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ARTICLE INFO ABSTRACT

Keywords: Industrial upscaling frequently results in a different coating microstructure than the laboratory prototypes
MoS; presented in the literature. Here, we investigate the wear behavior of physical vapor deposited (PVD) MoS,
Tribology

Wear testing
Transmission electron microscopy
Nanoindentation

coatings: A dense, nanocrystalline MoS; coating, and a porous, prismatic-textured MoS; coating. Transmission
electron microscopy (TEM) investigations before and after wear testing evidence a crystallographic reorientation
towards a basal texture in both samples. A basal texture is usually desirable due to its low-friction properties.

This favorable reorientation is associated to a tribological compaction of the porous specimens. Following
running-in, sliding under high contact pressure ultimately leads to a wear rate as small as for an ideal grown bulk
MoS; single crystal grown by chemical vapor deposition (CVD). This suggests that the imperfections of industrial
grade MoS; coatings can be remediated by a suitable pretreatment.

1. Introduction

MoS; solid lubrication coatings are commonly used for providing dry
lubrication in bearings under challenging environmental conditions, e.
g., vacuum, high load, and irradiation [1-4]. Their lubrication perfor-
mance highly depends on the microstructure [5-7] that results from the
deposition process. Depending on the process parameters, sputter
deposition mostly yields three types of microstructures: (i) A basal
texture, where the basal planes of the hexagonal 2H-MoS; lattice [8-10]
are oriented parallel to the substrate, which is believed to provide the
most effective lubrication but is rarely found [11-13]. (ii) A randomly
oriented, nanocrystalline microstructure, resulting in fairly good lubri-
cation [13,14]. (iii) A prismatic texture associated to the growth of in-
dividual MoS; sheets in the vertical direction, which is generally
thought to result in poorer lubrication [15-19]. Due to its dendritic
growth [14], the latter includes interdendritic voids. The
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microstructural difference between both kinds of coatings is therefore
twofold: porosity and texture. Obtaining the preferred basal texture and
a dense coating requires a tight control of the deposition parameters
[20]. This is very feasible under laboratory conditions but mostly
beyond reach for industrial-scale processes associated with dynamic
conditions [21]. Large-scale MoS; coatings therefore generally show
some degree of porosity. These porous coatings were sometimes re-
ported to undergo local compaction associated to a certain extent of
crystallographic reorientation under tribological loading [13,22-24].
This gives some hope that these coatings can provide satisfactory
lubrication following running-in.

In this paper we examine the compaction and reorientation of a
vertically oriented, porous coating after short tribological testing
compared to an inherently dense coating with nanocrystalline micro-
structure and to a perfectly basal oriented MoS; single crystal used as a
reference. A microscale wear approach is used to determine incremental
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wear rates. The microstructure of the coatings is resolved via high-
resolution transmission electron microscopy (HRTEM) before and after
tribological testing.

2. Materials & methods
2.1. Sputter-deposited MoS; coatings and CVD single crystal

Two different magnetron sputter-deposited MoS, coatings were
compared to a CVD grown MoS; single crystal. 100Cr6 bearing steel,
relevant in applications, was used as substrate for the coatings. The
specimens had cylindrical dimensions of @ 30 mm x 5 mm and @ 10 mm
x 3 mm for the macroscopic and microscopic wear experiments,
respectively. The substrates were tempered and hardened to 62 + 1 HRC
and fine polished with a 1 pm diamond suspension (ATM Qness GmbH,
Germany) and 0.25 pm silica suspension (OP-S, Struers GmbH, Ger-
many). Prior to placing the substrates inside the industrial-scale depo-
sition unit (TT 300 K4; H-O-T Harte-und Oberflachentechnik GmbH &
Co. KG, Germany), all substrates were ultrasonically cleaned in acetone
and isopropyl alcohol for 10 min and blow dried with nitrogen. The
deposition chamber was evacuated to an initial pressure of 2.5 x 1073
Pa before performing the PVD sputter process from hot-pressed MoS;
powder targets of 99.5% purity (GfE Metalle und Materialien GmbH,
Germany). Once high vacuum conditions were achieved, the substrate
surface was plasma etched for 15 min. For this process a pulsed DC bias
voltage (pulse frequency of 40 kHz, positive pulse duration of 5 ps) of
—500 V and an argon gas flow of 500 sccm were utilized. The main
difference between the deposited coatings was the rotational strategy
during the process. For one batch, the substrates were positioned at a
short distance of 65 mm from the target without any rotation (nano-
crystalline coating), whereas for a second batch, a threefold rotation
rack was operated at an average distance of 250 mm (porous coating).
The first configuration mimicked laboratory conditions (laboratory
grade), whereas the second configuration was closer to an industrial
process (industrial grade) suitable for coating geometrically complex
components. A detailed description of the deposition parameters can be
found in Table 1. In order to minimize oxidation prior to testing, the
samples were stored in vacuum desiccators at all times.

