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Porosity is an inherent feature of manufacturing processes such as additive manufacturing or
powder metallurgy, yet its systematic influence is still insufficiently understood. At the same time,
improving the tribological properties of copper is crucial for its use in electronics, heat exchangers,
and bearings. Since the tribological behavior of porous copper remains largely unexplored, this
study systematically investigates the effects of pore size and porosity to fill this knowledge gap.
Different specimen types were manufactured using Field Assisted Sintering Technology, with
some undergoing an additional Cold Isostatic Pressing step. Tribological tests consisted of 1000
reciprocating cycles in a ball-on-flat tribometer. The results indicate that porosity, rather than pore
size, has a dominant influence on friction behavior, with low relative density (~85%) specimens
exhibiting a friction coefficient of about 0.3 and high-density (~96%) specimens around 0.6. In
contrast to low-porosity samples, high-porosity specimens exhibit only minimal subsurface
deformation, which results in limited tribo-oxidation and prevents surface delamination. Rather
than forming pile-ups along the sides of the wear tracks, sintered particles are pressed into the

sintering pores under tribological loading, resulting in 0.9-2 pum deeper and 100-200 pm wider
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wear tracks. An additional densification of the specimens appears to exacerbate surface

delamination, likely due to the increased dislocation density induced by the densification process.

1. Introduction

In manufacturing processes such as additive manufacturing with Laser Powder Bed Fusion or
Selective Laser Sintering, and classical powder metallurgy techniques like Field Assisted Sintering
Technology (FAST) or Isostatic Pressing, porosity can hardly be avoided [1-4]. Since pores
typically lead to a deterioration of mechanical properties and also significantly affect the physical
properties such as thermal and electrical conductivity, efforts are made to avoid them [5]. The
necessity of improving tribological systems lies in the fact that 23% of global energy consumption
is attributed to them [6]. Optimizing these systems, for example in machinery and vehicles, could
lower overall energy consumption by up to 8%. For this, fundamental knowledge is essential. The
presence of pores modifies the microstructure, impacting the material's tribological behavior,
including wear rate and friction coefficient. Studies have shown that an increase in the porosity of
stainless steel under dry sliding conditions can enhance wear resistance based on the assumption
that the pores have to be filled with wear debris and plastic deformation during the first meters of
sliding [7]. In contrast, Sinha et al. [8] reported that both the wear rate and coefficient of friction
of pure aluminum and aluminum alloy 6061 rise with increasing porosity, attributing the higher
wear rate to porosity-induced reductions in hardness and increased surface roughness, and the
increased friction to greater asperity-asperity contact. In the case of lubricated contact, the results
indicated that high porosity either increases or decreases friction, depending on the material pairing
[9]. For combinations of same partners, such as Distaloy AQ+0.2% C or Astaloy CrA+1.8% Cer,
both the coefficient of friction and wear increase with porosity. In contrast, for combinations of
Distaloy AQ+0.2% C or Astaloy CrA+1.8% Cr with 16MnCr5, both friction and wear decrease as
porosity increases. Recent findings by Chen et al. [10] demonstrate that nanopores in gold
strengthen the material without reducing ductility by pinning dislocations. Thus, rather than being
only disadvantageous, pores present opportunities worth exploring further. To date, no systematic
investigation has examined how pores affect the tribological performance of copper under dry

conditions, which further emphasizes the need for this investigation.

The tribological behavior of copper has already been investigated in several studies. According to

Bowden and Tabor [11], friction force can be thought of in terms of an adhesion and a deformation
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component. In the real contact area between the surface of the specimen and the counterbody,
junctions are formed due to adhesion and cold-welding, which require a specific force to be sheared
off. Thus, the real contact area is proportional to the ratio of the total applied force to the
indentation hardness of the softer material in the contact. The deformation factor arises from
plowing, grooving or cracking of the softer surface by asperities on the harder one. The adhesion
component of the friction coefficient can be calculated from the ratio of the shear strength to the

indentation hardness or the yield pressure of the softer material [12].

A development of the microstructure has been observed in copper under tribological loading.
During the first loading pass of a counterbody on a coarse-grained copper specimen, a dislocation
trace line (DTL) forms at a depth of 100-150 nm, parallel to the surface, indicating a self-
organization of dislocations [13]. With an increasing number of cycles, more dislocations
accumulate within the DTL, leading to a rise in the misorientation angle until it most probably
evolves into a small angle grain boundary (SAGB) [14]. At this stage, the DTL can be found at a
depth of 200 nm. When exceeding 100 cycles, geometrically necessary dislocations accumulate to
form cell walls that evolve into SAGBs and ultimately into subgrains, which are then gradually
pushed deeper into the material [14, 15]. In highly strained copper, dislocation densities exceeding
10'> m™ can be anticipated [16]. As stated by Huge and Hansen [17], the grain boundaries are
aligned parallel to the surface, and at a strain of 12 MPa, grain sizes of about 10 nm form in the
near-surface layers and coarsen with increasing depth from the surface. Furthermore, Argibay et
al. [18] demonstrate that for pure metals, the low-friction regime (friction coefficient < 0.5) is
linked to ultra-nanocrystalline surface films with grain sizes of 10-20 nm, which enable shear
accommodation via grain boundary sliding. In contrast, in the high-friction regime (friction
coefficient > 0.5), larger subsurface grains develop, and shear accommodation transitions to

dislocation-dominated plasticity.

In addition to subsurface deformation, amorphous copper oxides form as islands preferentially at
surface defects during the tribological loading in air [19]. Given that diffusion can occur faster at
Cu20 grain boundaries and at the copper-oxide interface than in the copper matrix, oxidation
mainly takes place at the interface leading to the formation of semicircular clusters [19-21]. With
increasing sliding cycles, the clusters expand further, leading not only to the nucleation of

thermodynamically more stable Cu20 nanocrystalline regions but also to the merging of the islands
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into a continuous oxide layer on the surface [19]. Since oxidation occurs before grain refinement,

it progresses independently of it.

