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ABSTRACT: The unfolding of a sheared mechanically mixed third-body
(TB) in tungsten/tungsten carbide sliding systems is studied using a
combination of experiments and simulations. Experimentally, the [Eid
topographical evolution and the friction response, for both dry and
lubricated sliding, are investigated using an online tribometer. Ex situ
X-ray photoelectron spectroscopy, transmission electron microscopy,
and cross-sectional focused ion beam analysis of the structural and
chemical changes near the surfaces show that dry sliding of tungsten
against tungsten carbide results in plastic deformation of the tungsten
surface, leading to grain refinement, and the formation of a mechanically
mixed layer on the WC counterface. Sliding with hexadecane as a lubricant
results in a less pronounced third-body formation due to much lower
dissipated frictional power. Molecular dynamics simulations of the
sliding couples predict chemical changes near the surface in agreement with the interfacial processes observed experimentally.
Finally, online topography measurements demonstrate an excellent correlation between the evolution of the roughness and the
frictional resistance during sliding.

mechanical [T

KEYWORDS: tungsten carbide, third-body, amorphization, mechanical mixing, molecular dynamics, X-ray photoelectron spectroscopy

1. INTRODUCTION etc.). 2222427 Although in situ methodologies within the
contact are ideal for understanding third-body behavior, they
confine the material selection of the counterface to a
transparent one,”® which makes it somewhat difficult to study

Many of the mechanisms determining the friction and wear
response of sliding couples include dynamic processes within
the buried interfaces.'~® For metallic alloys, this so-called third- ‘ . ) e ; X
body interface typically consists of mechanically or thermally tribological pairs for applications without transparent materials
mixed and deformed material at the surface of each counterface/ (eg, cutting tools) and are not able to provide quantitative
first-body, transfer films, and debris particles.” ™S While previous data on topographical changes and wear rates during sliding.

) ) . . . . .
results on pure metals have shown that the formation of ‘mixed One approach for understanding interfacial mechanisms
material' might decrease friction and wear,'®"’ without the use of transparent materials is to perform numerical

) . . . . . . .
correlation between the properties of this layer (e.g, thickness, investigations. Compared to in situ experiments with trans-
structural, mechanical, chemical) and the tribological pro- parent counterfaces, molecular dynamic (MD) simulations offer
perties has not yet been found, partly due to the missing in situ great additional information because they provide details on

a conclusive

analyses of the contacting interfaces. structural and chemical changes during sliding on the atomic
The use of in situ experiments that combine several analytical level. Barly studies have shown how Lennard-Jones potentials

methods with tribometry has given new insights into sliding can be used for amorphous and crystalline systems to

contacts.'823 A recent review can be found in ref 20. In order demonstrate structural changes of sliding contacts (i.e., material

to study the interfacial phenomena (e.g., velocity accommoda-

tion modes), researchers have often used transparent counter- Received: March 19, 2013

faces to monitor the contact during sliding of metals and solid Accepted: June 11, 2013

lubricant coatings (e.g, MoS, based, diamond-like carbon, Published: June 11, 2013
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Figure 1. (a) Friction coefficients vs cycle for dry sliding using sliding velocities of S and 20 mm/s. The error in the coefficient of friction between two
experiments with the same sliding conditions is less than 0.15 (i.e, 0.03 during the running-in period). (b) Topography images of the sliding track
(left to right) are obtained using the DHM and are shown below the plot for the S mm/s.

transfer, plastic deformation, grain refinement, and material
mixing).">**7* By this methodology, Rigney and co-workers
associated the structural changes to vortices that are generated
as a response to high strain rates. However, it is important to
realize that these early pioneering studies focused on generic
effects using extremely idealized geometries and materials.

Here we present macroscopic tribometry and atomistic
simulations with realistic potentials in order to provide a better
understanding of the interfacial processes and behavior
throughout the sliding of metals (ie., tungsten) for dry and
lubricated conditions. Reciprocating sliding tests are performed
using an ‘online’ tribometer in order to monitor topographical
changes. This allows quantitative wear and roughness measure-
ments to be made after each cycle that are correlated to the
friction response, at the position of the measurement. In addition,
ex situ analysis is performed on the worn surfaces (i.e., plates and
counterfaces) using X-ray photoelectron spectroscopy (XPS),
atomic force microscopy (AFM), transmission electron micros-
copy (TEM), and cross-sectional focused ion beam analysis (FIB)
of the near-surface region. Finally we perform molecular dynamics
simulations with a realistic bond order potential (BOP) for
W—C—H systems,”® which was screened according to the
procedure reported in ref 32 in order to improve the prediction
of the cohesive forces between low coordinated atoms. The
formulation of the bond order potential and the extended cut off
screening function including the values of the screening
parameters can be found in ref 33.