To compare the deposited coatings with a near perfect 2H-MoS,
structure, a small CVD grown single crystal (HQ graphene BV, The
Netherlands) was purchased. Using the CVT (chemical vapor transport)
process, the crystal was grown inside a quartz tube to dimensions of 10
mm x 8 mm and a thickness of 1 mm (single crystal).

2.2. Microstructural characterization

To characterize the growth mode of the specimens, the surface
structure was investigated in a scanning electron microscope (SEM; Zeiss
Crossbeam XB 540, Carl Zeiss AG, Germany). The investigation was
carried out at an acceleration voltage of 5 kV and an ion beam current of
500 pA in secondary electron contrast. The elemental composition was
furthermore investigated by energy dispersive X-ray spectroscopy (EDX)
at an acceleration voltage of 20 kV and an electron current of 1.4 nA. In

Table 1
Deposition parameters of the MoS; coatings.

Deposition parameters Nanocrystalline coating Porous coating

Rotation strategy - threefold
Target-substrate distance in mm 65 250
Rotational speed in rpm - 6
Duration in s 300 4200
Sputtering power in kW 1.3 2.0

Bias voltage in V 0 0

Argon gas flow in sccm 115 120
Argon pressure in Pa 0.70 0.71
Chamber temperature in °C 50 50
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order to resolve the microstructure of the coatings and the bulk crystal,
electron-transparent cross-section lamellae were prepared from the
respective material with a focused ion beam system (FIB-SEM; Nanolab
600i, FEI Thermo Fisher Scientific Inc., USA). First, a protective plat-
inum coating was deposited onto the surface to protect the pristine
surface from gallium ion damage during milling. The protective plat-
inum consists of a thin layer deposited with the electron beam directly
on the sample surface and a thicker layer deposited with the Ga™ ion
beam. For coarse milling, ion beam currents ranging from 21 nA to 0.79
nA were used. After transferring the lamella onto a copper half-grid, the
final thinning was performed using sequentially reduced acceleration
voltages and ion beam currents down to thicknesses of ~100 nm (30 kV,
0.23 nA and 80 pA; 16 kV, 0.15 nA; 8 kV, 66 pA; 5 kV, 41 pA and 15 pA
and 2 kV, 9 pA). The atomic structure of the lamellae was investigated
with a double aberration-corrected Titan Themis 300 transmission
electron microscope (FEI Thermo Fisher Scientific Inc., USA). Using an
acceleration voltage of 300 kV, the atomic structure of the respective
samples could be resolved in high-resolution transmission electron mi-
croscopy (HRTEM) mode. To investigate the local crystal structure in
more detail, selected area electron diffraction (SAED) and high-angle
annular dark-field scanning TEM (HAADF-STEM) techniques were
used. The different polytypes of MoSy (1T, 2H and 3R) [9,25] can be
differentiated by the positions/radii of the diffraction spots/rings in
reciprocal space. The experimental patterns were indexed by compari-
sons to simulated diffraction patterns of MoS, polytypes using the
software SingleCrystal (CrystalMaker Software Ltd, UK), using 2H (COD
ID 9009144) and 3R (COD ID 9009148) crystal structures [26].
Surface roughness measurements were carried out using a laser
scanning microscope (LSM) VK-X-150K (Keyence Corp., Japan). Nano-
indentation hardness measurements were conducted in a G200 nano-
indenter (KLA Inc., USA). The hardness values were averaged over 25
nanoindentations, which were carried out up to an indentation depth of
500 nm and evaluated at 5% + 1% of the maximum indentation depth.