While numerous studies have already examined the behavior of dense copper under dry
tribological loading in air, to our knowledge, no systematic investigations have been conducted on
porous copper under tribological load. The amount and size of pores alter the microstructure and
are therefore expected to influence the tribological properties. To assess this effect, the tribological
behavior of copper specimens with varying pore densities and sizes is evaluated in the steady-state
regime after 1000 sliding cycles, thereby complementing the long-term study of Lung et al. [22],
who analyzed the tribological response up to 5000 cycles. The tribological behavior is analyzed
under dry mild loading conditions, meaning low normal load and low sliding speed [14]. Copper
under dry mild tribological conditions was selected because substantial fundamental knowledge
has already been established. Thus, based on the insights already obtained on dense copper, the

effect of the pores may be more clearly isolated and understood.

This study advances surface and interface science by revealing how porosity and pore size modify
the contact mechanics and, consequently, the tribological behavior through changes in the
coefficient of friction, subsurface deformation, tribo-oxidation and wear mechanisms. A key novel
finding of this work is that porosity significantly lowers the coefficient of friction, while the
influence of pore size remains comparatively minor. As porosity proves to be advantageous in dry
tribological systems, post-processing of components to remove manufacturing-related porosity
could be avoided, thereby saving additional energy [23]. Moreover, porous copper components
could be increasingly relevant in lightweight, high-conductivity, and tribologically reliable

applications by contributing to reduced energy and fuel consumption as well as lower emissions.

The primary objective of this study is to determine how porosity and pore size influence friction,
wear mechanisms, and subsurface deformation, thereby offering new insights into the design of

porous materials for tribological applications.
2. Experimental Section/Methods

2.1 Materials
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In this investigation, two copper powders with a purity of 99.95%, provided by Inopowders S.A.S,
Paris, France, were utilized. The remaining impurities comprised 17 ppm silver and other
elements, each below 10 ppm. One powder exhibited a particle size distribution with a d90 of
20 um, while the other had a d90 of 36 um. To minimize oxidation, the powder was stored under
argon atmosphere. The tribological tests were each conducted using a single-crystal sapphire

sphere (SaphirwerkAG, Bruegg, Switzerland) as the counterbody with a diameter of 10 mm.
2.2 Sample Fabrication

In order to investigate the effect of the pores, different types of samples were fabricated according
to Figure 1. The FAST process was carried out using a HP D 25/1 (FCT Systeme GmbH,
Frankenblick, Germany). Various samples were produced, differing in the number and size of their
pores. While the pore size was determined by the particle size of the powder used for sintering,
the degree of porosity was defined by the force applied during the sintering process. Specimens
with Few Small Pores (FSP) and Many Small Pores (MSP) were generated using the fine powder
with a d90 of 20 pm. In contrast, specimens with Few Big Pores (FBP) and Many Big Pores (MBP)
were produced using the coarse powder with a d90 of 36 um. For this process, the powder was
filled into a graphite die, 20 mm in diameter and lined with a graphite foil, to a height of 3.4 mm.
Subsequently, the powder was manually pre-compacted with a force between 3 and 5 kN. During
the FAST process, a pulsed current (25 ms pulse, 5 ms pause) was used. The samples were first
subjected to a load of 5 kN while a vacuum (<1 mbar) was drawn for up to 3 min. This was
followed by flooding the chamber with argon for 45 s, and then the vacuum was reapplied for an
additional 1 min. Subsequently, the to-be specimens with few pores were loaded to 15.7 kN within
1.5 min, whereas those with many pores remained at 5 kN during this process step. Afterwards,
they were heated to 450 °C at a maximum power of 21 kW, which corresponds to a heating rate
of approximately 140 K min™'. From 450 °C, a heating rate of 100 K min™! was applied, allowing
the specimens to be heated to 600 °C within an additional 1.5 min. All specimens were held at this
maximum temperature for 2 min to ensure a comparable grain size across all sample types.
Subsequently, the specimens were cooled down with a cooling rate of 100 K min!. Once 400 °C
were reached, the specimens previously loaded to 15.7 kN were gradually relieved to 5 kN within
1 min, while the others remained at 5 kN. Finally, the chamber was vented, opened after 7 min,

and the die was removed once it reached room temperature (~5 min later). To achieve a further
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reduction in porosity, and to investigate its influence on the tribological behavior, FSP and FBP
samples were each produced in duplicate. In each case, one sample was only sintered, while the
other underwent an additional Cold Isostatic Pressing (CIP) step, resulting in pressed specimens
with few small pores (FSPC) and pressed specimens with few big pores (FBPC). During this
process a KIP100E (Paul-Otto Weber GmbH, Remshalden, Germany) was used for 6 h at
400 MPa. As the pressing medium, Glykol PG46 (Dunze GmbH, Hamburg, Germany) was

employed.

Powder type FAST process Sample type

Low load (5 kN) |=—| Many Small Pores (MSP)

Fine powder /
P Few Small Pores (FSP)
(d90 = 20 pm) \ /'
2x High load (15.7 kN) W FSP + CIP (FSPC)
+
Low load (5 kN) |=—| Many Big Pores (MBP)

Coarse powder
{(d90 = 36 pm)

Few Big Pores (FBP)

I\

7\

High load (15.7 kN)

FBP + CIP (FBPC)

+CIP

Figure 1. Overview of the key differences in the fabrication of the specimen types used in this
study. After the field-assisted sintering technique (FAST), some samples underwent an additional

cold-isostatic pressing (CIP) step.

2.3 Sample Preparation

After fabrication, the graphite foil on the surface of the copper specimens was ground off, and the
samples were further ground with SiC grinding papers up to a grit size of 4000 using a Saphir 320,
both from QATM GmbH, Mammelzen, Germany. Afterwards, the samples were polished with a
LaboPol-30 and MD-Dur polishing cloths, both from Struers GmbH, Fellbach, Germany, using
Mono 3 pm and Mono 1 pm diamond suspensions (Cloeren Technology GmbH, Wegberg,
Germany) together with a lubricant consisting of 1000 ml distilled water, 10 g detergent, and
250 ml isopropanol. Subsequently, the specimens were vibropolished for 15 h using OP-U non-

dry (Struers GmbH, Fellbach, Germany) with a VibroMet 2 (Buehler, Lake Bluff, Illinois, United
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States) on a MicroCloth polishing cloth (Buehler ITW Test and Measurement GmbH, Leinfelden-
Echterdingen, Germany) at an amplitude of 60%. The sample preparation concluded with a
cleaning process using deionized water and detergent, followed by a final cleaning with

isopropanol.