2. METHODS

2.1. Experiments. An ‘online’ tribometer is used to study the
friction and topographical changes of W against WC under dry and
lubricated (i.e., hexadecane) sliding conditions. This instrumentation
consists of a force sensor, digital holographic microscope (LyncéeTec
SA DHM R2100), and an atomic force microscope (Bruker AXS
Microanalysis GmbH, Germany). The force sensor consists of three
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SKL 1417-IR (Tetra GMBH, Germany) fiber optic sensors (FOS). A
20X objective lens is used with the holographic microscope in order to
measure the wear and roughness after each cycle in the case of dry
sliding and a 50X immersion lens in the case of lubricated sliding.
More details on the tribometer are described in ref 34. The wear depth
values, obtained using the holographic images, are used to calculate the
wear rate (ie., depth/sliding distance) and analyzed in terms of cycle
number. The wear depth is measured only up to the 80th cycle due to
the width of the wear track being larger than the image size for the
remaining cycles. The wear rate of the last cycle is also included in the
analysis; however, it is calculated using the depth obtained from the
confocal microscope at the end of the test after cleaning the sample.

The sliding tests are performed in reciprocating motion with an
80 mm track length. The initial normal load is 3N, and the sliding
velocities are 0.2, 1, S, and 20 mm/s. The friction coefficient is
recorded throughout the whole wear track; however, the friction of
each cycle reported in this paper represents an average value between
the two nearest points to the position of the DHM, which allows a
direct comparison between the topographical changes and the friction
behavior. Each experimental condition is performed at least two times
to observe the consistency of the tests. The error in the coeflicient of
friction for the dry sliding tests between two experiments is less than
0.15 (ie., 0.03 during the running-in period) and for the lubricated
case less than 0.02.

Sample characterization and ex situ analysis of the worn surfaces is
performed using X-ray photoelectron spectroscopy (XPS) (PHI 5000
VersaProbe, Physical Electronics Inc. and an Axis Nova, Kratos
Analytical) in order to observe chemical changes at the surfaces and
subsurfaces. XPS depth profiles are plotted in terms of sputtering
depth, which is estimated based on depth calibrations with SiO, and
Ta,Og for the PHI VersaProbe and the Axis Nova, respectively.
A sputtering time of 10 min can be estimated to be approximately
20 to 30 nm for both instruments. Besides classical small area XPS
spectroscopy (ie., spot size from @100 ym down to @10 um),
quantitative chemical concentration maps of the surface can be taken
in parallel imaging mode by the Axis Nova. Additional information
about the concrete binding energies of detected elements can be
obtained according the chemical shift of their binding energy, observed
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Figure 2. Roughness values obtained using a thin rectangle parallel to the sliding direction and a thin rectangle perpendicular to the sliding direction
(right panel). The roughness values obtained from the two directions vs the cycles are shown in the left panel.

in highly resolved chemical state scans. Due to the high surface sen-
sitivity of XPS analysis, with a typical information depth of <3—5 nm,
sputter profiling is performed to remove adsorbed films and to access
information about deeper regions of the subsurface. Sample cleaning is
performed before the analysis by a three phase supersonic bath with
cyclohexane, acetone, and isopropyl alcohol. The aim of the cleaning
procedure is to remove hexadecane resins to achieve vacuum
compatibility as well as disturbing thin contamination layers primarily
composed out of aliphatic hydrocarbons.

Debris particles are collected at the end of the sliding experiments
and are analyzed using a Transmission electron microscopy (TEM)
Philips EM 400 (Eindhoven, Netherlands) and a scanning Auger -
Electron Spectrometer (Smart 200, eULVAC-PHI Inc.). With a
similar surface sensitivity as XPS, the highly focused electron beam of
the Smart 200, generated by a Schottky-Field Emitter, enables small
spot Auger Spectroscopy (i, spot sizes down to @ 35 nm).
In addition, this lateral resolution allows for chemical concentration
maps by scanning over selected sample areas. In combination with
sputter profiling, information about subsurface regions and of the
debris particles is accessed. It should be noted that the debris particles
for the lubricated sliding conditions are analyzed on aluminum foil.
The contribution of aluminum (<10%) and some oxygen from ALO;
have been removed from the results presented in this paper for
simplification. In addition, focused ion beam (FIB) (Zeiss XB 1540)
cuts on the wear track are performed perpendicular and parallel to the
sliding direction to observe microstructural changes near the surface.
The images are recorded at a 54° angle, which is taken into considera-
tion for length/size measurements.

The sliding tests for the dry and lubricated case are performed on
pure tungsten using a WC-Co sphere as a counterface. The pure
tungsten (i.e., 99.9% W) plate is obtained from Goodfellow GmbH in
the ‘as rolled’ condition. WC-Co (94% WC and 6% Co — obtained
from Spherotech GmbH) spheres are used as counterfaces for the
tribological experiments with a 1.5 mm radius. Further details of the
samples used in this study are described elsewhere.*®

2.2. Simulation. To gain insight into the atomic scale processes of
lubricated sliding tribosystems, we employ a bond order potential
(BOP) parametrized for tungsten—carbon—hydrogen systems®'
together with a correction to remove the typical bond strength over-
estimation in BOP potentials.>> More details on the potential
parameters can be found in ref 33. Here, a relatively small scale
tribocouple is constructed with the aim of exposing chemical changes
between a pair of contacting asperities. To summarize, a model of a
tungsten against a tungsten carbide counterbody with atomic level
roughness including a hexadecane lubricant at the contact interface is
constructed. The tribocouple is then relaxed at 300 K and pressed with
a 5 GPa normal pressure prior to the onset of sliding. Subsequently,
the contact is sheared with at a velocity of 50 m/s by moving a rigid
zone of atoms at the top of the cell relative to a fixed zone at the
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bottom while maintaining the S GPa normal pressure. Additionally,
the system contains a heat sink 300 K thermostat above and below the
contact interface as well as an augmented mass region at the top as
described in ref 38.