2.3. Macroscopic wear testing under vacuum conditions

The sputter-deposited coatings were tested in a rotary tribometer
(HTV-SST; KTmfk, Germany) with a ball-on-disk configuration. A
detailed description of the tribometer is given in Ref. [21]. The tests (n
= 1) were carried out under vacuum conditions (initial pressure: 0.01
Pa) and in a rotational sliding mode with a sliding speed of 0.1 m/s. The
normal force was set to 10 N, resulting in a Hertzian pressure of 1.17 GPa
at the contact center. Steel balls (grade G10, ISO 3290, R, < 0.02 pm)
with a diameter of 8 mm made of bearing steel 100Cr6 (1.3505, AISI
52100) were used as counterbodies. In the tribological tests, a track
radius of 11.5 mm was adjusted and the termination criterion was set at
1000 cycles to ensure that no coating failure occurred. In order to
compare the friction coefficients from the macroscopic tests with those
of the microscopic tests, a few tests were carried out under ambient air
with the test parameters mentioned earlier. Friction coefficients were
averaged over 1000 cycles. After the tribological loading, a cross-section
lamella of the material under the wear track was prepared to investigate
the microstructure in a deformed state. The lift-out position and process
are displayed in Fig. 1. The lift-out process, as well as the TEM investi-
gation were performed analogously to the undeformed state described in
section 2.2.

2.4. Nanomechanical wear testing in ambient air

To compare the tribological behavior of the coatings to the ideal
single crystal, nanomechanical wear experiments (n = 3) were con-
ducted on all three samples. The tests were performed in a Nanoindenter
G200 (KLA Inc., USA) equipped with a spherical diamond indenter (tip
radius 50 pm, Synton MDP, Switzerland). The test sequence consisted of
pressing the diamond indenter against the surface and performing a
sliding motion at constant normal load. The tests were performed at
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Fig. 1. Process and positioning of post-test lift-out. a) Sample with wear track after ball-on-disk testing. b) Lift-out position in wear track. c) Pre-cut lamella prior to
lift-out. d) Final lamella in an SEM imaged in scanning transmission electron microscopy mode.

normal loads of 1 mN and 10 mN, which corresponds to Hertzian contact
pressures of 1.42 GPa and 3.06 GPa, respectively. The indenter was
moved back and forth over a distance of 10 pm for 10000 cycles. A
profiling scan at a constant load of 20 pN was performed with the
indenter tip after each 1000th cycle, capturing the depth evolution of
the wear track. The lateral force on the indenter tip was continuously
recorded during the wear tests at 3.06 GPa. The friction coefficient was
calculated as an average between cycles #9000 — #10000 over the three
test runs. The total wear volume for each wear track was measured ex-
situ using the LSM and the resulting wear coefficients were evaluated
according to Archard [27]. Based on the indentation depth evolution
and the wear volume after the test, the incremental wear volume and
wear coefficient were calculated, factoring in the geometry of the dia-
mond indenter. Additionally, the cross-section of the coatings was
investigated by local FIB milling inside the wear tracks.

3. Results
3.1. Pristine coatings and single crystal

The properties of the pristine MoS; samples are summarized in
Table 2. The elemental analysis revealed that the ratio of sulphur to
molybdenum is understochiometric in all cases. A detailed explanation
is given in our previous publication [21]. Laser scanning measurements
of the roughness showed that all samples had very smooth surfaces (R,
< 38 nm). The indentation hardness of the nanocrystalline coating was
significantly higher than for the porous coating. Please note that the
hardness of the single crystal could not be quantified, because of early
fracture during nanoindentation. To ease tribological comparisons be-
tween the coatings, their friction coefficients are also summarized in
Table 2. They were measured as described in section 2.3 and 2.4.

Table 2
Properties of the pristine MoS, samples.

3.2. As-deposited microstructure

The surface morphology of the PVD coatings and the MoS; single
crystal are shown in Fig. 2. The surface of the nanocrystalline coating
(Fig. 2a) shows a mixture of plates and filament-like structures, albeit
with hardly any apparent voids. In contrast, the coating deposited with
the threefold rotation (Fig. 2b) exhibits a striking open porosity. It
consists of a hierarchical, dendritic surface structure separated by large
voids between the dendrites. A similar surface structure of MoS, coat-
ings has been observed in various publications, emphasizing how com-
mon porous coatings are [5,7,17,28-32]. Fig. 2¢ shows the smooth
surface planes of the single crystal with a roughness R, of 38 nm =+ 11
nm with few surface steps with a height of 330 nm + 120 nm, marking
the end of individual MoS; basal plane stacks.

