening or
widening of the wear tracks of the vibropolished FSP, MSP and MBP, as
shown in Fig. 8 and Fig. S5 in the supplementary information. During
the tribological loading, the wear rate decreased due to both the increase
in contact area with the growing wear track depth, which reduces the
maximum surface stress, and the filling of the unevenness on the sap-
phire sphere, which causes abrasive wear, with the softer copper or
copper oxide [51]. Another reason for the wear track depth approaching
an equilibrium state, is the hardening of the material due to, among
other factors, Hall-Petch strengthening and work hardening. Oxygen can
continue to diffuse into the material along the continuously forming
dislocation and grain boundary pathways, leading to the progression of
tribo-oxidation, without a further increase in the wear track depth. This

Materials & Design 258 (2025) 114584

can be confirmed by a comparison of the subsurface deformation and
tribo-oxidation layers after 5000 cycles in Fig. 9 with the microstruc-
tures after 1000 cycles, as shown by Lung et al. [18]. It can be observed
that there was no change in the subsurface deformation depth, while the
tribo-oxidation depth increased. Although the depth of the tribo-
oxidation zone in the MBP after 5000 cycles is similar to that of the
FSP after 1000 cycles, the oxide is more dispersed and seems non-
continuous [18]. Since neither cracking in the tribo-oxide nor delami-
nation at the surface occurred in either the MSP or MBP, the density of
the oxide likely plays a significant role in the formation of these energy
dissipating phenomena. Fig. 9 further illustrates that the increasing
tribologically induced oxidation of the FSP led to the formation of cracks
in the tribo-oxide and delamination at the surface after 5000 cycles. This
delamination is also visible in the SE images of the wear tracks in Fig. S6
in the supplementary information. These phenomena were not observed
after 1000 cycles [18]. FBP, on the other hand, already exhibited cracks
and delamination at the surface after 1000 cycles, due to the increased
surface stress caused by the larger sintering pores. In all likelihood, this
led to a higher tribologically-induced dislocation density and amount of
grain boundaries, consequently creating more diffusion channels for
oxygen. After 5000 cycles, the depth of the tribo-oxide layer of FSP was
similar to that of FBP after 1000 cycles.

These results provide the answer to the central question of this
manuscript regarding how the surface treatments influence the tribo-
logical properties of porous copper under dry conditions: In the first
part, it was demonstrated that electropolishing the specimen before
tribological testing destroyed the friction-reducing effect of the sintering
pores. Electropolishing induced a significant enlargement of the sinter-
ing pores, resulting in higher stresses at the surface during the tribo-
logical experiments compared to vibropolished samples. This caused
greater plastic deformation, which in turn led to an expanded tribo-
oxidation zone, in which cracks formed, resulting in delamination at
the surface. Consequently, the electropolishing of a specimen with many
sintering pores led to a behavior similar to that of vibropolished speci-
mens with few sintering pores, resulting in a similar trend of the coef-
ficient of friction. Since this differing behavior can be attributed to a
varying degree of subsurface deformation, the second part of this study
tested whether, even with minimal subsurface deformation in vibro-
polished samples with many sintering pores, the tribo-oxidation could
progress with an increase in the cycle number from 1000 to 5000, to the
extent that the tribological behavior would resemble that of vibropol-
ished specimens with few sintering pores or electropolished samples
with many sintering pores. After 5000 cycles, no changes were observed
in the vibropolished MSP and MBP specimens, either on or beneath the
surface, aside from the progression of tribo-oxidation. However, an in-
crease in cycles led to cracks in the tribo-oxide and delamination at the
surface in the vibropolished FSP sample, which shows that, with
increasing tribo-oxidation, these phenomena eventually emerge. For
specimens with many sintering pores, a significant increase in cycles
would likely be necessary for this to occur. Future studies could inves-
tigate how copper with many and few sintering pores, both vibropol-
ished and electropolished, behaves in lubricated contacts. It could also
be interesting to investigate how variations in the tribological condi-
tions, such as a significant increase in load or changes in sliding speed,
affect the tribological behavior of specimens with many and few sin-
tering pores.