3. RESULTS

3.1. Dry Sliding. 3.1.1. Friction and Wear Behavior.
‘Online’ tribometry is used to elucidate the third-body behavior
throughout the sliding of WC against W. Figure 1 (a) shows
the coefficient of friction vs the cycle number for the experi-
ments on tungsten with $ mm/s>> and 20 mm/s sliding velocity
under dry sliding conditions. Both sliding conditions exhibit
similar evolution of the coefficient of friction. As presented in
our previous study® for the 5 mm/s sliding velocity, the
coefficient of friction for the experiments with higher sliding
velocities is approximately 0.1 within the first few cycles.
Subsequently, it increases up to 0.6 for about 100 cycles where
it remains nearly constant for the remainder of the experiment.
In addition, the scatter in the friction values for both experi-
ments increases in parallel with the friction coefficient. The
depth of the wear tracks is also monitored throughout the test,
and the wear rate shows an opposite behavior to the friction
coefficient;*® the wear rate (ie, calculated using the depth
values and the sliding distance) is initially 200 nm/m and
decreases to 40 nm/m over 50 cycles where it settles at a nearly
constant value.

3.1.2. ‘Online’ Analysis of the Surface Topography.
Topography images of cycles 10, 50, 100, 300, and 500 taken
with the DHM are shown in Figure 1 (b). A smooth wear track
with narrow grooves (i.e., scratches) parallel to the sliding
direction is observed during the running-in period within the
first few cycles (ie, 10th cycle). At cycle 50, the wear track
grew significantly wider, and the scratches within the wear track
became less obvious. By the 100th cycle, only small parts of the
grooves are visible, and the surface is notably rougher. The
worn surface grew to be wider than the image size, and
therefore it is not possible to observe further changes in the
width of the wear track for the remainder of the test. While
slight differences in the surface topographies for the remaining
cycles are observed, the worn surfaces appear to be of similar
roughness.

Average roughness calculations on the wear track are
performed from the DHM images at any given cycle. Initially,
the average roughness (i.e, obtained using a 20 X 20 um
square) is below 50 nm; however, it increases to 90 nm during
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the first 40 cycles.”> Subsequently, the average roughness
fluctuates between 50 and 130 nm for the remainder of the test.
It is also noted that the oscillation in the roughness value
decreases with the higher cycle number.

A similar behavior is also observed with roughness values
obtained using thin rectangles (20 X 0.6 pm) parallel and
perpendicular to the sliding direction, Figure 2. However,
differences in the roughness values between the two directions
are evident. In the perpendicular direction, the roughness
increases instantaneously (i.e., within 10 cycles) to nearly 80
nm, whereas in the parallel direction it took more than four
times as long to reach the same roughness value. While the
roughness in both directions fluctuates significantly for the
remainder of the experiment, the average roughness for most
cycles is lower parallel to the sliding direction.

3.1.3. Third-Body Behavior. X-ray photoelectron spectros-
copy (XPS) is performed on the worn surfaces and presented
elsewhere.”® The elemental analyses reveal an increase in the
oxygen concentration compared to the unworn surface. In
addition, the tungsten concentration is lower in the near surface
region of the wear track compared to the unworn surface.

Similar to previously reported third-body behavior for solid
lubricants," the transferred/mixed material on the WC tip con-
sists of an internal zone (i.e., area in the middle of the contact),
entry zones (ie., located in front of the internal zone'), and
lateral zones which are located on either side of the internal
zone (Figure 3). The average roughness values (R,) are different
between the internal and the entry zone; roughness being
nearly double within the entry zone compared to the internal
zone (i.e, R, = 241 nm and R, = 164 nm, respectively). In
addition, the average roughness of the internal zone is similar in
magnitude to the one of the wear track at the end of the test.

Elemental analysis of the internal and entry zones is
performed using an XPS and shown in Figure 3(a)** and
(b), respectively. While the tungsten concentration in the two
zones is similar, the biggest difference is observed with the
carbide concentration; within the internal zone the carbide
concentration continuously increases until nearly 40 at.% is
reached at a sputter depth of 1000 nm, whereas in the entry
zone it remains between 20 and 30 at.% after 100 nm. The
opposite behavior is observed with the oxygen concentration,
which continuously decreases in the internal zone with respect
to the sputter depth. After approximately 20 nm the oxygen
concentration in the internal zone is two times lower compared
to the concentration in the entry zone.