The TEM investigation of lift-out lamellae provides a more detailed
understanding of the microstructure of the specimens (Fig. 3). The
elongated crystallites in Fig. 3a-b shows extensive lattice fringes with a
lattice spacing of 6.2 A, corresponding to the distance between two
consecutive basal planes of MoSy [33]. The elongated MoS; sheets
consist of the stacking of 3-10 layers. Their relative orientation to the
substrate determines the coating texture. The SAED patterns of the
respective coatings further assist in the assessment of the texture. Since
the area probed by SAED is significantly larger than the HRTEM mi-
crographs shown in Fig. 3, the combination of both techniques ensures
reliable findings. The nanocrystalline coating (Fig. 3a) features
nanometer-sized, randomly oriented crystallites of about 10 MoS;
layers, similar to microstructure (ii) described in the introduction. The
SAED pattern shows continuous rings, which corresponds to the ex-
pected pattern of a polycrystalline sample with randomly oriented
crystallites. The porous coating (Fig. 3b) shows vertically oriented
crystallites, similar to microstructure (iii). The thickness of about 6-10

Parameter Nanocrystalline coating Porous coating Single crystal
S/Mo Ratio 1.59 1.67 1.8
Roughness Ra in nm 29+6 25+ 4 38+11
Indentation hardness in GPa 5.69 + 0.54 0.09 + 0.03 -

Friction coefficient

macroscopic, vacuum 0.029 + 0.003 0.035 + 0.005 -
macroscopic, ambient air 0.08 + 0.01 0.06 + 0.01 -
microscopic, ambient air 0.12 + 0.01 0.16 + 0.01 0.04 £ 0.01
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Fig. 2. Pristine surface structure of the samples in secondary electron (SE) contrast. a) Nanocrystalline coating. b) Porous coating. ¢) Bulk single crystal. The samples
show strikingly different surface structures: A dense, plate-like surface for the nanocrystalline coating, dendritic crystallites with open porosity for the porous coating
and a flat surface with surface steps for the single crystal.

Fig. 3. Nanomorphology and crystalline structure of MoS; films studied by high-resolution transmission electron microscopy and selected area electron diffraction
(insets). a) Nanocrystalline coating. b) Porous coating. ¢) CVD-grown 2H-MoS; single crystal investigated along the [2110] zone axis with included crystal structure
model. The structure of the coatings differs strongly from a perfect single crystal.

layers of the MoS; sheets is comparable to the size of the nanocrystals in
Fig. 3a. The length of the crystallites is determined by their respective
orientation and competitive growth. In the corresponding SAED pattern,
a preferred orientation is apparent as distinct peaks with higher intensity
are clearly observable on top of continuous diffraction rings with lower
intensity. The {0002} peaks correspond to the edge-on orientation of the
MoS; sheets, which is also apparent in the HRTEM image in Fig. 3b. In
contrast, the diffraction spots on the {0110} diffraction ring stem from
similar crystallites, albeit projected along the [0001] zone axis. Both
observations are in agreement with a prismatic texture of the coating.

Table 3

Depending on the local orientation of the crystallites in the plane of the
film, the {0002} basal planes appear in edge-on or in-plane orientation.
The 34.4° angular range of the (0002) peak in the SAED pattern in-
dicates that the crystallites are oriented between + 17.2° from the sur-
face normal. Fig. 3c shows the cross-section of the CVD single crystal
oriented along [2110] zone axis (see SAED pattern inset). The MoS;
planes are well aligned, maintaining perfect 2H-MoS, geometry except
for the presence of few dislocations, which is in good agreement with
microstructure (i) from the introduction.

Indexing of the experimentally acquired SAED patterns in Fig. 3 is

Experimentally determined reciprocal lattice spacings from the SAED patterns and expected values (COD ID 9009144) given in AL

Lattice plane Nanocrystalline coating

Porous coating

Single crystal Database “COD ID 9009144"

{0002} 0.159 + 0.001 0.160 + 0.001 0.162 + 0.001 0.1627
{0110} 0.379 £ 0.002 0.382 £ 0.001 0.371 £ 0.001 0.3654
After deformation

{0002} 0.157 + 0.001 0.166 + 0.002 - 0.1627
{0110} 0.375 + 0.001 0.379 + 0.001 - 0.3654
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Fig. 4. Microstructural HRTEM and SAED investigations after short wear testing. a-d) Nanocrystalline coating. e-h) Porous coating. After tribological testing, the
nanocrystalline and porous coatings are reoriented into a predominantly basal texture.

performed by a comparison to the expected positions of the diffraction
spots of 2H-MoS; (using database COD ID 9009144) [26] provided in
Table 3. A more detailed indexing of the SAED patterns is given in the
supplementary information. The radii of the two innermost rings in
Fig. 3a-b match the reciprocal lattice spacing for (0002) and (0110).
(0002) being the basal plane of MoS,, the aforementioned preferred
orientation of the porous coating corresponds to a prismatic texture. The
texture change after tribological testing is addressed in the next section.