2.4 Tribological Testing

For the tribological experiments, the samples were mounted on a M-404.2DG precision linear
stage (Physik Instrumente GmbH & Co. KG, Karlsruhe, Germany). The friction force was
determined throughout the experiments using a piezoelectric, three-axis force sensor type Z16758
(Kistler Instrumente AG, Winterthur, Switzerland). The spheres were oriented with the help of a
polarizer and a light source, so that their hexagonal close-packed basal plane was aligned parallel
to the contact surface. During testing, a normal load of 2 N was applied to the spheres via a dead
weight, and they were moved at a speed of 0.5 mm s™' over a distance of 6 mm in the center of the
specimens for 1000 reciprocating cycles. All experiments were carried out in air at room
temperature and at a controlled relative humidity of 50%. Afterwards, the samples were
immediately unloaded and stored in vacuum to avoid further oxidation. To verify reproducibility,

all tests and analyses were repeated twice.

2.5 Subsurface Microstructure Characterization

After the tests, the specimens were systematically analyzed to identify and understand their
tribological behavior and the differences between the samples. For this purpose, cross-sections
were prepared with a focused ion beam (FIB) using DualBeam Helios NanoLab 650 from FEI,
ThermoFisher Scientific, Waltham, Massachusetts, United States. Cross-sections were cut in the
middle of the wear track, parallel to the sliding direction, as well as next to the wear track in the
sample center, in order to examine the quantity and size of the pores using the software ImageJ
(NIH, Bethesda, Maryland, United States). As the sintering pores exhibited a broad range of gray
levels in the SEM images, they were manually colored with the software Inkscape (Inkscape
Project, Boston, Massachusetts, United States) to ensure accurate identification in ImageJ. This
preprocessing step enabled the thresholding procedure to reliably capture the entire pore area
during image analysis. Before cutting the cross-section, two protective platinum layers were

deposited on the sample surface, the first one with the electron and the second one with the ion
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beam. The imaging was performed in immersion mode with a current of 0.8 nA and an acceleration

voltage of 2 kV.

2.6 Surface Characterization

The surface analysis was conducted using light microscopy images captured with an BX60 light
microscope (Olympus, Tokyo, Japan), scanning electron microscopy (SEM) images using the FEI
Helios 650, and optical surface profilometry images were obtained using the white light
interferometer of the Plp Neox (Sensofar, Barcelona, Spain). All images were taken in the center
of the wear track. The height profiles of the individual wear tracks correspond to the mean value
in the sliding direction over a distance of 1.2 mm. The grain orientation at the surface was
measured using electron backscatter diffraction (EBSD). Scans were performed in the center of
the specimen on a pre-tilted surface at 70° with a beam current of 13 nA and an acceleration voltage
of 30 kV using a step size of 1 um. To analyze the data, the Matlab toolbox MTEX was employed,
generating color-coded maps based on the pole figures of the {100}, {110} and {111} directions
[24].

2.7 Density Measurements

The overall densities of the different specimens were determined using the Archimedes method.
A precision balance (type R160P-*D1, Sartorius AG, Gottingen, Germany) was used, and the
thermometer was placed in the deionized water 2 h before the start of the experiment to obtain
reliable measurements for the density of the water. To determine the density of the samples

ps = ms)/ (msa)— msw)) = (pwW—pA) + pa (1)
based on the densities of air pa=0.0012 g cm™ and water pw according to ISO 15212-1:1998, the
specimens were weighed in air ms(a) and water msw) [25]. The measurements were repeated three
times in both air and water, with the readings taken after 5 min. The mean value of the three
measurements was used to determine the density. In order to calculate the relative density of the

3

specimens, an absolute density of copper of 8.96 g cm™ was assumed [26].

3. Results

3.1 Sample Analysis
For the pore analysis, both the overall density was measured using the Archimedes method, and

the density in the center of the specimens was determined through image analysis of FIB cross-



219
220
221
222
223

224
225

226
227
228

229
230
231

sections. It was observed that the porosity at the edges of the specimens is more pronounced than
in the center, as seen in the SEM images in Figure 2 and Table 1. Thus, to ensure consistency, all
tribological experiments as well as the analysis of the average pore sizes were conducted in the
center of the specimens. Surface appearances and microstructures of the various sample types are

shown in Figure A.1 and Figure A.2 in the supplementary information.
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Figure 2. SEM images of a vibro-polished surface, which lays perpendicular to the current flow
during the sintering process, taken a) at the edge and b) in the center of a Many Big Pores (MBP)

specimen. It can be observed that the sintering pores are more pronounced at the edges of the

specimens, which are enclosed by a graphite matrix.

Table 1. Comparison of the overall relative density of the different specimens, some of which

were additionally Cold Isostatically Pressed (CIP), with the porosity measured in the center of the

specimens.
Sample type Relative density [%] Porosity in the center [%]
Few Small Pores 96.7 1.6
Few Big pores 94.7 3.1
Many Small Pores 84.8 7.3
Many Big Pores 85.6 54
Few Small Pores + CIP 97.7 0.7
Few Big Pores + CIP 96.4 1.5
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The samples produced with the finer powder exhibit smaller pore sizes, as shown in Figure 3, and
a higher number of pores compared to those generated with the coarser powder. Using the finer
powder, an average reduction in pore size of 1.9 um? can be achieved for fewer sintering pores,
while a reduction of 2.8 pm? can be attained for many sintering pores. Applying a force 10.7 kN
lower during the FAST process results not only in an increase in pore size by 2.2 um? for the finer
powder and 3.1 pm? for the coarser powder, but also in an increase in porosity by 5.7% for the
finer powder and 2.3% for the coarser powder. An additional CIP step leads to a reduction in pore
size by 0.4 um? and porosity by 0.8% for the samples generated with the finer powder, and a
reduction in pore size by 1.7 um? and porosity by 1.6% for the specimens made with the coarser

powder.

