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shear-induced structural changes occurring in rare-earth-element-
containing a-C films is still elusive, even in the absence of any
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HiPIMS on silicon was evaluated in open air and at room
temperature. The load-dependent friction measurements indicated
that the introduction of Gd ((2.3 + 0.1) at.%) and Eu ((2.4 + 0.1)
at.%) into the a-C matrix results in a significant reduction of the shear strength of the sliding interfaces ((41 & 2) MPa for a-C, (16 +
1) MPa for a-C:Gd, 5 ..o, and (11 + 2) MPa for a-C:Eu, 4 ,.«). NEXAFS spectromicroscopy experiments provided evidence that no
stress-assisted sp*-to-sp” rehybridization of carbon atoms was induced by the sliding process in the near-surface region of undoped a-
C, while the amount of sp>-bonded carbon progressively increased in a-C:Gd, 3 .5, and a-C:Eu, 4 ..o upon increasing the applied
normal load in tribological tests. The formation of an sp>-bonded carbon-rich surface layer in a-C:Gd, 5 .5 and a-C:Eu, 4 o5 films
was not only proposed to be the origin for the reduced duration of the running-in period in tribological test, but was also postulated
to induce shear localization within the sp*-carbon-rich layer and transfer film formation on the countersurface, thus decreasing the
interfacial shear strength. These findings open the path for the use of Gd- and Eu-containing a-C even under critical conditions for
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nearly hydrogen-free a-C films (i.e., humid air).
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1. INTRODUCTION

Amorphous carbon-based (a-C) materials, also referred to as
diamond-like carbons (DLCs), have attracted considerable
scientific and technological interest in the last decades owing
to their unique mechanical properties (e.g., high strength, high
wear resistance, low adhesion, and low friction)."”” This has
resulted in their use in a variety of applications, including as
solid lubricating coatings for automotive’ and aerospace”
components, coatings for machining tools,” overcoat films for
hard disks,” and even as thin films on high-aspect-ratio
features, such as atomic force microscope (AFM) probes.”
Although DLCs have been employed with success in several
sectors, their wider use has been constrained by critical
challenges. For example, hydrogenated amorphous carbon (a-
C:H) films, which contain a significant fraction of hydrogen
and sp>hybridized carbon atoms, exhibit limited thermal
stability as they rapidly degrade at temperatures above 150
°C*” and show an increase in friction with increasing relative
humidity,"*'"'" which is attributed to the surface adsorption
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of oxygen and/or water.'”'" As another example, tetrahedral

amorphous carbon (ta-C) films, which contain a high fraction
of sp>-bonded carbon atoms and are hydrogen-free ([H] < §
at. %),'” show a high friction and wear response in vacuum and
dry environments' as a result of the generation of strong C—C
covalent bonds at the sliding interface following the removal of
passivating species.”” While a reduction of friction and wear
for ta-C was reported to occur upon introducing gaseous
species in the environment that can dissociatively adsorb on
the ta-C surface and saturate dangling bonds,"**° the friction
response in ambient conditions is still significantly higher than
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the response of a-C:H in dry or vacuum conditions. Notably,
molecular dynamics (MD) simulations combined with near-
edge X-ray absorption fine structure (NEXAFS) spectroscopy
analyses provided further insights into the phenomena
occurring at ta-C/ta-C sliding interfaces’’ and demonstrated
that surface passivation is not the only physicochemical process
taking place in the presence of reactive gas species (e.g., water
molecules): The removal of passivating species at colliding
nanoscale asperities leads to the stress-induced formation of an
amorphous carbon (a-C) layer with a higher fraction of carbon
atoms in sp’ hybridization. As sliding proceeds, shear
localization occurs within the a-C layer, and surface passivation
(through the dissociative reaction of gaseous species) takes
place once asperities separate.

To overcome the shortcomings of a-C:H and ta-C materials,
deposition processing methods have been modified to
introduce dopants and alloying elements into the a-C
matrix.””> For example, coatings made of hydrogenated
amorphous carbon containing silicon and oxygen have
attracted considerable attention owing to their low residual
stress (typically <1 GPa),* higher thermal®* ™ and thermo-
oxidative”* stability than undoped a-C:H, as well as low friction
and wear response across a broader range of conditions and
environments in comparison to a-C:H and ta-C films.*
Recently, Mangolini et al. evaluated the tribological response of
hydrogenated amorphous carbon ([H] = (34 + 1) at.%))
containing silicon and oxygen ([Si] = (6 £ 1) at.%; [O] = (3
1) at.%) sliding against steel under different environmental
conditions, from high vacuum to high hydrogen and oxygen
gas pressure.””*’ The correlation of the friction and wear
results with the outcomes of imaging NEXAFS measurements
indicated that the tribological behavior of the coating is
influenced by its gas-pressure-dependent surface termination.
While surface termination was strongly dependent on the
nature of the gaseous environments (i.e., hydrogen vs oxygen)
in which the sliding experiments were performed, the NEXAFS
data also demonstrated the stress-induced sp*-to-sp® rehybrid-
ization of carbon atoms in the near-surface region.