3.3. Microstructure after macroscopic wear testing in vacuum

The microstructural TEM characterization after short wear testing of
the nanocrystalline coatings is shown in Fig. 4a-d. The mechanical
loading resulted in the formation of a texture. Compared to Fig. 3a, the
basal planes (see Fig. 4b) show a more uniform orientation, which is
roughly parallel to the surface. The small inclination arises from the off-

center position of the FIB lift-out within the curved wear track. The
reorientation extends deep into the coating, as evidenced by Fig. 4c. This
conclusion is also supported by the SAED inset, where the intensities in
the first and second ring, corresponding to (0002) and (0110), have
clearly changed to a stronger texture with highly localized ring frag-
ments (compare to Fig. 3). The texture can still be recognized close to the
substrate in Fig. 4d, but is less pronounced than near the surface. This
effect is evidenced by the increase in angular range of the (0002) ring
fragment in the SAED patterns, from +19.3° at subsurface to + 20.4° in
the center of the coating and to + 40.4° close to the substrate. This
shows that the preferred orientation of the MoS; sheets is progressively
weakening in deeper coating areas.

An overview TEM micrograph of the initially porous coating in worn
state is shown in Fig. 4e, where the positions of the HRTEM and SAED
measurements of Fig. 4f-h are indicated. The horizontal artefact, as well
as the vertical curtaining, originate from FIB milling and should be

Fig. 5. Porosity evolution in the porous coating in HAADF-STEM contrast. a) Initial state prior to tribological loading. b) Upper part of the lamella after short
tribological loading. ¢) Middle part of the lamella after short tribological loading. The porous coating shows significant compaction after tribological testing.
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disregarded. Similar to the polycrystalline coating, Fig. 4f as well as
Fig. 4g show significant reorientation after short wear testing. MoSy
crystallites in vertical orientation cannot be found anymore in the
deformed state. Instead, the microstructure is rearranged to a basal
texture with strong character in the upper part of the lamella and with a
weaker character 600 nm below the coating surface. Near the substrate,
a preferred orientation is almost completely lacking (Fig. 4h). The
angular range of +21.7°, 25.28° and 33.43° for the subsurface, center
and substrate-near areas evidence an increasing misorientation deeper
into the coating, analogous to the nanocrystalline coating. Note that due
to the larger thickness of the TEM lamella in the deeper investigated
area, the electron beam travels through a thicker layer, which leads to a
lesser crystallinity in Fig. 4g-h, due to more diffuse and inelastic scat-
tering intensities in the HRTEM images and SAED patterns.

The residual porosity after tribological loading in the vertically
textured coating is evaluated from Fig. 5. The HAADF-STEM contrast
shows high intensity where atoms with high atomic number (Z contrast)
are located and low intensity where either atoms with lower atomic
number or fewer atoms are located. Therefore, the intensity distribution
in HAADF-STEM imaging is thickness dependent and the contrast can be
used to identify pores. The pores with an approximately ellipsoidal
shape (Fig. 5a) have a size of 12 nm x 50 nm in the initial state of the
coating, which is effectively reduced after short tribological loading to 2
nm x 5 nm. This is the case for both the surface-near area (Fig. 5b) and
below (Fig. 5c). The vertical crystallites are reoriented, stacked and
compacted by the wear process. Additionally, the pores are reshaped to
elongated horizontal voids in-between compacted crystallites.

For both coatings, an approximately 20 nm thick amorphous surface
layer is identified, which could be a result of multiple effects, such as
surface damage from wear testing, the reincorporation of wear debris,
surface damage from FIB milling or a combination of these.

3.4. Nanomechanical wear testing at different contact pressures in
ambient air

The results from the nanomechanical sliding wear tests are depicted
in Fig. 6 for increasing Hertzian contact pressures: 1.42 GPa (Fig. 6a)
and 3.06 GPa (Fig. 6b). The tests on the single crystalline sample show
no significant wear rate at all over the whole course of the experiment at
1.42 GPa. By increasing the pressure to 3.06 GPa, this trend changes.
There is a significant amount of volume loss during the first 1000 cycles.
During the next 1000 cycles, the worn volume decreases dramatically
and remains negligible after 3000 cycles. The porous and nanocrystal-
line samples follow similar global trends at a pressure of 3.06 GPa, with
an initial transient associated with a high wear coefficient and a follow-

1.42 GPa ]

—e— Porous coating
Nanocrystalline coating|[ ]
—a— Single crystal .