Figure 4 shows XPS chemical state images of tungsten,
oxygen, and carbon at the worn tungsten carbide tips. For each
element two chemical states can be distinguished by their
chemical shift of the binding energy BE. More specifically,
carbon in tungsten carbide (BEciycapige = 282.8 €V) is
separated from the omnipresent organic aliphatic carbon (BE¢;, =
285 eV) due to adsorbed layers from environmental influences.
In addition, oxygen in tungsten oxide (BEq w0, = 530.6 €V,
BEoi wos = 530.8 eV) is separated from mostly organic
bounded oxygen (BEOIS/org. = 532.9 eV). While metallic
tungsten (BEywugmes = 314 eV) overlaps tungsten carbide
(BEwugwe = 31.5 eV), the oxides WO, (BEyw,¢/wo, = 32.8 V)
and WO; (BEyuwos = 35.8 €V) can be separated clearly. The
XPS chemical state images at the surface are repeated after 125 s,
400 s, and 8000 s of sputtering (2 keV Ar*) to gain information
at different sputter depths, as shown in Figure 4. In addition,
the sputtering procedure allows for looking under the typical
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Figure 3. (a) SEM image of the worn WC tip showing the entry and
internal zone (i.e., position 1 and position 2) and (b) XPS analysis of
the internal zone at position 1 and of the entry zone at position 2.

organic carbon layer, which is present at all samples handled
under ambient environmental conditions.

Tungsten (W4f 35.8 eV) bound as WO; and oxygen (Ols
530.8 eV) bound in the same WO, decrease with respect to the
sputter time in the internal zone, as shown in Figure 4.
However, tungsten oxide (WOj;) is still present within the
contact zone after 8000 s sputtering by 2 keV Ar* bombard-
ment. Based on depth calibration measurements with a Ta,O4
reference sample, this sputtering time corresponds to a depth of
0.3 yum. The carbon signal of tungsten carbide (Cls 282.8 eV),
on the other hand, remains dominant outside of the internal
zone throughout the sputter profiling. The chemical state map
of the overlapping metallic tungsten and tungsten carbide
signals (W4f 31.3 €V) shows a similar behavior to that of the
carbon in tungsten carbide. A slightly higher tungsten
concentration may be the consequence of metallic tungsten
contributions. Oppositely to the decrease of WO, during
sputtering within the contact zone, the carbide contributions
from carbon (Cls 282.8 €V) and tungsten (W4f 31.3 eV)
increase. These observations are consistent with the analysis of

the depth profiles in Figure 3.
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Figure 4. XPS maps of the worn tungsten-carbide surfaces under dry sliding conditions without sputtering, after sputtering for 125 s, after sputtering
for 400 s, and after sputtering for 8000 s. The color bar ranges from 0 At-% (blue) to 40 At-% (yellow).

Cross sectional TEM images parallel to the sliding direction
of the WC counterface at the end of the test are shown in
Figure S (a). A third-body is seen on the surface. The thickness
of this layer is up to 1.3 pm, and the structure is different
compared to the bulk of the WC; nanoparticles are present,
which are immersed within an amorphous mixed layer
containing a small fraction of nanocrystalline material, Figure
S (b). According to the XPS chemical state images (Figure 4)
up to a sputter time of 8000 s, the mechanically mixed layer
(under a very thin adsorbed organic carbon layer) is composed
mostly of tungsten oxide with small particles of tungsten and
tungsten carbide. The order of magnitude of the sputter depth
correspond to the locally observed thickness of the mixed layer
in the cross section TEM picture (Figure Sa). As reported in ref
33, cross-sectional FIB cuts of the worn W plate, on the other
hand, reveal grain refinement near the surface. Most grains near
the contact are smaller than 200 nm in size, and the thickness
of the ultrafine grained zone is approximately 700 nm.

Figure 6 shows transmission electron microscopy (TEM)
micrographs of debris particles that are collected at the end of
the sliding test. Debris particles consist of various shapes and
sizes; the size ranged anywhere from a few nanometers to
several ym. Larger particles are either flakelike or agglomerates
of smaller particles, while the smaller particles exhibit globular
or lamellar shapes. The wear particles reveal a crystalline
structure and, depending on the type of debris, the electron
diffraction pattern identified pure tungsten (W), tungsten
carbides (WC, W,C), tungsten oxides (WOx), and cobalt (Co).

3.1.4. Atomistic Simulations of Dry Contact. Molecular
dynamics studies of WC sliding against W were performed in
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order to understand the underlying atomistic mechanisms
leading to the experimentally observed interfacial processes. As
previously reported,®® both atomically flat and atomically rough
WC-W nanotribosystems with carbon terminated WC
interfaces were constructed. Upon initial sliding of the rough-
on-rough tribocouples, the WC asperities plow through the W
asperities, and the exposed carbon layer of the WC gradually
mixes with the disordered W atoms. As communicated in ref
33, an amorphous tungsten carbide layer was generated which
accommodated the sliding motion.

The flat-on-flat simulations revealed that at the onset of
sliding the topmost layer of the W surface transfers onto the
WC specimen (i.e., bonds to the exposed carbon of the WC
surface). Subsequently, the sliding occurs between two tungsten
monolayers where eventually atomic jamming events are
observed. While the jamming events trigger the nucleation of
dislocations within the W specimen, significant amorphization
at the sliding interface and within the WC sample is also
observed. The amorphization process typically initiates at the
sliding interfaces and sometimes propagates into the bulk of the
WC specimen. The degree of amorphization along the height of
the W-WC tribocouple is shown in Figure 7 at a shearing time
of 1000 ps.