While most published studies focused on doping and/or
alloying a-C coatings with metals or metalloids,”* doping a-C
films with rare-earth elements*'~*° and rare-earth oxides"**’
has only recently been explored. As one example, Omiya et
al,* Sadeghi et al,® and Shaikh et al.** evaluated the
tribological properties of gadolinium (Gd)- and europium
(Eu)-alloyed a-C films deposited by high power impulse
magnetron sputtering (HiPIMS) in the presence of synthetic
oil containing a class of promising additives for transmission
fluids, namely phosphonium phosphate ionic liquids.***’ The
results of tribological experiments and scanning electron
microscopy-energy dispersive spectroscopy (SEM-EDS) meas-
urements indicated that only the introduction of Gd in the a-C
matrix favors the formation of a transfer layer on the steel
counterbody that enhances the generation and adhesion of a
lubricious and antiwear boundary layer (i.e., tribofilm) from
the lubricant additives.”” As another example, Meng et al.
investigated the effect of the introduction of lanthanum (La) in
DLC films grown by magnetron sputtering on the resulting
mechanical, tribological, and wetting properties.** The
experimental results indicated that the presence of small
amounts of La (~7 at. %) in DLC lowers the residual stress in
the coating, while reducing the film hardness and elastic
modulus. Notably, the authors also indicated that La atoms
catalyze the generation and ordering of sp*-bonded carbon.

Despite the relevance of these studies, our understanding of
the shear-induced structural changes occurring in Eu- and Gd-
containing a-C films is still elusive, particularly in the absence
of any liquid lubricants. The present work aims to fill this
knowledge gap by evaluating the normal-pressure-dependent
friction response of Eu- and Gd-containing a-C films and
correlating it with the changes occurring in the near-surface
region of the coatings by performing NEXAFS spectromicro-
Scopy measurements.

2. MATERIALS AND METHODS

2.1. Deposition of Eu- and Gd-Containing DLC
Coatings. The deposition of Eu- and Gd-containing a-C
coatings was performed by high-power impulse magnetron
sputtering (HiPIMS) using a deep oscillation magnetron
sputtering (DOMS) power supply (HiPIMS Cyprium plasma
generator, Zpulser Inc.), as recently described in ref 42. Briefly,
the deposition chamber is equipped with a pure graphite target
(99.95%) as well as a chromium target, which was used to
deposit an adhesion layer. The graphite target was employed to
grow pure a-C films. To obtain Eu- and Gd-containing a-C
films, circular Gd and Eu pellets (diameter: 10 mm; depth: 2
mm) were glued onto the graphite target. The number of
pellets was varied to systematically fine-tune the concentration
of Eu and Gd in the films. During the deposition process, the
substrate and target were maintained at a distance of 80 mm.
The growth procedure included three steps: (i) substrate and
target etching with argon, (ii) deposition of an adhesion
interlayer (7400 nm thick), and (iii) growth of the a-C films.
In this study, a-C coatings with an Eu and Gd content of]
respectively, (2.4 + 0.1) at.% and (2.3 + 0.1) at.% (determined
by Rutherford backscattering spectrometry (RBS)) and a
thickness of (1.7 + 0.1) um were grown on silicon wafers. The
hydrogen content in the films (determined by Rutherford
backscattering spectrometry (RBS) and elastic recoil detection
(ERD)) was found to be extremely low (between 3 and 6 at.
%, with an uncertainty of +3 at. % for the hydrogen
concentration from RBS/ERD measurements).

2.2. Methods. Reciprocating ball-on-flat experiments were
performed by using a Bruker UMT TriboLab (Bruker, USA).
The flat silicon substrates (10X 10 mm) were coated with Eu-
or Gd-containing a-C films, while the spherical countersurfaces
(diameter: 4 mm) were made of 52100 steel. The applied
normal load was varied between 1 N (average contact pressure
as low as 0.49 GPa) and S N (average contact pressure as high
as 1.3 GPa), while the stroke length and sliding speed were 2
mm and 1 mm s, respectively. All tests were carried out in
open air (relative humidity: 35—55%) at room temperature
((22 = 3) °C). At the end of sliding experiments, the samples
were stored in desiccators before being analyzed.