[S )
o
o
T
QO
~

Incremental wear coefficient / 10°® mm3/Nm
S
o

Cycles / 10?
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up steady-state phase associated with lower values. This initial transient
is visible for the porous coating at a Hertzian pressure of 1.42 GPa, but
the nanocrystalline coating hardly shows any initial transient. A pro-
nounced initial transient is identified on the nanocrystalline coating at
3.06 GPa. The wear ultimately becomes negligible after 3000 to 4000
cycles. The porous coating shows an overall higher wear coefficient at a
contact pressure of 1.42 GPa, especially under a steady-state phase
lasting until the interruption of the test. At 3.06 GPa, the steady-state
sets in as fast as the nanocrystalline coating and the wear coefficient
decreases to values as low as with the single crystal. Some datapoints
represent negative wear rates, which means that volume is introduced
into the system. This artefact can be traced back to wear debris being
pushed into the track during profiling. One representative residual wear
track on each sample is shown in Fig. 7. The wear tracks in the figures
should be compared to the cumulative wear volume measured
throughout the test.

The nanocrystalline coating is associated to the strongest formation
of wear debris (Fig. 7a) under a Hertzian contact pressure of 1.42 GPa.
The dark contrast in the image corresponds to surface contamination or
oxidation, since the coating was exposed to ambient air for several days
during and after wear testing. The track on the porous sample (Fig. 7b) is
much wider than those of the single crystal and the nanocrystalline
coating. The wear track on the single crystal (Fig. 7c) shows a very
smooth surface with little deformation and no significant wear debris.

By increasing the contact pressure to 3.06 GPa on the nanocrystalline
coating, a large amount of wear debris formed, which are separated from
the wear track by up to 20 pm (Fig. 7d). Furthermore, in the center of the
track an inhomogeneity of the tribological film is visible, where only a
thin lubrication layer remains on the substrate. The porous coating
shows a larger track width, resulting from a deeper indentation (Fig. 7e).
The single crystal shows a deformed wear track with pile-ups at both
sliding direction ends (Fig. 7f). Overall, the largest volume of coating is
lost during wear on the porous coating, despite the fact that only a low
amount of wear debris has formed, hinting at a different abrasion
behavior than for the other samples.

Cross-sections of the wear tracks are provided in Fig. 8. As the wear
tracks are several micrometers wide, only the center of the track is
shown in the cross-sectional views. For the nanocrystalline sample
(Fig. 8a), the surface of the wear track appears to be very smooth and a
clear residual indent is observable for a contact pressure of 1.42 GPa.
The porous coating shows a strongly densified surface-near region
(Fig. 8b,e). This area extends further through the coating as the contact
pressure is increased. The surface of the wear track is rougher compared
to the tests on the single crystal. For the single crystal no significant
abrasion is observable for testing at 1.42 GPa (Fig. 8c) and a small
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£ 600 b) 3.06 GPa ]
€ 500 b —e— Porous coating ]
18 I Nanocrystalline coating| ]
=400 —a— Single crystal a
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Fig. 6. Incremental wear coefficient from nanomechanical wear testing in ambient air. a) Testing at a Hertzian contact pressure of 1.42 GPa. b) Testing at a Hertzian
contact pressure of 3.06 GPa. After initial transition, the samples reach a steady-state.
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Single crystal

Fig. 7. Representative residual wear tracks after nanomechanical wear testing. a-c) Tests at Hertzian contact pressures of 1.42 GPa. d-f) Tests at Hertzian contact
pressures of 3.06 GPa.The width of the residual wear track is a direct measure for the extruded volume, since the width is determined by the indentation of the

spherical counterbody. Note the different scale in c) and d).

Nanocrystalline coating

Porous coating

Single crystal

Fig. 8. FIB milled cross-sections of the residual coating thickness below the wear tracks. View direction is parallel to the sliding direction. a-c) Tests at Hertzian
contact pressures of 1.42 GPa. d-f) Tests at Hertzian contact pressures of 3.06 GPa. The nanocrystalline coating shows a dense and homogenous lubrication layer,

while the porous coating shows contact pressure dependent compaction.

residual indent is present at a Hertzian pressure of 3.06 GPa (Fig. 8f). As
the contact pressure increases (Fig. 8d), the nanocrystalline coating is
almost entirely removed, with only a very thin residual coating
remaining at the substrate interface. Note that the indentation depth
after testing at 3.06 GPa is about the same (~1 pm) for the nano-
crystalline and the porous coating, while the initial coating thickness for
the porous coating (2.4 pm) was higher than for the nanocrystalline
coating (1.2 pm).