3.2. Lubricated Sliding. 3.2.1. Friction and Wear
Behavior. Figure 8 (a) shows the friction coefficient vs the
number of cycles for the WC/W tribocouple with hexadecane
as a lubricant and sliding velocities ranging from 0.2 to 20 mm/s.
It is observed that the coeflicient of friction is similar for all
sliding velocities. At the onset of the experiment, the fric-
tion coefficient is approximately 0.1 but increases within the

dx.doi.org/10.1021/am4010094 | ACS Appl. Mater. Interfaces 2013, 5, 6123—6135
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Figure S. Cross sectional TEM images of (a) the worn counterface
(WC) of the dry test in the parallel direction to the sliding, (b) the
mechanically mixed layer, and (c) the selected area electron diffraction
pattern revealing an amorphous and/or nanocrystalline structure.

first S0 cycles to 0.15. Subsequently, it decreases slightly over
40 cycles and remains nearly constant at 0.1. Sliding experi-
ments for 5000 cycles are also performed (not presented here)
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and reveal that the friction coeflicient remains constant at 0.1
for longer periods.

A somewhat different behavior of the coefficient of friction is
observed with the evolution of the wear rate. The wear rate
(i.e., depth/sliding distance) vs cycles for the experiment with a
5 mm/s sliding velocity is shown in Figure 9. Initially, the wear
rate is slightly above 100 nm/m and decreases below 40 nm/m
over 80 cycles. The wear rate at the end of the experiments
(i.e, measured ex situ with a confocal microscope) is
approximately S nm/m. For comparison the wear rate at the
end of the dry test is also plotted in this figure (black triangle,
data taken from ref 33) and is by a factor of 10 higher
compared to the value of the lubricated experiment.

3.2.2. ‘Online’ Analysis of the Surface Topography. DHM
images obtained throughout the lubricated experiments are
shown in Figure 8 (b) for cycles 10, 100, 250, 300, and 400.
Within the first few cycles, few grooves (i.e., scratches) parallel
to the sliding direction are created on the W surface, as
observed in the image of the 10th cycle. Upon further sliding,
more grooves are visible, and the wear track is wider. By the
400th cycle, debris particles are present on the wear track.
Observations of individual particles from consecutive images
indicate that the particles are mobile and float within the
hexadecane, as shown in Figure 10.

Similar observations are also seen with the roughness measure-
ments parallel and perpendicular to the sliding direction,
Figure 11. While the roughness in the parallel direction remains
low, the average roughness in the perpendicular direction
increases within the first few cycles of the experiment. The
roughness in the perpendicular direction continues to increase
upon further sliding and remains higher compared to the
roughness in the parallel direction. The R, value in the parallel
direction shows a slight increase after the 100th cycle; however,
the roughness measured ex situ is comparable to the values at
the beginning of the experiment. This indicates that the
increase in the roughness is rather due to particles than due to
surface roughening. The roughness in the perpendicular
direction (i.e., measured ex situ), on the other hand, is slightly
higher compared to the value obtained from the DHM
microscope near the end of the experiment.

3.2.3. Third-Body Behavior. SEM image and XPS chemical
state maps of the counterface before and after different sputter
times are shown in Figure 12. Analysis of the individual
elements reveals a high carbon concentration, bound in organic
aliphatic hydrocarbons, covering the complete tungsten carbide
surface with small contributions of oxygen. In addition, slightly
lower tungsten concentrations of tungsten oxide (W4f oxide) as
well as tungsten carbide (W4f metal plus carbide) are detected
directly on the surface. After short sputtering (i.e., 125 s), the
organic carbon layer decreases significantly with the exception
of one spot where local lubricant residuals are still present.
Concurrently, the carbide (ie., the Cls carbide map) and the
tungsten concentrations (i.e., the W4f metal plus carbide map)
increase. The tungsten oxide, on the other hand, decreases
according to the Ols oxide maps during the first sputter step.
The slower decrease in comparison to the carbon signal
indicates a pronounced tungsten oxide layer. The correspond-
ing tungsten W4f oxide map shows a slight different behavior at
the surface; the map at the surface reveals lower tungsten (W4f
oxide) concentration in comparison to the maps after 125 and
400 s of sputtering. This is a clue of a higher oxidation state
underneath the surface, e.g. WO; instead of WO, at the surface.

dx.doi.org/10.1021/am4010094 | ACS Appl. Mater. Interfaces 2013, 5, 6123—6135
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Figure 6. (a) TEM images of debris particles. Debris particles consist of various shapes and sizes; the size ranges anywhere from a few nanometers to
several micrometers. (b) SEM image of agglomerate consisting of nanometer sized globular and ym-sized flakelike debris particles.
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Figure 7. Degree of amorphization along the height of the W-WC tribocouple in a flat-on-flat MD simulation after sliding for 1000 ps. The
corresponding simulation is shown in the right panel. The evolution of the amorphization with respect to the sliding distance is shown in ref 33.

Thickness of the oxide film in the lubricated case, however, is
much smaller in comparison to the dry case.

Ex situ analysis of the tungsten surface reveals a slightly
different behavior, Figure 13. While some carbon is detected
near the surface, the atomic concentration decreases nearly to
zero up to a sputtering depth of 10 nm (i.e, S min sputtering
time). Similarly, a small concentration of carbide is observed
only with sputter depth below 20 nm. More interestingly, the
tungsten concentration is slightly lower for sputter depth below
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60 nm when compared to the unworn surface.>* Contrarily, the
oxygen content below 60 nm of sputtering depth is higher
compared to the unworn surface.

Cross sectional SEM images of the worn W and WC surfaces
are combined in Figure 14. As shown with the SEM image in
Figure 12, some mechanical mixing is observed on the WC
surface. This layer is present not only on the surface but also
partly within the valleys (ie, holes) of the WC. More
interestingly, similarly to the dry sliding experiments, no
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Figure 8. (a) Friction coefficients vs cycle for lubricated sliding using sliding velocities of 0.2, 1, S, and 20 mm/s. The error in the coefficient of
friction between two experiments with the same sliding conditions is less than 0.02. (b) DHM images are obtained using the ‘online’ tribometer and

are shown below the plot for v = 5 mm/s.
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Figure 9. Wear rate (ie., depth/sliding distance) vs cycle for the
lubricated case using a sliding velocity of S mm/s. Due to the large
wear track created with the WC tip, wear rates are only possible to be
obtained up to the 70th cycle. The last data point of the wear rate for
the dry and lubricated test is also included and obtained using ex situ
confocal microscopy.

apparent structure is observed within this layer. The lower
image shows the W surface, which reveals a thin grain refined
layer near the surface without a sharp transition line to the
underlying material.

Auger electron spectroscopy (AES) analysis of the debris
particles is shown in Figure 15. In addition to a high carbon
concentration (ie. ~70 At %), the elemental analysis reveals
oxygen and tungsten. The line shape of the carbon auger peak
is similar to carbon of organic layers and reveals no graphite
shoulder and no double structure like carbide in the differentiated
signal. The high carbon concentration is a preliminary clue that
chemical reaction occurred between the debris particles and the
hexadecane. However, it should be noted that a small contribu-
tion of tungsten carbide particles may remain hidden under the
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carbon signal of aliphatic carbon and thus should not be
excluded completely.

3.2.4. Atomistic Simulations of Lubricated Contact. W vs
WC nanotribocouples with atomically rough lubricated (with
hexadecane) interfaces are constructed in order to understand
the underlying mechanism of the third-body formation. Snapshots
of the contact interface evolution in the simulations are shown
in Figure 16 for sliding times of 0, 71, 400, and 1200 ps. Upon
initial sliding the WC surface breaks down the nanoasperity of
the W surface (i.e., ploughs through the W). While most W
atoms from the broken asperities become mobile in-between
the interfaces, few W atoms bond to the WC surface. At that
point, the hexadecane has not yet completely covered the
contact between the WC and the W surface. However, upon
further sliding, the W surface is nearly flattened by the WC
specimen, and the contact is completely covered by the
hexadecane monolayer. Interestingly the loose W atoms from
the W surface become trapped in the valley of the WC surface
and are mixed in with the hexadecane. For this simulation we
obtain a shear stress of 1.3 GPa, whereas a corresponding simula-
tion without the lubricant yields a value of 4.7 GPa. Thus, even
a small amount of lubricant significantly reduces the force
required to slide the system.

4. DISCUSSION

‘Online’ macroscopic tribometry along with ex situ X-ray photo-
electron spectroscopy, transmission electron microscopy, and
cross-sectional focused ion beam analysis as well as molecular
dynamics simulations are linked together in this study in order
to provide a better understanding of the third-body formation
process in metallic contacts. While we use a WC/W tribocouple
as an example, the trends in lubricated (i.e., base lubricant) and
dry conditions for this system should translate onto other
metallic sliding contacts as well. The tribological experiments
show that dry sliding of WC against W results in higher friction
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Figure 10. DHM images of two consecutive cycles (ie., cycles 90 and 91) for a sliding velocity of S mm/s. Observations of individual particles

indicate that the particles are mobile and float within the hexadecane.
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Figure 11. Roughness values obtained using a thin rectangle parallel to
the sliding direction and a thin rectangle perpendicular to the sliding
direction for the experiments performed with hexadecane as a
lubricant and a velocity of 5 mm/s.

values compared to lubricated conditions. The ‘online’ analysis
of the wear track correlates well with the friction behavior;
roughness values follow the trend in the friction coeflicient
closely for both conditions, while higher roughness is observed
with the dry conditions compared to lubricated sliding.
Subsequently to the increase in average roughness of the
wear track (i.e., acquired on a square area), in the case of dry
sliding, an increase in the coefficient of friction is observed. In
addition, the higher scatter in the roughness values, after the
initial increase, correlated with the higher scatter in the friction.
While an initial increase in the roughness for the lubricated
condition is also observed, the values remain lower compared
to the dry experiment for all cycles. Consequently, a lower
friction power density is dissipated that in turn may influence
the evolution of topography and third-body.