Nanoindentation measurements were performed in air and
at room temperature using a Hysitron Triboindenter TT 950
instrument (Hysitron, Bruker, USA). The indenter was
operated in a load-controlled indentation mode with partial
cycling (up to 8 mN, initial force of 20 uN) to assess the in-
depth mechanical properties of the films. Fused silica samples
were used before each set of experiments to ensure that the
shape factor of the Berkovich diamond indenter was properly
calibrated. The reduced elastic modulus (E*) and hardness
(H) were calculated using the Oliver—Pharr method.*”

Near-edge X-ray absorption fine structure (NEXAFS)
spectromicroscopy measurements were performed at the
National Synchrotron Light Source II (NSLS-II, Brookhaven
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National Laboratory, USA) at beamline 7-ID-1 (SST-1). The
full-field spectromicroscope (known as the Large Area Rapid
Imaging Analytical Tool, LARIAT, Synchrotron Research Inc.,
Melbourne Beach, FL, USA) allows for the acquisition of X-ray
absorption imaging data with a 13 mm X 18 mm field of view
and a lateral resolution of ~50 um.*"** In the present work,
carbon K-edge NEXAFS data were acquired in partial electron
yield (PEY) mode at a photon energy between 270 and 330
eV. NEXAFS image stacks were processed using LDF software
(Synchrotron Research Inc., Melbourne Beach, FL, USA). The
processing procedure included normalization of NEXAFS data
to the drain current simultaneously measured by a clean Au-
coated mesh upstream of the endstation, followed by
normalization to the pre-edge spectral intensity. To ensure
that variations in spectral intensity are only caused by changes
in carbon bonding environment and are not dependent on the
number density of absorbing atoms, a post-edge intensity
normalization was finally performed.

The quantification of the fraction of sp>-bonded carbon ( 1 o

) was carried out following the procedure described in refs 53
and 54, which relies on the areas of the C 1s — z* and C 1s —
o* signals for the sample under investigation and a reference
sample:

*
Y

sample Iref(AE)
Isample(AE) Irzr (1)

[ =

Sp

where I3, . and I5; are the areas of the C 1s — 7* peaks for,

respectively, the sample and the reference, while Isample(AE)
and L. (AE) are the integrated intensity (between 288.6 and
320 eV) for, respectively, the sample and the reference. In the
present work, reference carbon K-edge spectra were collected
on freshly cleaved highly ordered pyrolytic graphite (HOPG,
grade 2, SPI Supplies, West Chester, PA, USA) (100% sp*-
bonded carbon) following the procedure described in refs 53,
54, and 5S.

Scanning electron microscopy (SEM) and energy-dispersive
spectroscopy (EDS) analyses were carried out with a Tescan
Vega 3 microscope (Tescan, Czech Republic) equipped with a
Bruker EDS XFlash detector 630 M (Bruker, USA). EDS
element mapping was acquired at a working distance of 15 mm
and with a beam energy of 2.5 kV.

The surface composition of the coatings was determined by
X-ray photoelectron spectroscopy (XPS). XPS analyses were
performed using a VersaProbe IV XPS instrument (ULVAC-
PHI, USA) operating at a base pressure below 1 X 107 Torr.
The spectrometer was calibrated following the ISO
15472:2001 standard with an accuracy of +0.1 eV. Spectra
were acquired using a monochromatized Al Ka X-ray source
with an X-ray beam of 100 pm at three different emission
angles (0°, 45°, and 60°). Survey spectra were collected with a
pass energy of 140 eV, while high-resolution spectra were
acquired with a pass energy of 27 eV and a step size of 0.1 eV
(full-width-at-half maximum (fwhm) of the Ag 3ds, peak
equal to 0.55 eV). Data processing was carried out using
CasaXPS (version 2.3.25, Casa Software Ltd, UK) and
included background subtraction (performed using an iterated
Shirley-Sherwood algorithm) prior to peak fitting. Quantitative
analysis of the surface composition was performed using the
method described in refs 56 and 57.