4. Discussion
4.1. Porosity

The coating deposited under industrial conditions is characterized by
its porosity. In the initial state, pores are present as vertical, interden-

dritic voids. They result from the dendritic growth of MoS,, which itself
originates from: (i) faster growth of MoS crystallites within their basal

(0001) plane, compared to the out-of-plane direction [0001] [31], and
(ii) branching of the crystallites, due to unobstructed growth in
non-horizontal directions [14]. This branching behavior is not found in
our nanocrystalline coatings because of the shorter target-to-substrate
distance during deposition: due to their higher kinetic energy, the
incoming atoms would destroy any protruding dendrite in formation
when hitting the sample surface [34,35]. At lower kinetic energy, the
protruding dendrites lead to shadowing during sputter coating and
result in voids being embedded within the dendrite cores.

4.2. Compaction

From the pre- and post-wear test TEM imaging, a compaction effect is
clearly evidenced for the porous coating. Little MoS, material is lost
during this process, as evidenced by the near absence of debris in Fig. 7b,
e. This means that the original amount of solid lubricant is preserved for
follow-up operations. As will be shown below, this compaction plays a
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major role in the tribological behavior of these films. It is also worth
mentioning that the filling process of the pores is not yet fully completed
after 1000 cycles (ball-on-disk testing at 1.17 GPa), since small residual
pores are still visible in the cross-sections, see Fig. 5.

Nanocrystalline films deposited under more ideal laboratory condi-
tions are not affected by the compaction, because they are dense from
the onset.

4.3. Structural reorientation

Both investigated MoS; coatings show a significant reorientation
after short wear testing. The initial random orientation of the nano-
crystalline coating is turned into a basal texture during tribological
loading. Similar reorientation under tribological loading has been
observed in Refs. [13,22,23,36-39]. The process is assisted by the easy
glide of MoS; sheets with respect to each other. This reorientation cor-
responds to a self-optimization of the coating, as the basal texture cor-
responds to the lowest energy configuration [40] (fewer random high
angle grain boundaries). A similar process is at play in the porous
coating, albeit to a lesser extent. Here, it is likely that the initially ver-
tical MoS; crystallites break apart under the applied stress and that the
resulting products are stacked together to fill the existing voids. During
this process, the energy minimization driving force is in competition
with the existing geometry of the voids to be filled. This likely explains
why the reorientation yields an imperfect basal texture, see Figs. 5 and
4b,f.

Compared to literature, the experiments in this research are very
short. A previous study on a similar porous coating showed a decrease in
friction over the first 14300 cycles [21] during ball-on-disk tests, hinting
that the reorientation process might not yet be fully completed here.

The reorientation appears to initiate from the surface and extend
progressively towards the substrate. It cannot be a consequence of the
Hertzian stress, which is roughly constant throughout the coating
thickness while the shear stress maximum is located well below (ca. 30
pm for steel on steel contact with v = 0.3 [41]). This points at contact
friction being the likeliest trigger of the reorientation process.

4.4. Apparent wear rate

The porous coating experiences a higher apparent wear rate than its
dense counterparts at a low contact pressure, see Fig. 6a. This is likely a
result of the compaction process. The indentation of the counterbody is
not solely due to material removal during the wear process, but also to
the collapse of pores beneath it, leading to the compaction of the
coating. Its contribution to apparent wear can be assessed by comparing
the cross-sections and residual depths of the porous (178 nm + 8 nm)
and fully dense nanocrystalline (45 nm + 15 nm) coatings after 1000
cycles under a contact pressure of 1.42 GPa. Assuming that abrasion
takes place to the same extent, the difference of 132 nm, i.e 74 %, should
be attributed to compaction.

The higher apparent wear value is only found at low pressures. This
is likely due to the contact-pressure dependent progress of compaction.
As seen in Fig. 8, the compacted zone does not extend through the whole
coating thickness until the high-stress regime. When this is the case, we
presume that more material is transformed into a low-friction configu-
ration, which could explain why the corresponding wear rates approach
the performance of dense coatings, both here and during macroscopic
testing [21].