To better understand the topographical behavior and to gain
further insights on the velocity accommodation modes of both
sliding regimes, the evolution of the roughness is explored in
the parallel and the perpendicular direction to the sliding. For
dry sliding conditions, the average roughness in the
perpendicular direction increases instantaneously after the
first few cycles, while the roughness values in the parallel
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direction initially remain low. This behavior indicates the
formation of grooves and scratches along the sliding direction,
which are also noticed in the topography images (see Figure
1b). The formation of such a morphology has been previously
referred to as an adaptation of the surface topographies
between the sliding interfaces." These types of adaptation
process typically consist of plowing or cutting events caused by
the asperities of the harder material (in this study the WC
counterface) onto the softer one.

These observations are consistent with the interpretation of
the rough-on-rough atomistic simulations without hexadecane
as a lubricant.” The rough WC surface plows through the
tungsten asperities immediately upon the initial sliding.
Consequently, the tungsten surface becomes disordered and
sliding occurs on a nanocrystalline tungsten layer. Therefore,
this confirms qualitatively the initial assumption of the
tendency of the adaptation process within the first few cycles,
which is based on the roughness measurements in the
perpendicular direction to the sliding.

The increase in roughness for the parallel direction in the dry
sliding test occurs at higher cycle numbers, compared to the
perpendicular direction, and is identical to the increase in the
friction coefficient. The roughness behavior parallel to the
sliding indicates the initiation of an additional shear
accommodation mode between the WC and W surfaces,
which causes a nearly instantaneous increase in the coefficient
of friction. Based on the ex situ analysis of the cross sections, it
is suggested that this shear accommodation consists of
mechanical mixing between the two surfaces and mechanical
deformation of the tungsten surface resulting in grain
refinement up to approximately 700 nm below the surface.
Such near-surface grain refinement due to tangential forces is
typical for metallic friction and is often accounted for by the
rotation of clusters of atoms'”'? or ratchetting under multiaxial
shear fatigue.15 Still, the acting mechanisms of how the friction
power is dissipated are not fully understood and are a matter of
further study. In addition, XPS analysis shows an increased
concentration of oxygen within at least 180 nm below the
surface, which is also consistent with literature on metallic
friction.®® Yet the final experimental evidence for crystalline
material is still missing. An investigation in a single-contact
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setup proposed a mechanical instability criterion for the
spontaneous grain refinement and the sharp interface between
the refined and the “undisturbed” substrate material, which
corresponds to Johnson’s cavity criterion.”” Certainly this type
of deformation and mixing can evolve in the generation of wear
debris on the surface. This would agree quite well with the
increase in roughness parallel to the sliding as well as with the
particle analysis, which reveals the presence of tungsten
carbides and tungsten oxides debris particles. In addition, the
formation of debris particles with the increase in friction is also
observed with the topography images, Figure 1 (b). While few 0
particles are stationary on the wear track, the images reveal that

most particles moved around throughout the sliding. The

development or detachment of debris particles onto the wear Figure 13. XPS analysis of the worn tungsten under lubricated sliding
track could have also originated from the entry zone and the nano- conditions. The sputtering depth (i.e., x-axis) is estimated based on
crystalline and/or amorphous layer (i.e., internal Zone), which depth calibrations with SiO,; a sputtering time of 10 min can be
are observed ex situ on the counterface. The higher roughness estimated to be approximately 20 to 30 nm.
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Figure 14. Composition of cross sectional SEM images (SE),
produced by separate FIB cuts, of the worn surface (W) and
counterface (WC) of the lubricated test (v = 5§ mm/s) in the parallel
direction to the sliding.

values of the entry zone on the counterface could be an
indication that it is composed of debris particles, which are
collected from these loose particles on the wear track and then
get redeposited through the sliding.

Elemental analysis for dry sliding of the internal zone reveals
a higher tungsten concentration near the surface with an
increased carbide concentration in the subsurface region. This
indicates that in addition to tungsten/tungsten oxide trans-
ferring onto the WC tip, a mixing event occurs between both
materials resulting in a mechanically mixed layer as observed in
Figure S. Similarly, the near surface region of the wear track
(i.e., the tungsten plate) does not contain any carbide or cobalt
concentration with a dominant tungsten concentration. In
addition to the increased tungsten concentration on the
surfaces of both interfaces, an increase in oxygen is also
observed. Therefore, sliding takes place between ultrafine
crystalline and mechanically mixed tungsten layers with oxides
being blended into the third bodies.”® Despite the lack of
oxygen in the computer model, this behavior correlates well
with our observations of the W/WC atomistic simulations.>
We have previously reported that the exposed carbide layer of
the WC surface creates a strong bond with the first W mono-
layer of the counterface (i.e., the W sample) upon initial sliding.
Subsequently, sliding takes place between two W layers, as also
observed with the XPS analysis. Upon further sliding, jamming
events within the W specimen are observed, resulting in
nucleation of dislocations. In addition, significant amorphiza-
tion is observed within the tungsten-carbide, which is also
consistent with the TEM analysis of the counterface, Figure 5.
It is certainly true that environmental conditions can have an
effect on the tribological performance, making a direct
comparison between experiments and simulations somewhat
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Figure 15. AES analysis of a debris particle obtained from the lubricated sliding test (i.e., 20 mm/s). In addition to a high carbon concentration, the

elemental analysis reveals oxygen and tungsten.
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Figure 16. Atomistic simulation of a W/WC rough on rough sliding
couple with a 5 GPa normal pressure and a 50 m/s sliding velocity.
Snapshots of the evolution in the simulations are taken for a sliding
time of 0, 71, 400, and 1200 ps.

questionable. However, we have resolved this issue in our
previous study’ by performing experiments in ultrahigh
vacuum of a WC sliding against W, which displayed a similar
behavior to the tests in air. Therefore, the enrichment of
oxygen in the near surface region for the tests in air does not
have an influence on the friction behavior.”?