5. Conclusion

This study examines the effect of surface treatment on the tribolog-
ical behavior of porous copper under unlubricated conditions. To
explore this, specimens with varying pore sizes and densities were sin-
tered and subjected to tribological testing, where a sapphire sphere was
moved over a distance of 6 mm at the center of the specimens with a
speed of 0.5 mm s~! and a normal force of 2 N for 1000 or 5000
reciprocating cycles. The resulting wear tracks were investigated using
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white light interferometry and light microscopy, while subsurface mi-
crostructures were analyzed through scanning electron microscopy and
focused ion beam cross-sections. The specimen densities were measured
using the Archimedes method. It was found that the surface treatment
has a significant impact on the tribological behavior, to the extent that
the positive effect of the sintering pores, which can reduce the coeffi-
cient of friction by more than 50 %, is eliminated. Thus, with proper
surface preparation, specimens with high porosity exhibit very stable
and low coefficients of friction over a test duration of 33.3 h. In order to
reach to this main conclusion, the first part of this study compared the
tribological behavior of vibropolished and electropolished specimens
and the following main differences were found:

i) Electropolishing caused enlargement of the sintering pores
leading to a higher surface roughness with a Sa of 1.63 ym
compared to 0.11 pm for the vibropolished sample. Due to the
enlarged pores, the electropolished specimen exhibited a smaller
contact area with the sapphire sphere during the tribological
experiment, which, assuming a maximum Hertzian pressure of
507 MPa in both specimens, resulted in a higher maximum stress
in the electropolished sample. Consequently, significantly greater
plastic deformation was observed on and beneath the surface of
the electropolished specimen compared to the vibropolished one,
as evidenced by more pronounced grooves in the sliding direc-
tion, as well as smeared and removed surface sintering pores,
along with deeper wear tracks and a stronger grain refinement
beneath the surface.
More pronounced tribo-oxidation occurred in the electropolished
specimen, with a depth between 0.8 and 1.6 ym compared to 0.1
um in the vibropolished sample. This difference is due to
numerous new diffusion paths for oxygen created by new dislo-
cations and grain boundaries in the electropolished specimen. In
contrast to the vibropolished sample, cracks could form from the
pores in the tribo-oxide, leading to delamination at the surface.
iii) A difference was observed in the plowing process: during the
tribological testing of the electropolished specimen with many
small sintering pores, material was smeared at the surface into
the sintering pores, whereas in the vibropolished specimen with
many sintering pores, sintered particles were pushed down into
the subsurface sintering pores.

ii)

All these phenomena occurring in the electropolished specimen with
many sintering pores were also observed in the vibropolished specimens
with few sintering pores. Since they exhibited a similar trend in the
coefficient of friction over the 1000 cycles, deformation, tribo-oxidation,
cracks, and delamination can be associated with the presence of a high
coefficient of friction.

The second part of this manuscript investigated whether, despite
minimal subsurface deformation in vibropolished specimens with many
sintering pores, an increase in cycles from 1000 to 5000 could advance
tribo-oxidation to such an extent that the tribological behavior resem-
bled that of vibropolished specimens with few sintering pores or the
electropolished sample with many sintering pores. The following
conclusion can be drawn:

iv) In the vibropolished specimens with many sintering pores, no
changes were observed after 5000 cycles, except for an increase
in tribo-oxidation depth from 0.3 to 0.5 ym. However, an increase
in cycles resulted in cracks in the tribo-oxide and surface
delamination in the vibropolished specimen with few, small
sintering pores, indicating that these phenomena emerge as tribo-
oxidation progresses. For specimens with many sintering pores, a
considerable increase in cycles is probably necessary for this to
happen.

The results of this study highlight the importance of surface
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treatment tailored to the manufacturing process of the workpiece and
the impact of improper preparation method on the tribological behavior,
not only within the first cycles but also for at least 5000 cycles. Since the
findings are in all likelihood not specific to copper, it can be assumed
that other materials could also benefit from such surface preparation
routes.

These findings underscore critical design considerations for copper
components intended for tribological applications. Specifically,
achieving approximately 15 % porosity is essential to ensure long-term
stability of low friction, in contrast to lower porosity levels. Further-
more, the feasibility of chemical-mechanical vibropolishing on sliding
contact surfaces must be a fundamental aspect of the design process.
Consequently, component geometries should be engineered to provide
sufficient accessibility for effective surface treatment, avoiding complex
features that impede polishing [70]. Such design strategies optimize the
tribological behavior, thereby ensuring sustained low friction in appli-
cations including bearings, seals, and electrical contacts, and offer mass
saving advantages.
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