4.5. Influence of pile-up behavior

The magnitude of the abrasion behavior can be assessed from the
pile-up formed at the edges of the wear tracks, see Fig. 7. While the
single crystalline sample and the nanocrystalline coating form pile-ups,
the porous coating allows the counterbody to sink into to the coating
surface. Intrinsically, pile-ups increase the contact area between the

Wear 500-501 (2022) 204339

lubricant and the counterbody, leading to higher friction, which is
detrimental to the wear performance. However, the sink-in behavior of
the porous coating allows the counterbody to penetrate much deeper
into the coating, which leads to a higher contact area as well, but
effectively hinders wear debris formation. Note that the pile-up forma-
tion at the end of the wear tracks caused by the repetitive linear motion
of the counterbody would not occur under circular motion, e.g. ball-on-
disk testing. There, debris could be reincorporated (with the exception
of lateral pile-ups). Therefore, pile-up formation in dense coatings is not
critically detrimental to the wear behavior but still remains a high-
friction configuration.

4.6. Influence of oxygen

Since the microscale wear experiments were performed in ambient
air, a certain oxidation contribution to the wear behavior is expected for
all samples. The presence of oxygen is usually believed to increase
friction and lower the lubrication performance of MoS; solid lubricant
coatings due to MoOj3 formation [38,42]. The oxidation is expected to be
more pronounced and hinders easy shear when multiple basal edge sites
are exposed [6,43]. From the active sites model [6,44], the bulk single
crystal investigated here is hardly expected to suffer from oxidation
because of its basal surface orientation. For the nanocrystalline coating,
the random crystal orientation offers only few oxygen adsorption sites,
which are effectively transformed to a less reactive state by the reor-
ientation process. For the porous coating, the expectation is that a large
reactive surface area is exposed to the ambient air because of the open
porosity. Regardless, the effect of oxidation is obvious for the frictional
behavior, but is likely to play only a minor role in the microstructural
evolution, since porosity is closed via compaction as soon as the test is
started. The follow-up reorientation of the crystal structure to a basal
texture protects the coating from further oxidation.

4.7. Deformation models

Our observations can be summarized with the sketches shown in
Fig. 9.

For an inherently dense coating, the material removal processes are
mostly limited to abrasion and plastic deformation, producing large
amounts of wear debris, forming pile-ups and compacting them at either
end of the sliding track. Most of the accumulating deformation takes
place during an initial transient, see Fig. 6. Furthermore, a reorientation
of the underlying lubrication layer sets in, which ultimately results in a
lower wear rate during steady-state deformation.

For porous coatings, the transition is dominated by compaction and
less material is removed, which leads to lower wear debris formation
and an effective sink-in of the counterbody. We believe that after tran-
sition, the combination of reduced wear rate and the reincorporation of
wear debris particles leads to a steady state characterized by a low wear
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Fig. 9. Schematic representation of the compaction and reorientation behavior
of a) inherently dense and b) porous, vertically oriented coatings after short
tribological testing. Nanocrystalline coatings are worn by abrasive processes,
where porous coatings show significant compaction. Both types of coatings
reorient into a low-friction basal-textured state.
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rate. Therefore, porous coatings may be suitable for tribological appli-
cations, provided a proper running-in process is executed. The coatings
could for instance be deposited to a larger thickness and pre-compacted
prior to the application. In this way, porous coatings deposited under
industrial conditions could achieve a lifetime equivalent to denser pro-
totype specimens.

5. Conclusions
The following conclusions can be drawn from the investigations:

I. The wear behavior of sputter-deposited MoS; coatings can be
divided into an initial transition (running-in stage) showing a
high wear rate, structural reorientation and compaction and a
steady state stage with constant, low wear rate.

II. During transition, prismatic-textured MoS, coatings undergo a
structural reorientation into a basal-textured, low-friction
configuration.

III. High porosity coatings are significantly compacted during tran-
sition and show a comparable wear rate as inherently dense
coatings after completed compaction and reorientation.

IV. To achieve low wear rates on porous coatings, a high load is
necessary to reach a high stress regime, where a low-friction
orientation is predominant.

V. Nanocrystalline as well as porous MoS; coatings, resulting from
laboratory-scale and industrial-scale deposition, show a rapid
decay of the apparent wear rate down to values comparable with
a basal-oriented single crystalline MoS, sample.

VI. The high wear volume during transition can be attributed to
material abrasion from the surface for coatings with low porosity
and to compaction processes for high porosity coatings.

VII. Porous coatings allow the counterbody to sink into the coating,
preventing wear debris formation and resulting in increase in
friction.
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