Similarly to dry sliding, the topography images for the
lubricated sliding condition reveal grooves parallel to the sliding
direction within the first few cycles. In addition, the roughness
in the perpendicular direction increases at a high rate within the
first few cycle, while the roughness parallel to the sliding
remains low and constant indicating initial adaptation (ie.,
plowing events) of the surfaces. These plowing events are also
consistent with the observations of the simulations with a
hexadecane monolayer in-between the sliding interfaces;
upon initial sliding, the WC surface comes into contact with
the W nanoasperity, without the lubricant in-between,
causing plowing of the WC on the W surface. Upon further
sliding, the W nanoasperity is completely broken down and
the W surface is nearly flat. While some of the atoms, that
initially constructed this W asperity, bond to the WC surface,
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most of them get pushed and trapped into the valley/hole of
the WC surface. Subsequently, the W atoms remain within
this valley for the rest of the simulation where they get
mixed-in with the hexadecane. These observations are
consistent with the ex situ analysis of the surfaces in
Figure 14; a thin mixed layer is observed on the counterface,
which fills up all cavities on the WC surface and consists
mostly of tungsten, carbon, and — in the laboratory
experiment — oxygen near the surface.

Further ex situ analysis of the worn surfaces shows that the
lubricated sliding results in a less pronounced third-body
formation compared to dry sliding; while a thin mixed layer is
observed on the WC counterface, only slight grain refinement is
evident in the near surface region of the W specimen. Similarly,
XPS analysis of the W surface reveals a less pronounced
increase in the oxygen content compared to dry sliding. This
behavior is also confirmed with the simulations, where no
severe amorphization and/or nucleations of dislocations are
observed within the tungsten carbide specimen as seen with the
dry sliding experiments. One possible explanation of the less
evident third-body formation for lubricated sliding (ie.,
mechanically mixed layer on the WC counterface and grain-
refined layer on the W surface) is that the lubricant restricts the
bonding between the two interfaces leading to less transfer.
Subsequently, fewer atomic jamming events occur hindering
the nucleation of dislocation and thus the formation of a grain
refined layer. A less likely reason for the reduced third-body
formation in the lubricated sliding condition is the difference in
the real contact pressure within the two systems; the cavities
(i.e., holes) of the WC counterface are filled up with a mixture
of tungsten and carbon, which increases the contact area and
therefore decrease the contact pressure. Consequently, the
lower contact pressure in the lubricated condition leads to less
severe plastic deformation and reduces the nucleation of
dislocation within the W sample resulting in a less pronounced
grain-refined layer.

In terms of the friction behavior, during the initial adaptation
events (ie, running-in stage), the coefficient of friction in the
lubricated case is similar to the one of dry sliding. However,
upon further sliding, the coeflicient of friction increases
drastically for dry sliding but remains low for the lubricated
case. This behavior can be explained by differences in velocity
accommodation modes during the steady state sliding. In the
case of dry experiments the sliding motion is accommodated by
amorphization of the counterface. When hexadecane is present,
however, MD simulations reveal that after the initial plowing
events of the WC tip, sliding occurs on monolayers of the
lubricant, which results in low friction values due to the low
viscosity of hexadecane.

5. CONCLUSION

Macroscopic tribometry shows that dry sliding of WC against
W results in higher friction values compared to lubricated
conditions. The ‘online’ analysis of the wear track correlates
well with the friction behavior; roughness values closely follow
the trend of the friction coefficient for both conditions with
higher roughness being observed for the dry conditions relative
to the lubricated conditions. To gain further insights on the
velocity accommodation modes of both sliding regimes, the
evolution of the roughness is explored in the parallel and the
perpendicular direction to the sliding. This analysis reveals
plowing events of the WC surface onto the W surface during
the initial stage of the sliding for dry and lubricated conditions.
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Classical molecular dynamics simulations of W sliding against
WC (i.e, with and without hexadecane) with rough surfaces are
consistent with these observations.

Ex situ analysis for the dry tests reveals the formation of a
grain refined layer in the near surface region of the tungsten
specimen and an amorphous layer on the WC counterface.
These observations indicate that subsequently to the initial
plowing events, the sliding occurs mainly within an amorphized
WC layer, as also confirmed by MD simulations. The lubricated
sliding, on the other hand, results in a less pronounced third-
body formation; while a thin mixed layer is observed on the
WC counterface, only slight grain refinement is evident in the
near surface region of the W specimen. Similarly to the dry
sliding, these ex situ analyses are consistent with atomistic
simulations; following the initial adjustment of the two surfaces
(ie, plowing events of the WC surface), the sliding occurs on
monolayers of the lubricant, which results in low friction values
due to the low viscosity of hexadecane. The lubricant restricts
the contact between the two surfaces resulting in nearly no
nucleation of dislocations or mechanical mixing events.
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