3. RESULTS AND DISCUSSION

Nanoindentation measurements were performed to evaluate
the depth dependence of the mechanical properties of as-
deposited Eu- and Gd-containing a-C films. Figure la,c
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Figure 1. (a) Reduced elastic modulus and (c) hardness as a function
of depth for as-deposited a-C, a-C:Gd, 3 oy and a-C:Eu,, .o films.
The average reduced elastic moduli and hardness computed
considering an indentation depth range that allows for mitigating
potential artifacts originating from surface roughness and substrate

effects are displayed in (b) and (d).

respectively show the reduced elastic modulus (E*) and
hardness (H) as a function of depth from the sample surface,
where the first measured contact depth for the initial load of 20
#N is 11 nm for a-C, 50 nm for a-C:Gd, 5 .4, and 62 nm for a-
C:Eu, 4 4. Figure 1b,d display the average values of E* and H
computed considering an indentation depth range (between 60
and 90 nm for a-C films and between 125 and 150 nm for Eu-
and Gd-containing a-C films) that allows for mitigating
potential artifacts originating from surface roughness (note:
the average roughness was between 2 and 4 nm for the as-
deposited coatings as measured by AFM over a 2 ym X 2 pm
area) and substrate effects. Assuming a Poisson’s ratio of 0.2
for the a-C films*® as well as an elastic modulus and a Poisson’s
ratio of, respectively, 1141 GPa and 0.07 for the indenter,” the
elastic moduli were (308 + 13) GPa for a-C, (241 + 15) GPa
for a-C:Gd, 5 o and (143 £ 6) GPa for a-C:Eu,, o
Notably, the elastic modulus and hardness values for undoped
a-C agree well with the values reported by Ohtake et al. for
undoped DLC films grown using physical vapor deposition
(PVD) processes.'” The introduction of Eu and Gd in the a-C
matrix did not only result in a significant decrease in both
elastic modulus (—22% for a-C:Gd,; ;oo and —49% for a-
C:Eu,, ,.) and hardness (—59% for a-C:Gd, 5 ..o and —63%
for a-C:Eu, 4 ,o;) relative to undoped a-C, but also lead to the
presence of an extended near-surface layer with reduced
nanomechanical properties. The decrease in nanomechanical
properties of DLC upon alloying it with Eu and Gd is in
agreement with the results reported by Meng et al,** which
indicated a reduction in DLC hardness (~ —19%) and elastic
modulus (~ —20%) upon introducing small amounts of La
(~7 at. %) into the a-C matrix.

The origin for the extended near-surface layer with reduced
nanomechanical properties in a-C:Eu,, .., and a-C:Gd, 5 is
attributed to the surface enrichment in alloying elements in the
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coatings since, as indicated by X-ray photoelectron spectros-
copy (XPS) analyses (see XPS high-resolution spectra in
Figure S1), the outermost region of the coatings is enriched in
alloying elements ([C]/[Eu] = 14.4 in a-C:Eu, 4 . and [C]/
[Gd] = 14.1 in a-C:Gd,; from XPS data acquired at an
emission angle of 45°) compared to the bulk of the films ([C]/
[Eu] = 39.4 in a-C:Eu, 4 ;. and [C]/[Gd] = 39.9 in a-C:Gd, 5
as determined by Rutherford backscattering spectrometry—a
bulk-sensitive technique). This finding agrees well with the
progressive reduction in nanomechanical properties of rare-
earth-containing a-C films with the content of the alloying
element recently reported by Tillmann et al.*

Reciprocating ball-on-flat (52100 steel balls-on-silicon
wafers coated with a-C films) experiments were performed in
open air (relative humidity: 35—55%) at room temperature
((22 £ 3) °C) at different applied normal loads (from 1 to §
N). Figure 2a displays an example of the evolution of the
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Figure 2. (a) Coefficient of friction as a function of sliding cycles
measured during reciprocating ball-on-flat tests carried out in open air
(relative humidity: 35—55%) at room temperature ((22 + 3) °C)
using silicon wafers coated with a-C films (flat) and 52100 steel
counterparts (spheres). (b) Steady-state coefficient of friction
(computed considering the last 20 cycles) as a function of the
inverse Hertzian contact pressure. The linear regression of the
experimental data using eq 3 allowed for the computation of the
interfacial shear strength (z,) for the three coatings. The inset of (b)
displays the variation of the steady-state coeflicient of friction with the
applied normal load (L). The steady-state CoF values shown in the
inset were fitted using eq 2, thus allowing for the computation of the
power-law coefficient (n).