I e 8
NE _
= X
O 61r------------- | 6 v
5 O
o E=
Q4| 4%
:
52 __________________ 2n_
>

<

0_

| o . "o
Hlo © 09| CIP || CIP:
dlo © 0 9 -

FSP FBP MSP MBP FSPC FBPC

Figure 3. Average pore area and porosity measured in FIB cross-sections in the center of the

different specimen types. The symbols indicate the number and size of pores and whether the
sample was cold isostatically pressed (CIP). While the finer powder leads to a reduction in pore
size and an increase in porosity, a lower force during the FAST process results in an increase in

both pore size and porosity. The subsequent CIP-process reduces pore size and porosity.

In order to determine whether a possible anisotropy of the grain orientations needs to be considered
in the tribological experiments and in the comparability of the results of the different specimen

types, EBSD scans were performed. The pole figures in Figure 4 illustrate the grain orientation on

10
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the surface of the MBP specimen. They reveal that no significant anisotropy in grain orientation
was present, since the maximum frequency of occurring clusters was 5.0%. Similarly, no
significant anisotropy of grain orientation could be observed in FBP either, with a maximum
cluster frequency of 3.5% visible in the orientation distribution functions in Figure A.3. Thus,
sintering at both low and high forces did not cause substantial anisotropy in grain orientations.
Consequently, no manufacturing-induced crystal orientation anisotropy needed to be considered,
ruling out crystallographic orientation as a confounding variable and strengthening the conclusion

that the observed effects are driven by the sintering pores.

{100} Frequency [%] {110}
e
5.0 :
4.5
4.0
3.5

4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5

Figure 4. Pole figures showing the frequency of surface grain orientations for specimen MBP in
the {100}, {110}, and {111} crystal orientations, with the X and Y directions lying within the

plane of the specimen surface, and the Z direction oriented perpendicular to it.

After vibropolishing the surfaces of the different specimens, they exhibited varying roughness
values. While FSP exhibited a Sa value of 0.05 um and FBP a value of 0.06 um, MSP had a Sa of
0.11 pum and MBP of 0.04 um. The specimens that were additionally treated with a CIP step after
the FAST process showed a Sa of 0.04 um for both FSPC and FBPC.

The microhardness measurements of the vibropolished samples shown in Figure 5 indicate that
FSP displayed an average hardness of 0.67 GPa with a standard deviation of 0.04 GPa, whereas
FBP had an average hardness of 0.61 GPa with a standard deviation of 0.06 GPa. MSP and MBP
exhibited lower hardness values, with MSP showing an average hardness of 0.48 GPa and a
standard deviation of 0.01 GPa, and MBP showing an average hardness of 0.40 GPa and a standard
deviation of 0.04 GPa. The CIP treatment carried out after the FAST process resulted in increased

hardness values in the specimens with few pores. Consequently, FSPC showed an average

11



275
276

277
278

279
280
281

282
283
284
285
286
287
288

hardness of 0.74 GPa with a standard deviation of 0.02 GPa, and FBPC had an average hardness

of 0.92 GPa with a standar

d deviation of 0.08 GPa.

Microhardness [GPa]
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B [=2] (] o
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FSP FBP MSP MBP FSPC FBPC

Figure 5. Microhardness measurements of the different samples. The box represents the

interquartile range from the first to the third quartile, with the median as a line; whiskers show

values within 1.5 times the interquartile range, outliers appear as diamonds and the mean as a

square.

3.2 Tribological Behavior

The measured coefficient of friction over 1000 cycles, presented in Figure 6, shows a significant

difference between specimens with low and high porosity. The evolution of the friction coefficient

of specimens with low porosity increases significantly by 0.3 to 0.5 within the first 100-200 cycles,

whereas it remains nearly constant in specimens with high porosity. While the friction coefficient

of specimens with high porosity reaches a value of around 0.3 after 1000 cycles, it is at least twice

as high in specimens with low porosity.
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Figure 6. Friction coefficients of the different specimen types: a) over 1000 cycles and b) mean

values with standard deviations at cycle 1000, with low-porosity specimens exhibiting

approximately twice the friction coefficient of high-porosity specimens.

SEM analysis using secondary electron imaging, shown in Figure 7a to e, reveals that delamination
occurred in the wear track of both the CIP specimens (Figure 7a and b) and the FBP specimens
(Figure 7d). Neither the FSP specimens, nor those with high porosity, exhibit surface delamination
due to the tribological tests. The zoomed-in backscattered electron (BSE) images of the MSP and
MBP samples in Figure 7f and g reveal that sintered particles are still visible on the surface of the
wear tracks even after 1000 cycles, indicating they were not deformed in sliding direction by the
counterbody during the tribological experiments. Furthermore, there are significantly more
grooves in the sliding direction on the low-porosity samples compared to the high-porosity ones,

as exemplarily highlighted in Figure 7c.
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Figure 7. SEM images of the surfaces in the center of the wear track for various specimens. While
secondary electron images are shown for a) FSPC, b) FBPC, c) FSP, d) FBP, ¢) MSP, and f) MBP,
BSE images of the sections of specimens with high porosity are presented in g) and h). The sliding
direction (SD) is valid for all images. Delamination can be observed on the surfaces of a), b), and

d), while sintered particles, exemplarily highlighted in g), are visible in g) and h).
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Figure 8 presents cross-sections in the sliding direction at the center of the wear tracks for the
varying sample types. In all cross-sections, a dark gray zone can be seen directly beneath the
surface (F1). While this zone is clearly visible in the cross-sections of specimens with low porosity
(Figure 8a to d), it is barely present in specimens with a high porosity (Figure 8e and f). Among
the low-porosity specimens, those with larger pores display a more pronounced dark gray area
(Figure 8b and d) compared to those with smaller pores (Figure 8a and c). Additionally, black,
elongated features (F2) appear in the dark gray zone in the FSPC, FBPC and FBP. In all cross-
sections of the samples having a small number of sintering pores, black, circular features can be
observed in the dark gray layer, which is shown exemplarily in Figure 8c along the interface

between the dark and light gray areas.

BFSPCe

Figure 8. Cross-section images at the center of the wear track in sliding direction for a) FSPC, b)

FBPC, c) FSP, d) FBP, e) MSP, and f) MBP. In a), the specimen surface is marked exemplarily

beneath the platinum layer. The white arrow indicates the sliding direction (SD) in all images. In
a), the specimen surface is marked exemplarily beneath the protective platinum layer. All cross-
sections exhibit a dark gray zone beneath the surface (F1). Within F1, elongated features (F2)
appear in a), b), and d). while black, circular features are observed particularly at the boundary of
F1, as illustrated in c). In e) and f), sintering pores are visible beneath the sample surfaces, as

highlighted in e).

In the light-microscope images, a discolored surface is visible along the wear track, as shown in

Figure 9. High-porosity specimens exhibit a bluish-reddish surface, indicating the formation of
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Cu20, while low-porosity ones appear darker [21]. In contrast to specimens with few sintering
pores (Figure 9a to d), on the surfaces of samples with many sintering pores (Figure 9¢ and f), the

colored area does not appear to be continuous, with individual copper-colored portions visible.

PEeY - G, e

Figure 9. Light microscopy images of the surface in the center of the wear track of a) FSPC, b)
FBPC, ¢) FSP, d) FBP, ¢) MSP, and f) MBP.

In addition to the tribologically induced dark gray zone, cross-sections in Figure 10 reveal a region
beneath the surface of the various specimens where the grain sizes are smaller than those in the
bulk material (DL). This zone extends deeper into the sample as the dark gray layer shown in
Figure 8. For FSPC this area with smaller grain sizes is approximately 9.2 um deep, about 8.2 um
for FBPC, around 10.8 um for FSP, approximately 4.1 um for FBP, and about 0.5 um thick for
MSP and MBP.
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Figure 10. Cross-section images in sliding direction at the center of the wear track for a) FSPC,
b) FBPC, c¢) FSP, d) FBP, e) MSP, and f) MBP, in which the subsurface deformation layers (DL)
are marked in green, directly beneath the protective Pt-layers. The sliding direction (SD) is
indicated in a). Specimens with many sintering pores in €) and f) exhibit a significantly smaller

DL than those with few sintering pores in a) to d).

A difference in wear track profiles measured with a white light interferometer, and consequently
in topographical deformation, is also noticeable between the samples with many and few sintering
pores, as shown in Figure 11. While specimens with few sintering pores exhibit pile-ups at the
edges of the wear track, those with many sintering pores are 0.9-2.0 um deeper and 100-200 pm
wider. Considering the wear track length of 6 mm, the projected cross-sectional areas of 275 um?
for MSP and 113 um? for FSP in sliding direction correspond to an approximate topographical
deformation volume of 1.65 - 10° um? for MSP and 6.78 - 10° um? for FSP. Additionally, it can be
observed that the wear track of MBP is approximately 0.5 pm deeper than that of MSP.
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Figure 11. Average height profiles in normal direction (ND) of the wear track center for the
various specimen types. The upper four curves correspond to low-porosity specimens, exhibiting
lateral pile-ups, while the wear tracks of high-porosity samples, depicted in the lower two curves,

are deeper and wider.

In light-microscope images of the sapphire spheres shown in Figure 12, which were used in
tribological experiments on FSP and MSP samples, no significant difference in material transfer
from the bulk to the sphere over the course of the tests can be observed. It is seen that the contact
area of the sphere was larger in the MSP experiment, resulting in a wider wear track, in agreement
with what was shown in Figure 11 for the wear track profiles. SEM imaging and EDS analysis
shown in Figure A.4 indicate that, after 1000 cycles on an FSP specimen, both wear grooves and

copper-containing wear debris are present on the sapphire sphere.

a) Sphere on FSP

b) SphereonMSP .~ =

Figure 12. Light-microscope images of the sapphire spheres after tribological experiments with a)
FSP and b) MSP. The sliding direction (SD) is indicated by the arrow.
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4. Discussion

4.1 Influence of Porosity on Tribo-oxidation and Delamination

The leading question addressed in this study is whether pores have a beneficial or detrimental
effect on the unlubricated tribological behavior of copper. In order to explore this, both the friction
data collected during the experiments and the specimens are analyzed after the tribological
experiments to gain insight into the underlying causes of the differences. As shown in Figure 6, it
is evident that, unlike the sintering pore size and the additional CIP step, the number of sintering
pores has a significant influence on the friction coefficient. The differences in friction coefficients
identified in Figure 6 between specimens with many and few sintering pores can be attributed to
variations in the evolution of the respective subsurface microstructures. This also includes surface
delamination occurring during the tribological tests, as shown in Figure 7. Delamination, observed
in the samples with elongated dark features (cracks) in Figure 8, is likely caused by these
tribologically induced cracks. Since Rau et al. [27] identified similar features, it can be assumed
that the small, round black areas are pores, and the dark gray area represents the tribo-oxidation
layer. Both are formed during the tribological experiments. The large dark features in Figure 8e
and f are process-induced sintering pores and were already present before the tribological tests.
The tribo-oxidation layer, also visible in light-microscope images of the wear tracks for all
specimen types in Figure 9, can be identified by the differently colored surface. During the
tribological loading, Kirkendall pores form at the interface between oxide and copper due to the
faster diffusion rate of copper ions compared to oxygen ions [27, 28]. With prolonged oxidation,
pores also form along the diffusion paths [27]. As oxidation progresses, the oxidation layer grows
deeper into the copper specimen, causing the interface between oxide and copper to shift inward.
This may result in pores and cracks being visible at different depths after the 1000 cycles of
tribological loading. These pores are highlighted at the oxide-copper interface in Figure 8c.
Another reason for the delamination could be the higher hardness of the tribo-oxide, as Cu20 has
a hardness of 2.94 + 0.02 GPa, while heat-treated, electropolished Cu-OFHC exhibits a hardness
of 42 HVO0.1, making the oxide more prone to crack initiation compared to the bulk material [19,
29]. In addition to the Kirkendall porosity, increased pore accumulation can occur due to
dislocation pile-ups at harder phases, such as oxides, which can lead to surface delamination [30].
Alpas et al. [31] likewise reported that pores and consequently cracks can form in regions where