coefficient of friction (CoF) as a function of sliding cycles for
a-C, a-C:Gd, 3 ,c¢» and a-C:Eu,y .4 films under an applied
normal load of S N. While in the case of a-C a distinct running-
in period was observed and a steady-state friction response was
only achieved after ~20 sliding cycles, in the case of a-C films
containing either Gd or Eu a steady-state response was
achieved after a short running-in (less than 10 cycles). The
difference in running-in behavior between the undoped and

doped a-C films can be ascribed to the initial roughness of the
contacting surfaces, which results in an increase in friction until
surface smoothening and conformity take place.”’ Owing to
the higher mechanical properties of the a-C film compared to
the ones of the doped a-C coatings, the initial transient in
friction is enhanced in the former. It is worth noticing that the
CoF of steel sliding against a-C in open air is in agreement
with previously published reports under similar contact
conditions.”> Notably, the steady-state CoF for Eu- and Gd-
containing a-C films was always lower than the one measured
in the experiments carried out with undoped a-C films.
Load-dependent friction measurements were performed to
evaluate changes in interfacial shear strength induced by the
introduction of Eu or Gd into the a-C matrix. The inset of
Figure 2b displays the variation of the steady-state CoF with
the applied normal load. As already reported for other solid
lubricant coatin§s (e.g., DLCs, molybdenum disulfide, tungsten
disulﬁde),33’63_ S a non-Amontonian friction behavior, ie., a
decrease in the CoF with the normal load, was observed for a-
C, a-C:Gd, 3 ;.4 and a-C:Eu, 4 , o films. This behavior can be
explained considering the Hertzian model for an elastic sphere-
on-flat contact,®” according to which the friction coefficient has
a power-law dependence on the applied load (i o L™'/3, eq 2):

( 3R )2/ P
u=tzl—| L3i+a
4E (2)
where 7, is the interfacial shear strength, R the sphere radius,
E* the reduced elastic modulus, and « the pressure-dependent
coefficient of the shear strength. To compute the normal load
dependence of the CoF for the films deposited in the present
study, the steady-state CoF values shown in the inset of Figure
2b were fitted using a power-law equation (¢ &« L™"). In all
cases, the power-law coefficient (n,.c = 0.31 £ 0.05; n,_c.cq =
0.35 + 0.06; n1,_c.g, = 0.32 £ 0.05) was in excellent agreement
with the one appearing in the elastic contact model (n = 1/3),
thus indicating that the Hertzian contact behavior accurately
describes the load-dependent friction response for a-C, a-
C:Gd, 3 1o and a-C:Eu, 4 4o films.

Performing sliding experiments at different normal loads also
allows for the evaluation of the interfacial shear strength (z,)
since the CoF is inversely Eroportional to the average Hertzian
contact pressure (P, ;39,63766

H = fo + a

Pmean (3)

Figure 2b displays the steady-state CoF as a function of the
inverse Hertzian pressure for the case of experiments carried
out with a-C, a-C:Gd, ; , o, and a-C:Eu, 4 , o films. The linear
regression of the experimental data allowed for the
computation of the interfacial shear strength for the three
coatings, which was found to be (41 & 2) MPa for a-C, (16 +
1) MPa for a-C:Gd, ; 5, and (11 & 2) MPa for a-C:Eu, 4 5
(the values of the fitting parameters, i, 7, and @, are also
reported in Table S1). The interfacial shear strength for a-C
films sliding against steel is in agreement with previously
reported values for DLC/sapphire (38 MPa) and DLC/steel
(36 MPa) contacts sliding in open air® as well as diamond/
diamond contacts sliding in water vapor (31—47 MPa) and
hydrogen gas (11—39 MPa).> It is worth noticing that the
interfacial shear strength for a-C films sliding against steel
computed in the present work is also favorably comparable
with the values obtained from atomistic simulations of self-
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mated H-passivated a-C:H contacts (between S0 and 100
MPa),*®* which suggests that the macroscale response of the
sliding contact is determined by the shear response of colliding
nanoscale asperities.

However, the interfacial shear strength values computed
from the experiments carried out with a-C:Gd,; .4 and a-
C:Eu, 4 4 films are significantly lower than those obtained in
experiments performed with a-C films and approach the values
measured for hydrogenated amorphous carbon under the most
environmentally favorable conditions, namely inert or dry
environments. As an example, Scharf et al. reported an
interfacial shear strength of 9 MPa for diamond-like nano-
composite sliding against silicon nitride in dry nitrogen,*
while Koshigan obtained an interfacial shear strength of (11 +
4) MPa in dry nitrogen and (13 + S) MPa in dry air for
hydrogenated amorphous carbon ([H] = (34 + 1) at.%))
containing silicon and oxygen ([Si] = (6 £ 1) at.%; [O] = (3 =
1) at.%) sliding against 52100 steel.”