the strain-hardening limit is exceeded. In the case of few sintering pores, specimens with large
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pores exhibit more pronounced tribo-oxidation, illustrated in Figure 8, and a higher degree of grain
refinement beneath the surface compared to those with small sintering pores, as visible in Figure
10. This may result from a reduced real contact area between the specimen and the sapphire sphere,
due to the larger pore volume and slightly higher porosity in the center of the specimen, as shown
in Figure 2. This reduced contact area leads to increased stress concentration at the surface,
resulting in a greater number of tribologically induced dislocations and grain boundaries, which
both serve as diffusion paths for oxygen atoms [32]. Nevertheless, FSPC exhibits delamination
and, consequently, more pronounced oxidation than FSP despite the small pores. Since the
additional CIP of the sintered specimens results in reduced porosity, as shown in Figure 3, it can
be assumed, according to James [33], that further deformation occurred within the microstructure,
leading to an increased dislocation density. A higher initial dislocation density might thus
accelerate the porosity formation induced by dislocation-pile-ups at the copper-oxide interface
during the tribological loading and thus explain the crack formation in the tribo-oxide of FSPC.
Similarly, Alpas et al. [31] observed that extensive plastic strains in the deformed zone promote

failure.

In contrast to specimens with few sintering pores, those with many sintering pores exhibit only a
small tribo-oxidation zone, as visible in Figure 8e and f. The reason for this might be the barely
present subsurface deformation, as shown in Figure 10, which, in specimens with few sintering
pores, acts as diffusion paths for oxygen atoms through generation and motion of dislocations [27].
The light microscopy images in Figure 9e and f reveal a reddish-blue shimmering oxide,
characteristic of Cu20, which typically forms first during the oxidation of copper [34, 35, 21]. The
oxide preferentially forms at surface defects as islands growing with advancing oxidation into
semi-circular clusters into the bulk material [19]. However, as some copper-colored areas remain
visible in Figure 9¢ and f, and as indicated by the shallow depth of the blue-highlighted tribo-oxide
layer in the SEM images in Figure 8e and f, the tribo-oxide formed minimally and appears to have
an island-like structure. Minimal oxidation and subsurface deformation in high-porosity specimens
prevent crack formation and surface delamination (see Figure 7¢ and f). It was found that after
1000 passes, delamination and oxidation became the dominant mechanisms in controlling the
coefficient of friction [36]. Thus, these differences between samples with many and few sintering

pores are expected to have a significant impact on the differences in friction coefficients.
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4.2 Subsurface Deformation and Contact Mechanics

In addition to the differences in the tribo-oxidation zones, there is also a significant difference in
subsurface deformation between specimens with many and few sintering pores, as shown in Figure
10. It is evident that the subsurface deformation zone is significantly more pronounced in
specimens with few sintering pores (Figure 10a to d) compared to those with many sintering pores
(Figure 10e and f) which exhibits no significant tribologically caused subsurface deformation. The
varying porosity levels at the surface influence the nominal Hertzian contact pressure. With a
density of 86%, according to Buch and Goldschmidt [37], a reduction in the effective Young's
modulus from 130 GPa to 100 GPa could be calculated [38]. This reduction is further supported
by the correlation between decreasing hardness and a lower effective Young’s modulus [39]. In
line with this, the microhardness measurements in Figure 5 show that samples with high porosity
exhibited lower surface microhardness values. Moreover, it can be expected that the samples with
an additional CIP step exhibited a higher effective Young’s modulus compared to those that were
only sintered. Since the Poisson’s ratio of sintered alumina decreases by 0.02 at a porosity of 22%,
no change in the Poisson's ratio is assumed in the calculation of the Hertzian pressure of copper at
a porosity of 14% [37]. Thus, a Poisson’s ratio of 0.35 can be expected at room temperature for all
the samples [38]. Considering that sapphire, according to Dobrovinskaya et al. [40], has a Young's
modulus of 435 GPa and a Poisson’s ratio of 0.27, a porosity-related reduction in Hertzian pressure
of 74 MPa, from 581 MPa to 507 MPa, can be calculated [41]. A higher number of surface sintering
pores is expected to result in a lower superposition of subsurface stresses at the contact edges,
leading to regions of high stress being confined closer to the surface [42]. An investigation of the
real contact area, comparing MBP with an overall density of 86% and FBP with 97%, reveals that
the arc length of the wear track profile in Figure 11 reaches approximately 263 um in MBP and is
thus about 20 pm longer than in FBP, corresponding to an increase in real contact area of about
8%. This slightly larger real contact area suggests somewhat lower maximum surface stresses in
MBP. In summary, both the reduced depth of stress distribution and especially the lower maximum
surface stresses caused by a reduction in the effective Young’s modulus together with the increased
real contact area in specimens with high porosity are expected to contribute to their minimal
subsurface deformation. Although an increase in real contact area would generally promote
stronger adhesion, the significantly lower friction coefficient observed in high-porosity samples

indicates that reduced subsurface deformation and oxidation-related effects dominate the friction
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behavior. The deformation-induced grain refinement beneath the surface of the specimens with
few sintering pores is not caused by recrystallization phenomena, as the maximum temperature
increase, according to Kuhlmann-Wilsdorf [43], is approximately 0.02 K. This can be determined
for FSP using a friction coefficient of 0.7, a contact radius of the harder partner of 0.15 mm, a
sliding distance of 6 mm, a microhardness of the softer partner of 670 MPa, a density of the softer
partner 0.97 - 8920 kg m™, a specific heat capacity of the softer partner of 381 J kg! K'!, and a
volume of the copper cylinder of 2.827 - 10 m? [44]. Thus, the grain refinement can be attributed
solely to the self-organization of dislocations, which initially arrange into wall-like structures,

serving as the core process for the formation of subgrains and grain refinement [45, 46].

4.3 Wear Mechanism and Track Morphology

Notable differences in topographical deformation between the samples with many and few
sintering pores are evident in Figure 11. In all wear tracks, plowing can be identified as the
predominant wear mechanism. Plowing occurs when one surface is harder than the other, causing
asperities on the harder surface to displace the softer material to a significant depth below the
surface [47]. A certain amount of force is required to move the softer metal from the front of the
slider. A significant variation in the plowing mechanism is apparent: while material in specimens
with few sintering pores is pushed aside, forming pile-ups, sintered particles in specimens with
many sintering pores are apparently pressed into the sintering pores, as schematically illustrated
in Figure 13. This observation is supported by the fact that, in specimens with many sintering
pores, there was no significant increase in material transfer to the sapphire spheres during the
tribological experiments, as visible in Figure 12, nor was any debris found alongside the wear
track. Moreover, it can be assumed that the sintered particles were not pulled out, as flattened
sintered particles resulting from the preparation process are visible in the cross-sections, as shown
in Figure 10. The sintered particles were most likely not partially worn away, as this would be
accompanied by significant subsurface deformation and grooves at the surface, as observed in
specimens with few sintering pores. As the wear track of MBP is deeper than that of MSP, it can
be concluded that sintered particles are more easily pressed into the larger sintering pores. The
differences in topographical deformation volume are due not only to the distinct plowing
mechanisms but also to the oxidation-related volume increase in specimens with few sintering

pores, making the difference appear larger [48].

22



492
493

494
495
496

497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516

Few pores Many pores

N

Pile-up <33 -

Figure 13. Schematic illustration of wear mechanisms at different porosity degrees: at low
porosity, material is ploughed sideways, resulting in pile-ups along the wear track, whereas at high
porosity, material is pressed into underlying pores. The directions of material displacement are

indicated by blue arrows.

Both the initial microstructure and its evolution influence the coefficient of friction. Following
Lafaye et al. [49], the plowing friction coefficient up can be determined by means of the plowing
friction force Fr and the normal force FN. These can be calculated using the mean contact pressure
pa and the projected contact areas in sliding direction 4Asp and in normal direction Anxp [50]. The
plowing contribution in case of FSP can be calculated using the friction coefficient of 0.65 after
1000 cycles and

ur =Fp/ FN=(pa- Asp) / (pa - Anp) = 0.0028 (2)
based on the determination of Asp = 113 um? and Axp = 39760 pm?. With a proportion of 0.4%,
the plowing contribution is significantly lower than the shearing contribution in the total friction
coefficient. While the plowing contribution of 1.8% with up = 0.0046 is higher in the case of MSP,
based on Asp = 275 um? and Anp = 59396 um?, it is still very small compared to the shear
component. This is consistent with the theory of Bowden and Tabor, which states that for copper,
the plowing term is very small [47]. Following Bowden et al. [11, 51], junctions form in the real
contact area Ar between the sphere and the bulk, requiring a total force S = A4: - s to be sheared off,
where s is the force per unit area necessary to shear the metallic junctions and acts tangentially to
the interface. Since the real contact areas of the samples with many and few sintering pores are
similar, and the plowing contribution is significantly smaller than the shearing contribution, the
main influence on the difference in friction coefficients should be the force required to break the
metallic junctions. However, since copper oxide is in contact with a sapphire sphere, the formed

junctions are of ionic and covalent nature rather than metallic [52]. Accordingly, the present system
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will behave differently than in the Bowden and Tabor model and will not be based solely on

mechanisms related to plasticity.

Beyond the macroscopic mechanical and oxidation behavior, the electronic state at the interface
may also play a role. Given that plastic deformation affects the electron work function, porosity-
dependent differences in plastic deformation could additionally affect the tribological behavior
[53]. Specimens with many and few sintering pores, having the same sliding speed v during the
tribological experiments and comparable contact areas resulting in similar nominal pressure pn,
exhibit differences in nominal friction power density

gN={ PNV 3)
because of differing coefficients of friction u, visible in Figure 6 [54]. The samples with many
sintering pores exhibit a lower friction power density during the tribological experiments, which
is evident from the lower nominal contact pressure, the lower friction coefficients in Figure 6 and
the reduced energy dissipation, primarily due to the absence of subsurface deformation, crack
formation, and minimal tribo-oxidation [55]. This results in significantly less plastic deformation
beneath the surface. In contrast, plastic deformation is observed beneath the surface in the
specimens with few sintering pores, and since the electron work function decreases with the onset
of plastic deformation, different electron work functions are expected between the specimens with
few and many sintering pores [53]. According to Li [56], adhesion in the metal-ceramic contact
increases with decreasing electron work function. Consequently, a reduced electron work function
in the specimens with few sintering pores, which is linked to a higher degree of plastic deformation,
could lead to an increase in adhesion, which according to Bowden and Tabor is the primary
component of the coefficient of friction. The influence of the electron state on the coefficient of
friction has already been observed in other materials. For example, in ultra-nanocrystalline
diamond, it is hypothesized that during the friction process, a rehybridization occurs, leading to a
significant reduction in friction [53]. Thus, the different electron work functions in copper and its
oxides for specimens with many and few sintering pores could also significantly influence the

tribological properties.

Based on these results, the main question underlying this manuscript whether pores have a
beneficial or detrimental effect on the tribological behavior of copper can be answered. As the

sintered particles are pressed into the sintering pores, significant subsurface deformation does not
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occur, which results in minimal tribo-oxidation. Consequently, no pore agglomerates form beneath
the surface that could lead to delamination. This lack of energy dissipation effects likely explains
why the friction coefficient does not increase significantly within the first 100-200 cycles, as is the
case with specimens containing few sintering pores, as visible in Figure 6. Consequently, sintering
pores are beneficial for the unlubricated tribological behavior. Future studies could investigate
how long the difference in friction coefficients between specimens with many and few sintering
pores persists with increasing number of cycles. Additionally, the influence of the native oxidation
layer on specimens with many sintering pores, as well as a closer examination of the friction
coefficient increase after 50 cycles in the specimens with few sintering pores, could be explored
in more detail. Furthermore, the tribological behavior of porous copper under lubricated contact

should also be investigated.