Near-edge X-ray absorption fine structure (NEXAFS)
spectromicroscopy measurements were performed to gain
insights into the near-surface processes occurring on a-C, a-
C:Gd,; 49 and a-C:Eu,, .o films upon sliding. Figure 3a

(a)

Load:- IN_

Load:2.5 N

Partial Electron
Yield (A.u.)

Load:5N_

Figure 3. (a) Schematic of a typical specimen made of silicon wafer
and coated with amorphous carbon films (a-C, a-C:Gd, 3 ¢, OF a-
C:Eu, ). Three wear tracks were generated upon sliding a 52100 steel
sphere at different applied normal load (1, 2.5, and 5§ N); (b)—(d)
partial electron yield NEXAFS maps acquired at a photon energy of
((285.0 £ 0.2) eV) on a-C (b), a-C:Gd, ; 44 (c), and a-C:Eu, 4 4
films on which three tribological tests were performed at different
applied normal load (1, 2.5, and 5 N).

shows a schematic of a typical specimen on which multiple
tribological tests were performed at different applied normal
loads. Owing to the large field of view (i.e., 13 mm X 18 mm)
of the LARIAT full-field spectromicroscope,”*” different wear
tracks on a single specimen could simultaneously be imaged
during the acquisition of NEXAFS image stacks, i.e.,, NEXAFS
images collected while scanning the X-ray photon energy
across the absorption edge of interest (e.g., carbon K-edge).
Figure 3b—d display examples of NEXAFS C K-edge maps
acquired in partial electron yield mode at a photon energy of
(285.0 = 0.2) eV, which corresponds to the C 1s — #*
transition for sp? carbon—carbon (disordered) bonds.’”'
These maps enable the identification of the wear tracks and the
extraction of NEXAFS spectra from regions of interest (ROISs),
namely the contact (i.e., wear tracks) and non-contact regions.

Figure 4 displays pre- and post-edge normalized carbon K-
edge spectra extracted from the contact and non-contact
regions of a-C, a-C:Gd, 3, and a-C:Eu,, ., films (a
zoomed-in view of the absorption edge is provided on the
graphs on the right-hand side). The spectra are characterized
by a broad envelope between 287 and 320 eV originating from
the C 1s — o* transition for C—C ¢ (disordered) bonds.>>”!
Well-defined absorption features were detected at (285.0 +
0.2) eV, which corresponds to the C 1s — z* transition for

C=C 7 (disordered) bonds,*>”" and at (288.9 + 0.2) €V,
which corresponds to the C 1s — o™ transitions for carbon—
oxygen bonds.”””® The presence of carbonyl groups in the
probed volume slightly contributed to the spectral intensity
between 286.5 and 287.0 eV (due to the C 1s — z* transition
of C=0).>>"" Finally, a weak absorption feature was detected
at (287.0 + 0.2) eV and ori%inated from the C 1s — o*
transition for C—H bonds.*>”*”® Compared to the carbon K-
edge NEXAFS spectrum extracted from the non-contact region
of a-C the spectra obtained from the non-contact regions of a-
C:Gd,3 s and a-C:Euyy 9, are characterized by a more
intense feature assigned to the C ls — o¢* transitions for
carbon—oxygen bonds (at (288.9 + 0.2) eV). However, while
in the case of a-C, no significant differences were observed
between the spectra extracted from the wear tracks and the
spectrum from the non-contact region, in the case of a-
C:Gd, 3 ;9 and a-C:Eu, 4 4 films the carbon K-edge spectra
obtained from the worn regions exhibited a reduced intensity
of the absorption peak at (288.9 = 0.2) eV together with a
slight increase in the feature at (285.0 + 0.2) eV. The former
variation in spectral intensity can be ascribed to the removal of
oxygen-containing surface terminating species, while the latter
change in spectral intensity indicates the shear-induced
rehybridization (from sp® to sp? bonding) of carbon atoms
in the probed volume.

Finally, it has to be highlighted that independently of the
film considered, compared to the spectra extracted from the
non-contact region, the absorption feature assigned to the C 1s
— 7% transition for C=C (disordered) bonds*>”' did not
shift in photon energy, which indicates that, under the
conditions used in the tribological tests carried out in the
present work, no changes in the degree of ordering of the sp’
C=C bonds occurred.””"

The NEXAFS C K-edge spectra allowed the fraction of sp*
bonded carbon atoms in the near-surface region of the
amorphous carbon films to be determined (eq 1).>*7"7%7°
Figure Sa displays the computed sp® carbon content as a
function of the applied normal load used in tribological
experiments, while Figure Sb shows the change in sp*>-bonded
carbon relative to the non-contact region as a function of the
applied normal load. In the case of a-C films, the results
obtained inside or outside the wear tracks were within the
uncertainty of the measurements (e.g., the sp> carbon content
was (43.8 = 0.9)% in the non-contact region). In the case of
the a-C films containing Gd or Eu, the fraction of sp>-bonded
carbon in the non-contact region ((37.1 + 0.9) % for a-
C:Gd,; o and (41.0 £ 0.9) % for a-C:Eu, 4 ,0,) Was lower
than the one in undoped a-C and increased upon increasing
the applied normal load in the tribological experiments.

Altogether, the NEXAFS results indicated that the
introduction of Gd and Eu into the a-C matrix increases the
fraction of sp*>-bonded carbon atoms in the as-deposited films.
The stabilizing effect of Gd and Eu on sp*-hybridized carbon in
a-C is postulated to be due to the reduction of residual stresses
in the films induced by the introduction of these alloying
elements in the a-C matrix, in a similar manner of the effect of
incorporating metals into DLC coatings reported in the
literature.>® Furthermore, the imaging NEXAFS results
indicated that no stress-assisted rehybridization (from sp® to
sp” bonding) of carbon atoms was induced by the sliding
process in the case of the undoped a-C film, which contrasts
the stress-induced formation of a lubricious a-C surface layer
with a higher fraction of sp>-bonded carbon atoms in the case
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Figure 4. Partial electron yield C K-edge spectra extracted from regions of interest (non-contact region and wear tracks generated upon sliding at 1,
2.5, and S N applied normal load) of NEXAFS image stacks acquired on a-C (a), a-C:Gd, ; 4o (b), and a-C:Eu, 4 .o (c). Zoomed-in views of the

spectra are displayed in the right column.
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Figure 5. (a) Percentage of sp*-bonded carbon atoms in a-C, a-
C:Gd, 3 .9 and a-C:Eu, 4 .o as a function of the applied normal load
used in tribological tests. As a reference, the percentage of sp’ carbon
in the non-contact (nc) region is also reported. (b) Change in sp’-
bonded carbon relative to the non-contact region in a-C, a-
C:Gd, 3 49 and a-C:Eu, 4 44 as a function of the normal load used
in sliding tests.

of the a-C films alloyed with Gd or Eu. This preferential sp*-to-
sp> rehybridization occurring in Eu- and Gd-containing a-C

coatings is attributed to the lower mechanical properties of
these materials compared to the behavior of undoped a-C: the
significant increase in Eu and Gd content in the outermost
regions of the coatings (see XPS results shown in Figure S1)
results in a drastic reduction of the surface mechanical
properties, which promotes shear-induced plasticity in the
coating and triggers the sp’-to-sp® rehybridization of carbon
atoms in the a-C matrix. Conversely, the high shear-resistance
of the undoped a-C film evaluated in the present study inhibits
shear-induced plastic deformations and a significant change in
the bonding configuration of carbon atoms from sp® to sp>.
Since Kuwahara et al.”” recently provided evidence that, in
the case of silicon-based ceramics sliding against a-C:H, the
occurrence of plastic shear deformations (with sp*-bonded
carbon atoms rehybridizing to sp> bonding) localized within
the a-C:H coating is a necessary condition for the formation of
a transfer film onto the countersurface, the contrasting shear
behavior of doped and undoped a-C films detected in the
present work suggests a completely different probability for the
formation of a transfer film from these coatings to the steel
countersurface. In other words, as the transfer-film process
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preferentially occurs once a weak shear interface is created
within a-C materials, the generation of a transfer layer on the
steel countersurface should be more likely in the case of the
experiments performed with Eu- and Gd-containing a-C films.
To test this hypothesis, scanning electron microscopy (SEM)
and energy-dispersive spectroscopy (EDS) measurements were
carried out on the 52100 steel countersurfaces used in the
tribological experiments.

Figure 6 displays both the secondary electron SEM
micrographs (left column) and carbon EDS maps (right

(a) .
. SE G
w
-
50 um 50 im
(b)

EERERRT
100 pm

(c)

SE

SRR
40 pm 40 pm

Figure 6. SEM secondary electron (SE) micrographs (left) and EDS
carbon maps (right) acquired on 52100 steel spheres used in
tribological experiments carried out on a-C (a), a-C:Gd, 5 4. (b), and
a-C:Eu, 4 o (c) at an applied load of S N.

column) acquired on spheres used in sliding tests performed at
an applied normal load of 5 N. Upon examination of the
countersurface employed in experiments with the a-C film,
there was no transfer film present, and only a small amount of
wear debris was found outside the contact region. In contrast, a
carbonaceous transfer film was generated within the contact
region in the case of the spheres that slid on a-C:Gd, 3 ,.4 or a-
C:Eu, 4 4.9 with a relatively large amount of loose, carbon-rich
debris detected outside the contact region. This finding
validates our hypothesis, while also substantiating the
correlation between transfer-film process and formation of
low shear—strength interfaces within a-C coatings reported by
Kuwahara et al.”’

Altogether, the results presented in this study indicate that
the introduction of Eu or Gd in a-C films deposited by

HiPIMS results in the formation of an extended surface region
with reduced mechanical properties, which facilitates shear-
induced plasticity within the coatings and triggers the
rehybridization of carbon atoms from sp® to sp® bonding.
The localization of shear deformations within the a-C layer and
the stress-assisted sp>-to-sp® rehybridization of carbon atoms in
Eu- or Gd-containing a-C films promote the transfer of
materials to the sliding countersurface, thus significantly
decreasing the interfacial shear strength.

The measured decrease in interfacial shear strength upon
introducing Eu an Gd into the a-C matrix addresses a
significant shortcoming of hydrogen-free a-C (also referred to
as ta-C) thin films when used as a solid lubricating material in
ambient conditions. Even though the friction response of ta-C
films under humid conditions is significantly lower than the
one under vacuum or inert environments,” " the measured
coefficient of friction values are still %uite high (0.1-0.2 against
different countersurface materials)® compared to the other
solid lubricants. For example, a-C:H might exhibit a lower
friction coefficient (as low as 0.02)°* at high relative humidity
values.

While the results of the present study can open the path for
the potential use of a-C:Eu and a-C:Gd in specialized
tribological applications requiring a low friction response
under critical conditions for ta-C (i.e., humid air), the long-
term use of Eu and Gd as alloying elements for a-C films might
not be sustainable because of environmental and socio-
economic reasons related to the employment of rare-earth
elements. However, the outcomes of this work, providing
insights into the mechanism with which soft alloying elements
in a-C films contribute to reducing friction, provide guidelines
for the rational design of lubricious DLC films alloyed with
soft, non-rare-earth elements suitable for a variety of
applications, such as coatings for micro- and nanoelectrome-
chanical systems, high performance tools, hard disks, and
atomic force microscope (AFM) probes.

4. CONCLUSIONS

In this work, the normal-pressure-dependent friction response
of Eu- and Gd-containing a-C films deposited by HiPIMS on
silicon was evaluated in open air and at room temperature.
While the introduction of Eu and Gd ((2.4 + 0.1 at. %) and
(2.3 + 0.1) at.%, respectively) into the a-C matrix resulted in a
decrease in both elastic modulus and hardness as well as the
presence of an extended near-surface layer with reduced
nanomechanical properties compared to undoped a-C, the
steady-state CoF for Eu- and Gd-containing a-C films was
always lower than the one measured in the experiments carried
out with a-C films. The results of normal pressure-dependent
tribological experiments indicated a non-Amontonian friction
behavior, i.e., a decrease in the coeflicient of friction with the
normal load, for all films deposited in the work and a
significant reduction of the interfacial shear strength upon
doping a-C films with Eu and Gd (computed interfacial shear
strengths: (41 + 2) MPa for a-C, (16 = 1) MPa for a-
C:Gd,; 00 and (11 + 2) MPa for a-C:Eu, 4 ,.). NEXAFS
spectromicroscopy experiments provided evidence that no
stress-assisted rehybridization (from sp® to sp* bonding) of
carbon atoms was induced by the sliding process in the near-
surface region of undoped a-C, while the amount of sp’-
bonded carbon in a-C:Gd, 3 ..o and a-C:Eu, 4 .4, progressively
increased upon increasing the applied normal load in
tribological tests. The formation of a sp>-bonded carbon-rich
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a-C surface layer in a-C:Gd, 5 .o and a-C:Eu, 4 .. films is not
only proposed to be the origin for the reduced duration of the
running-in period in tribological tests carried out on these films
(compared to the duration of the running-in in tests performed
on undoped a-C), but also postulated to induce localized shear
within the sp>-carbon rich layer and transfer film formation on
the countersurface, thus decreasing the shear strength of the
sliding interface. These findings open the path for the use of
Gd- and Eu-containing a-C even under tribologically critical
conditions for nearly hydrogen-free a-C films (i.e., humid air).
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