4. Conclusion

This study demonstrates that a high porosity around 15%, rather than pore size, can reduce the dry
sliding friction coefficient of copper by more than 50%, primarily by suppressing subsurface
deformation and tribo-oxidation, indicating a beneficial tribological role for inherent porosity in
manufacturing. To robustly establish this finding, the study employs a systematic sample design,
in which pore size and porosity level were independently varied, combined with a multi-scale
characterization before and after tribological testing to ensure reliable interpretation of the
underlying mechanisms. Within this framework, specimens with different pore sizes and amounts
of pores were sintered and then tribologically tested by moving a sapphire sphere with a normal
force of 2 N and a speed of 0.5 mm s™! over a distance of 6 mm in the center of the specimens for
1000 reciprocating cycles. Subsequently, both the wear tracks were analyzed using light
microscopy and white light interferometry images, and the subsurface microstructures were
examined through focused ion beam cross-sections and scanning electron microscopy. The
densities of the specimens were investigated using the Archimedes method, and a possible grain
orientation anisotropy at the surface was ruled out based on electron backscatter diffraction. The
following main differences were identified:

1) Specimens with few sintering pores exhibit a thicker tribo-oxide layer and subsurface cracks
compared to those with many sintering pores. This results in surface delamination, caused by the

hardness of the thicker oxide layer, Kirkendall pore accumulation, and dislocation pile-ups at the
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oxide-copper interface. In specimens with many sintering pores the tribo-oxidation is minimal, as
there is no significant subsurface deformation.

i1) An additional Cold Isostatic Pressing step introduces more dislocations, accelerating pile-up
and crack formation. Larger sintering pores also result in greater grain refinement and oxidation
due to increased surface stress concentration, creating more diffusion paths for oxygen. The small
tribo-oxidation zone in specimens with many sintering pores is most likely due to minimal
subsurface deformation, limiting diffusion paths for oxygen. The absence of these mechanisms
contributes to the lower friction coefficient observed in specimens with many sintering pores.
ii1)In specimens with high porosity, a reduction in Hertzian contact pressure from 581 MPa to
507 MPa caused by a decrease in the effective Young’s modulus from 130 GPa to 100 GPa,
together with lower maximum contact stresses resulting from an increased real contact area and
high-stress regions confined closer to the surface, contribute to minimal subsurface deformation.
In contrast, grain refinement in low-porosity specimens results from the self-organization of
dislocations.

iv) Topographical deformation differs significantly: low-porosity specimens show material pile-
ups, while high-porosity specimens exhibit sintered particles pressed into the sintering pores,
resulting in reduced subsurface deformation. This interpretation is supported by the fact that
specimens with many sintering pores show no significant increase in material transfer to the
sapphire spheres during the tribological experiments, nor is there any additional debris found along
the wear track. Furthermore, it can be assumed that the sintered particles are not pulled out, as
preparation-induced flattened sintered particles are observed within the cross-sections.
Additionally, the sintered particles are not partially worn away, as significant subsurface
deformation would be visible, as observed in the specimens with few pores. Consequently, despite
stronger topographical deformation, a higher wear volume cannot be assumed, as the deformation
is largely accommodated by local particle displacement into pore space rather than material
removal. The deeper wear track in the specimen with many big pores suggests easier particle
embedding in larger pores. High-porosity specimens exhibit 0.9-2 um deeper and 100-200 pm
wider wear tracks. Differences in topographical deformation volume result from distinct plowing
mechanisms and greater oxidation-induced volume increases in low-porosity specimens,

amplifying the overall effect.
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v) Since the specimens with few sintering pores exhibit a higher friction power density and thus
more pronounced subsurface plastic deformation, which correlates with a reduction in the electron

work function, this may increase adhesion and consequently friction.

These findings show that porosity in copper opens up new possibilities for reducing friction; at the
very least in dry contacts. This could be of particular importance for additive manufacturing, such
as laser powder bed fusion, as it offers a great flexibility in controlling porosity. In this context,
further effects and their impact on the tribological behavior of copper could be explored, such as
pore gradients, different types of pores like keyhole or under-melt pores, various pore shapes and
their potential anisotropic effect on friction behavior. As the discussed mechanisms are likely not
specific to copper, these promising results may also improve tribological performance in various
other materials. Porous copper components may, for example, be applied in wind turbines as a dry-
sliding grounding ring in the drivetrain, provided that the remaining electrical conductivity of
4.1-107 S m! at 15% porosity, despite a 32% reduction relative to bulk copper, is sufficient for
reliable charge dissipation [57]. In such systems, continuous sliding contact occurs, while reduced
density contributes to lower material consumption and reduced component mass, particularly for
grounding rings mounted on shafts with diameters of several hundred millimeters [58]. Except for
the study by Lung et al. [22], which supports the present findings, no systematic studies on porous
copper under dry, mild tribological loading conditions have been published to date. This highlights
a need for further investigations to substantiate the conclusions drawn in this study. Moreover, the
present findings are limited to mild tribological loading conditions and an inert counter-body
material. Therefore, future work should investigate the effect of porosity in metal-metal contacts
as well as under more severe tribological conditions, such as higher normal loads or increased

sliding speeds.
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Highlights

Porosity-induced drop in friction coefficient from 0.7 to 0.3

Porosity, rather than pore size, dominates the tribological behavior

Numerous pores reduce subsurface deformation and tribo-oxidation

High pore density prevents cracking and delamination under tribological loading

High porosity yields deeper (1-2 pm), wider (100-200 um) wear tracks without pile-up



Declaration of interests

The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

(1 The authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:



