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ABSTRACT: While amorphous carbon-based films are recognized for
their efficacy in mitigating fretting wear, because tribopairs
demonstrate divergent tribological responses under different fretting
states, it remains essential to explore their friction-mitigation
mechanisms across distinct fretting regimes and elucidate the
evolutionary patterns of these regimes. This effort is critical to gaining
thorough and systematic insights into the fretting characteristics of
amorphous carbon-based films. The running conditions fretting map
was constructed via friction force—displacement curves, and the
evolutionary relationship between the two fretting regimes was
explored. Additionally, the wear mechanisms and friction-mitigation
mechanisms under these two regimes were systematically
investigated via advanced characterization techniques, including
focused ion beam-transmission electron microscopy (FIB-TEM), scanning electron microscope (SEM), Raman spectroscopy, and X-
ray photoelectron spectroscopy (XPS). The results show that increasing the normal load shifts the fretting regime toward the partial
slip regime, leading to a decreased friction coefficient and increased wear volume, dissipated energy, and tangential stiffness.
Increasing displacement amplitude drives the fretting regime to evolve toward the slip regime, resulting in an increased friction
coefficient, wear volume, and dissipated energy, along with decreased tangential stiffness. Notably, an amorphous-nanocrystalline
composite structure, in which iron oxides are encapsulated by a graphitized carbon film, forms on the surface of counterpart balls in
the slip regime. This structure exerts a pivotal effect on mitigating the friction coefficient and fretting wear. Furthermore, this work
advances the fundamental understanding of the mechanisms governing the tangential fretting wear of diamond-like carbon (DLC)
films and offers valuable design guidance and a robust theoretical basis for alleviating fretting damage.
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including transportation [7, 8], mechanical engineering [9, 10],
and biomedical applications [11-13]. Current research indicates
that the optimal strategy to mitigate fretting damage is to deposit
solid lubricating films on contact surfaces via surface engineering
techniques without modifying the original substrate materials or

1 Introduction

Fretting describes ultrasmall amplitude relative motion (typically
micrometer-scale) between contacting surfaces subjected to
alternating  loads, encompassing mechanical  vibration,

electromagnetic vibration, flow-induced vibration, or thermal
cycling [1]. It commonly occurs in interference-fitted mechanical
components [2]. Fretting-induced damage to contact surfaces
primarily involves wear and fatigue [3]: Fretting wear causes
material loss and dimensional changes in components, while
fretting fatigue facilitates the initiation and growth of cracks on
contact surfaces. Insignificant frictional heating resulting from the
ultrasmall ~ displacement amplitude renders fretting highly
concealed, posing substantial potential hazards to equipment
reliability and safety [4—6].

Fretting has garnered extensive attention across diverse fields,

structural designs [14, 15]. This approach simultaneously reduces
or eliminates slip and mixed regimes, enhances contact surface
strength, and lowers the friction coefficient, thereby maximizing
fretting damage mitigation. While fluid lubricants commonly used
to reduce sliding and rolling friction and wear are effective at
lowering the friction coefficient, they are not well suited for
fretting scenarios [16]. This is primarily because lubricating
greases fail to form stable lubricating layers under high vibration
frequencies and contact pressures [17], and more critically, fluid
lubricants can be squeezed into fretting fatigue-induced cracks,
accelerating crack propagation and exacerbating damage [18].
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Diamond-like carbon (DLC) is a three-dimensional (3D)
network structure formed by a mixture of sp>-hybridized carbon
and sp’-hybridized carbon, usually presenting an amorphous state
or an amorphous—nanocrystalline composite structure [19, 20]. As
a solid lubricant film with well-established preparation technology,
DLC films deliver exceptional tribological properties coupled with
prominent mechanical performance, prominent chemical
inertness, and good biocompatibility. Thus, they find applications
in diverse fields, including aerospace, rail transit, and bionic
medical materials [21-24]. Across the wide range of practical
application scenarios, DLC films demonstrate notable suitability
for fretting service environments, owing to their distinct structural
characteristics.

DLC films have two inherent advantages in fretting wear. First,
the small displacement amplitude of fretting makes it difficult to
promptly discharge the generated wear debris, which tends to
accumulate as a third-body layer between contact surfaces and
induce severe abrasive wear on the substrate [25]. However,
following the running-in stage, DLC films generate a graphitized
transfer layer on the counterpart’s surface, which markedly lowers
interfacial shear stress, suppresses additional wear, and thereby
provides enhanced protection for the substrate [26]. Second,
fretting regime regulation can be realized by tuning the
film’s sp*/sp® hybridization ratio and short-range ordered
microstructure, enabling the fabrication of optimal films for
specific operating conditions [27]. Drawing on these two
properties, investigations into the tribological behavior of DLC
coatings in fretting environments have steadily expanded in recent
years [28-31].

Nonetheless, most existing research on the fretting properties of
DLC films has notable constraints. Compared with sliding and
rolling, the most distinctive feature of fretting is the existence of a
partial slip regime (PSR). Fretting tribology is essentially the
discipline that investigates the tribological characteristics of
tribopairs across different fretting regimes and the evolutionary
laws governing the transition of these regimes. Thus, studies on
the fretting characteristics of materials should not be merely
considered as sliding friction characterized by ultrasmall
displacement amplitudes. Instead, it is essential to investigate the
fretting behavior of materials in different fretting regimes
separately by integrating friction force-displacement amplitude
curves and examining the evolutionary laws of key parameters
such as dissipated energy with varying operating conditions
within each regime. In this way, a relatively complete description
of the fretting behavior of materials can be provided. Building on
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the aforementioned considerations, the present study
systematically examines the tangential fretting wear performance
of DLC films, analyzes the effects of operating conditions on such
behavior, establishes and summarizes the running condition
fretting map (RCFM), and places particular emphasis on
elucidating the evolutionary patterns of the antiwear mechanisms
of DLC films across the two fretting regimes.

2 Materials and methods

2.1 Materials

A closed field unbalanced magnetron sputtering system equipped
with a graphite target was utilized for the deposition of DLC films
onto AISI 304 sheets (Fig. 1). In the fretting experiment, the
friction pair consisted of 100Cr6 (GCrl5) balls and AISI 304
stainless steel sheets with the DLC film deposited on them. Both
the stainless steel sheet (25 mm in diameter, 8 mm in thickness)
and the 100Cr6 steel ball (10 mm in diameter) were employed in
the experiments. Prior to film deposition, the stainless steel sheets
were subjected to ultrasonic cleaning in acetone and alcohol for
approximately 20 min. Subsequent to drying under a flow of air,
the sheets were bombarded with argon plasma for 30 min to
eliminate the native oxide layer on their surfaces. To augment the
interfacial adhesion between the DLC film and the substrate, a
CrN interlayer was deposited onto the interface of the substrates
and DLC films. To examine the cross-sectional morphology of the
DLC film, DLC films were deposited on Si wafers under the same
deposition conditions as those utilized for coating the steel sheets.

2.2 Characterization

A field emission scanning electron microscope (FE-SEM; JSM-
6701F, JEOL, Japan) was employed to examine the microscopic
morphologies of the surfaces and wear tracks. The two-
dimensional and three-dimensional morphologies of the wear
tracks on the substrate were characterized via a white light
interferometer (Bruker Contour GT, Germany). The surface
morphology and roughness of the film were characterized using a
noncontact atomic force microscope (AFM; FM-Nanoview 1000,
China). A micro-Raman spectrometer (Jobin-Yvon HR-800,
Horiba, France) was employed to investigate the bonding
configurations of the DLC films. The states of C in the film and
wear scars were characterized by X-ray photoelectron
spectroscopy (XPS; Escalab 250 Xi, USA). To avoid interference,
the sample surface was presputtered with a thin gold layer, and Au
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Fig.1 Schematic diagram of film deposition by magnetron sputtering equipment.
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was used for calibration during testing. A high-resolution
transmission electron microscope (HRTEM; FEI Tecnai G2 F30,
USA) was employed to characterize the nanostructures of the
wear scars, with the samples prepared through focused ion beam
(FIB) cutting technology. A Hysitron triboindenter (TI950, USA)
was employed for the mechanical property characterization via
nanoindentation, utilizing a Berkovich diamond tip. To eliminate
the substrate effect on the measurement results, the indentation
depth was stringently constrained to within less than 10% of the
film thickness.

2.3 Fretting tests

The fretting friction testing equipment used in this study was
independently developed and manufactured by Southwest
Jiaotong University, and the relevant sensors were calibrated by
the National Institute of Measurement and Testing Technology
(China). This tangential fretting friction and wear testing machine
employs a force closed-loop control strategy to achieve “soft
landing”-type servo loading and dynamic force compensation
loading. In this experiment, the loading module adopted a ball-on-
disk contact mode, and the test environment was constant-
temperature (25 °C) and constant-humidity (50% RH)
atmospheric environment. DLC-deposited AISI 304 sheets and
100Cr6 steel balls were used as the substrate (lower specimen) and
upper specimen, respectively. In the fretting experiment, the
normal load was 1-10 N; the displacement amplitude was 1-10 pmy
the frequency was 3 Hz; one set of experiments consisted of
3,600 cycles. The experimental parameters were selected through
preliminary experiments and Hertzian calculations to ensure that
they fell within the tolerable range of the DLC film. It is worth
clarifying that the displacement amplitude discussed herein
denotes the preset input parameter of the fretting friction testing

Dy, =2.507 pm

machine, which represents the distance from the central position
to the maximum unilateral displacement of the counter ball.
Therefore, the distance moved in a complete operating cycle is
four times the preset displacement amplitude.

3 Results and discussion

3.1 Characterization of DLC films

The basic information of the prepared DLC film is shown in
Fig. 2. The cross-section of a newly cut sample, observed via SEM,
reveals that the DLC film has a thickness of 2.507 um, while the
transition layer has a thickness of 1.536 um (Fig. 2(a)). AFM was
adopted for evaluating the microstructural characteristics of the
DLC film surface, revealing an arithmetic mean roughness (R,) of
6.89 nm (Fig. 2(b)). The DLC film’s Raman spectrum is illustrated
in Fig. 2(c). Following Gaussian fitting, two characteristic peaks
are identified: the D peak centered at approximately 1,360 cm™
and the G peak at approximately 1,580 cm™, with an intensity
ratio (Ip/I) of 0.717. A broad asymmetric peak near 1,500 cm™ is
common in the Raman spectrum of DLC films. This broad peak
can be decomposed and fitted into two peaks using Lorentzian or
Gaussian functions, corresponding to the D peak and G peak,
respectively. The D peak originates from the breathing vibrations
of defects or aromatic rings in sp® sites, while the G peak
corresponds to the E,, zone-center vibrational mode (optically
allowed) of crystalline graphite, serving as an indicator of the
presence of sp* C-C hybrid bonds [32, 33]. Although Raman
spectroscopy is unable to provide quantitative insights into the sp*
and sp® hybridized carbon species in the film, the I,/I;; ratio serves
to estimate the relative content of sp® hybrid bonds. Specifically,
for hydrogenated amorphous carbon films, a lower I/l ratio
corresponds to a higher sp® hybrid bond content [34]. In the XPS
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Fig.2 Cross-sectional SEM (a) and AFM (b) images and Raman (c) and XPS (d) spectra of DLC films.
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of DLC films, the main C 1s peak generally appears at
approximately 285.1 eV, which is intermediate between diamond
and graphite. Through Gaussian fitting, this peak can be
decomposed into two characteristic peaks: a sp” peak centered at
approximately 284.4 eV and a sp’ peak at 285.2 V. The relative
ratio of sp” to sp® hybrid bonds is calculated from the area ratio of
these two peaks, while the peaks at 287.1 and 2889 eV (high
binding energy region) are assigned to C-O or C=0O chemical
bonds. Therefore, Raman spectra and XPS are typically used in
combination for the structural characterization of DLC films.
Figure 2(d) presents the XPS spectrum of the prepared DLC film
and the results of peak deconvolution. As depicted in the pie chart
of the figure, the area ratios of the deconvoluted peaks correspond
to 50.4% for sp* hybrid bonds, 30.6% for sp® hybrid bonds, and
19% for carbon-oxygen bonds (C-O and C=0O). The
nanohardness and elastic modulus of the DLC film, determined
by nanoindentation, are 24.5 and 217 GPa, respectively, which are
significantly higher than the substrate’s respective values of
7.2 GPa (nanohardness) and 200 GPa (elastic modulus).

3.2 Fretting tribological properties

Fretting experiments were conducted using ball-on-disk contact
modules (conforming to Mindlin’s theory of elastic contact [35])
under different normal loads and displacement amplitudes to
investigate the influences of operating conditions on the fretting
behavior and regime of the DLC films. The friction
force-displacement (Ft-D) curves, as the most fundamental and
critical information in fretting friction, serve to analyze fretting
operating states and provide a wealth of key parameters. Figure 3
depicts the tangential fretting Ft-D curves of the prepared DLC
films under various normal loads and displacement amplitudes.
Each set of curves provides two perspectives, clearly
demonstrating the fretting operation states of the fretting pair at
the corresponding displacement amplitudes and normal loads.
Each complete fretting cycle is presented as a closed curve in the
images. The Ft-D curves in the figure exhibit a characteristic
parallelogram shape under the majority of working conditions,
suggesting that the fretting regime is in the slip regime (SR) under
these corresponding conditions. Notably, the curves under the
working conditions of “5 N-1 pm”, “7 N-1 pm”, “9 N-1 um”,
and “9 N-3 um” show an approximately elliptical shape with
pointed ends. As opposed to the parallelogram-shaped curves
under other conditions, these curves are devoid of linear segments
representing tangential displacement along the horizontal axis.
Serving as a hallmark of PSR, this characteristic confirms the
absence of gross relative slip between the two contact interfaces.
The contact center remains in an adhesive state, where the
tangential force is regulated through elastic deformation, while
microslip occurs at the contact edges.

To depict the evolution of fretting states from partial slip to
gross slip, Fouvry et al. [36] introduced three sets of parameter
ratios (energy ratio, sliding ratio, and system-independent
ratio) associated with Ft-D curves, enabling quantitative
characterization of the fretting regime of friction pairs under given
operational conditions. The energy ratio e, defined as the ratio of
dissipated energy E; to total system energy E, per fretting cycle, is
utilized in this study to quantitatively characterize the fretting
regime of the friction pairs under test. As reported by Fouvry et
al, e = 0.2 serves as the critical value delineating the transition
from partial slip to gross slip. Consequently, a value of e < 0.2
indicates partial slip, whereas e > 0.2 corresponds to gross slip.
Figure 4 depicts the Ey/E, energy ratio curves of the DLC films
under different normal loads and displacement amplitudes. The
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energy ratios remain below 0.2 only under the working conditions
of “5 N-1 ym”, “7 N=1 pm”, “9 N-1 pm”, and “9 N-3 um”,
while those under other conditions are all greater than 0.2. For the
majority of operating conditions, the Ft-D curves illustrated in the
figure are characterized by a parallelogram shape, which
demonstrates that the fretting regime falls within SR under the
corresponding operating parameters.

While a multitude of factors affect the fretting regime,
displacement amplitude and normal load are typically regarded as
the two critical controllable parameters that dominate in most
scenarios. With the normal load plotted on the vertical axis and
the displacement amplitude on the horizontal axis, combining the
fretting regime corresponding to different load-amplitude
combinations enables the generation of an intuitive fretting
regime distribution map that reflects the dependence on operating
conditions. Such a diagram is generally referred to as the RCFM
[14]. With a fixed friction pair, altering the operating conditions
combined with the RCFM enables the regulation of fretting
regimes. The RCFM of the DLC films presented in Fig. 5 was
plotted by summarizing the Ft-D curves obtained under different
operating conditions. It is noteworthy that no mix regime was
observed in the fretting experiments of DLC films. The mix
regime refers to the following process: After a period of fretting,
work hardening and surface layer microstructural transformation
occur on the material surface, leading to a significant increase in
friction force. The Ft-D curve becomes increasingly closed and
even linear. At this stage, the contact center maintains an adhesive
state, and the fretting regime undergoes a transition from gross
slip to partial slip. Following a period of operation in PSR, the
contact state switches from the adhesive state back to the slip state,
coupled with an abrupt reduction in friction force. After further
operation for a period, work hardening (ie., microstructure
transformation) occurs again at the contact interface, and this
cycle repeats. In this process, significant damage will be caused to
the substrate material.

In addition to identifying the existing fretting regime, the Ft-D
curves can also provide additional critical insights into the fretting
behavior. The curve corresponding to the gross slip (Fig. 6(a)),
when observed from a perspective perpendicular to the friction
force-displacement amplitude plane, exhibits three distinct stages
[27]: sticking phases (D-@), @-®), microslip phases (2-3),
®-©), and gross slip phases (@)-@), ©-Q). Entirely derived
from the elastic deformation of contact interface asperities, the
sticking regime results in a linear relationship between the friction
force and relative displacement at this stage. This correlation may
be described using the average tangential stiffness, with the slope
of the adhesion stage representing the substrate’s average
tangential stiffness. Subsequently, as the friction force increases,
relative slip starts to occur at some contacting asperities, while the
remaining parts stay in a sticking state, with microslip initiating at
this stage. The gross slip state is reached when all contacting
asperities begin to undergo relative slip. In brief, the average slope
of the W-(3) curve segment is able to characterize the inherent
average slip stiffness belonging to the substrate material, with the
area bounded by the closed curve enabling quantification of the
energy dissipated within a full fretting cycle [10].

With an increase in displacement amplitude, the friction
coefficient exhibits an upward trend (Fig. 6(b)). This can be
ascribed to the larger displacement amplitude inducing the
fretting regime to transition from partial slip to gross slip. For a
given friction system, the central region of partial slip is in a
sticking state (static friction), with microslip restricted solely to the
margins of the contact zone; consequently, a lower friction
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Fig.3 Ft-D curves under different fretting conditions.

coefficient is generated compared to that in SR. Under a fixed
displacement amplitude, the friction coefficient displays an inverse
tendency with the elevation of the normal load, which is in
agreement with the properties of sliding friction [37]. The normal
load exerts its influence on the friction coefficient predominantly
through its effect on the actual contact area. Typically, the friction
coefficient bears a proportional relationship to the ratio of the
actual contact area to the normal load [38]. Calculations based on
Hertzian contact theory [39] demonstrate that the rate of growth
of the contact interface upon load elevation is slower than the rate
at which the load increases. Consequently, the friction coefficient
exhibits a reduction with the elevation of the load.

During fretting experiments, the displacement amplitudes and
normal loads are typically small, leading to a modest amount of
generated wear and thus a high probability of inaccuracies in wear
volume determination with a 3D profilometer. However, the wear
volume produced in fretting tests has been found to have a linear
relationship with the accumulated dissipated energy [40].
Therefore, to ensure data accuracy, this paper quantitatively
compares the wear volumes under different operating conditions
by comparing the dissipated energy. Figure 6(c) shows the average

https://doi.org/10.26599/FRICT.2026.9441237

dissipated energy under different fretting conditions. As seen from
the figure, increases in both displacement amplitudes and normal
loads lead to an increase in dissipated energy. Moreover, when the
normal load steadily grows, the influence of changes in
displacement amplitude on dissipated energy becomes more
significant. This is attributed to the fact that a greater normal load
enhances the tangential force, whereas an increased displacement
amplitude intensifies the relative displacement; thus, the dissipated
energy and wear volume will inevitably increase. Figure 6(d)
shows the variation law of the tangential stiffness with the normal
load and displacement amplitude. Tangential stiffness is also of
great significance in the fretting state. A decrease in tangential
stiffness indicates an increase in elastic deformation of the contact
interface, which in turn leads to a decrease in the relative slip
amplitude. The tangential stiffness rises with increasing normal
load but declines with increasing displacement amplitude.

3.3 Exploration of the lubrication mechanism

With the aim of investigating the wear mechanisms of DLC films
under different fretting regimes, SEM was used to capture images
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8 siprnne with the entire wear scar being circular and no obvious damage
8 marks. Under higher magnification, Fig. 7(b) illustrates the image
o * ° ° of the wear scar edge, while Fig. 7(c) shows that of the wear scar
- center. It can be seen that there are no obvious wear scar tracks at
Z 6 [ the wear scar edge except for wear debris. In the contact center
= T . ..
g sF ° ° ° area, some spot-like protrusions and striations can be observed.
= Therefore, this indicates that neither wear debris nor obvious wear
E 47 scar tracks are generated in the contact center area. Figure 7(d)
=] . . .
Z 3 @ ° ° ) depicts the morphology of relatively large wear debris observed
s using SEM, which appears as agglomerated floccules and likely
results from the friction between oxides on the film surface and
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non_n_ 0 o o oo B scar morphology of DLC films in PSR, this finding aligns with the
O 1 2 3 4 5 6 7 8 9 characteristic behavior of the fretting PSR in ball-on-plane contact
Amplitude (pm) [35]. Specifically, adhesion dominates the contact center, whereas

Fig.5 The running conditions fretting map.

of wear scar (on the counterpart ball) morphologies in PSR
(10 N-2 pm) and SR (10 N-10 um), which are displayed in Figs. 7
and 8. Figure 7(a) presents the general view of the wear scar under
PSR. White wear debris is mainly concentrated at the wear scar’s
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microslip occurs at the contact periphery.

Figure 8(a) illustrates the wear scar in the gross slip, which is
predominantly elliptical in shape, featuring distinct damage traces
at its center and a substantial accumulation of wear debris at the
periphery. As revealed by the higher-magnification micrographs
(Fig. 8(b)), a multitude of plow-groove-shaped damage
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Fig.6 Analysis of Ft-D curve (a), average friction coefficient curves (b), average dissipated energy curves (c), and average tangential stiffness curves (d) under different

fretting conditions.

characteristics are present at the contact center of the wear scar,
which suggests that relative displacement induces plastic
deformation of the surface material, while the produced wear
debris gives rise to substantial abrasive wear on the surface.
Figure 8(c) presents a substantial wear debris particle at the wear
scar periphery, along with the energy dispersive X-ray
spectroscopy (EDS) area-scan elemental analysis results of this
debris. This piece of wear debris is dominated by Fe and O,
indicating that its main components are iron and iron oxides. This
indicates that after the counterpart ball underwent fretting fatigue
wear, work hardening occurred on its surface, and subsequently,
the surface spalled due to embrittlement. Subsequently, the
granular abrasive particles at the peripheral area of the wear scar
underwent analysis (Fig. 8(d)). It was found that, except for some
small wear debris particles that contain no iron, most granular
wear debris contains C, O, and Fe, indicating that the wear debris
is mainly mixtures of iron and carbon as well as their oxides.

From the Ft-D curves and friction coefficient curves, it is
known that the DLC film did not fail in SR, and there was no
direct contact between the AISI 304 stainless steel substrate and
the 100Cr6 counterpart ball. Therefore, it can be judged that the
Fe in the wear debris originated from the counterpart ball, which
indirectly indicates that the DLC film has a considerable effect in
enhancing the fretting wear resistance of the substrate.
Empirically, although no obvious adhesive wear characteristics
have been observed in the gross slip, a small amount of adhesive
wear may still occur at the initial stage of the running-in period,
which subsequently disappears with the formation of the third-
body layer. An increase in displacement amplitude prolongs the
contact duration of wear debris with air and enhances the
likelihood of wear debris being oxidized [41].

https://doi.org/10.26599/FRICT.2026.9441237

Fig.7 SEM images of the wear scar in PSR (10 N-2 pm): overall view of the
wear scar (a), edge of the wear scar (b), contact center of the wear scar (c), and
wear debris (d).

Furthermore, cross-sections of the wear scars on the surface of
the friction ball were produced via FIB (Fig. 9(a)). TEM images of
these cross-sections were then captured. As shown in Fig. 9(b), the
bottom layer corresponds to the 100Cr6 counterpart ball; the top
layer is the protective layer prepared during FIB sampling, and the
middle layer is a transfer film with a thickness of 0.17 pm. As
observed in Fig. 9(c), a large number of ordered cluster structures
are present in the transfer film, which contain iron, oxygen, and
carbon elements, with relatively more iron and oxygen. Combined
with the HRTEM images and selected area electron diffraction
(SAED) pattern (Figs. 9(d) and 9(e)), which correspond to the
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Fig.8 SEM images of the wear scar in SR (10 N-10 um): overall view of the wear scar (a), contact center of the wear scar (b), a substantial wear debris particle (c), and wear

debris (d).

(110) crystal plane of body-centered cubic (bcc) iron (a-Fe) (with
a lattice constant of approximately 2.866 A), this confirms that the
numerous ordered clusters in the transfer film are iron and iron
oxides. The transfer film consists of amorphous carbon
interspersed with crystalline iron oxides, forming a unique
amorphous-nanocrystalline ~ composite  structure. The
nanocrystalline iron oxides not only reduce the brittleness of the
amorphous carbon film but also enhance its load-bearing capacity,
while the encapsulation of iron oxides by the carbon film reduces
the friction coefficient and alleviates abrasive wear to a certain
extent [42, 43]. Therefore, the transfer film with such a composite
structure can provide excellent lubricating performance. Notably,
tribological white layers generally contain minimal or no oxygen
[44, 45], whereas the third body layer generated from wear debris
contains substantial oxides upon final transfer to the counterpart
ball's surface. It was observed that the transfer film in this
experiment not only contains a large amount of oxygen but also
contains carbon from the counterpart material. Therefore, it can
be concluded that what is formed on the counterpart ball’s surface
is a tribological transfer film, rather than a tribological white layer
formed by microstructural transformation of the counterpart
ball’s surface layer [46].

Raman spectroscopy can simply and nondestructively
X M )é S .
1Az | Sci®pen

distinguish the chemical bonding and structural composition of
carbon-based films. Raman spectroscopy enables nondestructive
differentiation of chemical bonds and structural configurations in
carbon materials. Via Gaussian fitting, the asymmetric
characteristic peak of DLC films at 1,500 cm™ can be
deconvoluted into the D band and G band: The D band at
approximately 1,360 cm™ originates from the breathing vibrations
of aromatic rings with defects at sp® hybridized sites, while the G
band at 1,580 cm™ arises from the stretching vibrations of
aromatic rings or carbon chains at sp” hybridized sites and serves
as a characteristic indicator of sp* C-C hybrid bonds [47, 48]. The
Ip/I; serves as a criterion for determining the relative content ratio
of sp* hybridized bonds to sp’ hybridized bonds in the material
[34]. Thus, in amorphous carbon materials, an increase in the
Ip/l; value indicates an enhanced degree of ordering.
Furthermore, the full width at half maximum (FWHM) can also
serve as a criterion for evaluating the crystallinity of films: Highly
ordered carbon-based materials generally exhibit a narrowing
characteristic in their FWHM, while disordered amorphous
carbon typically has broader FWHM values. Figure 10 compares
the Raman spectral information of the contact surfaces of the
friction pairs under the two fretting regimes. From Fig. 10(a), it is
evident that along the progression from the substrate DLC film to
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Fig.9 TEM images of the wear scar in SR (10 N-10 pm): overview of wear scar cross-sections (a), cross-section thickness (b), TEM image and EDS mapping

maps (c), and high-magnification TEM images (d, e).

the partial slip and subsequently to the gross slip, the D peak
intensity exhibits a substantial increase, while the G peak
undergoes a gradual shift toward higher wavenumbers. This result
verifies a decrease in the extent of bond angle disorder among sp*
hybrid bonds and a rise in the proportion of sp* hybrid bond
configurations. Gaussian fitting was performed separately on the
contact interfaces corresponding to the two fretting regimes (Figs.
10(c)-10(f)). Figure 10(b) presents the changes in I,/ values and
FWHM of the G peak for the substrate DLC film and under the
two fretting regimes. It can be observed that after fretting, the Ip/I;
value increased while the FWHM decreased; compared with those
at the wear tracks, the Ip/I; values of the wear scars were higher
and the FWHM was lower; additionally, at SR, the Ipy/I; value was
higher and the FWHM was lower compared with those in PSR.
These spectral variations collectively validate an elevated content
of sp*hybridized carbon and improved structural ordering within
the amorphous carbon matrix. In the context of carbon-based
tribomaterials, such changes are direct evidence of a progressive

https://doi.org/10.26599/FRICT.2026.9441237

enhancement in the graphitization degree [26, 49]. The more
prominent Ip/I; elevation and G peak narrowing in SR are
attributed to the more intense interfacial shear stress and
prolonged contact interaction, which facilitate the rearrangement
of carbon atoms toward a more thermodynamically stable
graphite-like structure.

To this point, the tangential fretting wear mechanisms and
friction-reducing/anti-wear mechanisms of DLC films can be
summarized as follows: In the PSR, the contact center remains
adhesive, leading to very slight damage. Microslip takes place at
the peripheral regions of the contact interface, generating only a
minimal amount of wear debris and resulting in exceptionally low
overall wear.

At the contact interface in the PSR, the DLC film undergoes a
mild graphitization transition driven by interfacial shear and
localized contact stress. A small fraction of wear debris,
characterized by a higher graphitization degree relative to the bulk
film, adheres to the friction ball’s surface—serving as a nascent
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lubricating medium that mitigates direct contact between the film
and the counterpart. In contrast, within SR, the surface
microasperities of the DLC film are subjected to the combined
action of tangential shear stress and normal compressive stress.
Under this composite loading, these microasperities undergo
plastic deformation and subsequent detachment, ultimately
generating abrasive particles. These particles not only participate
in the three-body friction process but also contribute to the
evolution of the contact interface by inducing plowing effects on
the film surface. Thus, abrasive wear takes precedence as the
dominant wear mechanism for the DLC film. Concurrently, the
contact interface of the counterpart ball suffers fatigue wear, which
is induced by cyclic reciprocating sliding that generates alternating
stress on the surface. Furthermore, with the increase in

displacement amplitude, the interaction duration between the
wear interface, wear debris, and ambient air is extended—this
prolonged exposure facilitates the diffusion of oxygen to the
contact region, ultimately triggering oxidative wear on the
interface.

The wear debris mainly consists of iron-carbon mixtures and
their oxides. With the progression of fretting, the carbon in the
wear debris gradually graphitizes and mixes with iron oxides
formed from iron debris detached from the counterpart ball,
forming the third-body layer that transfers to the friction ball
surface. This forms a transfer film composed of a highly
graphitized carbon film encapsulating iron oxides, which can
further protect the substrate.
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Wear tracks (10 N-10 yum) A
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Fig. 10 Raman spectra and peak fitting: Comparison of Raman spectra of the substrate film, SR, and PSR (a), comparison of I,/I;; values and FWHM of the G peak (b),
Raman spectra and peak fitting of the wear track in PSR (c), wear scar in PSR (d), wear track in SR (e), and wear scar in SR (f).
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4 Conclusions

This study systematically assessed the tangential fretting behavior
of DLC films across various fretting conditions. The protective
efficacy of DLC films on the substrate was verified, and an RCEM
tailored to these films was constructed. Additionally, the
influences of fretting conditions on fretting regime transitions and
associated tribological properties were summarized, alongside the
wear mechanisms and friction-reducing/anti-wear mechanisms of
DLC films under both PSR and SR. The key conclusions are as
follows:

(1) DLC films provide robust anti-wear protection for the
substrate in both the PSR and SR of fretting. Under identical
contact conditions, the friction coefficient and wear volume in
PSR are substantially lower than those observed in the gross
slip—attributed to the limited relative displacement and dominant
elastic deformation at the contact interface in the partial slip state.

(2) An increase in normal load drives the fretting regime to
transition toward PSR, accompanied by a progressive reduction in
the friction coefficient and simultaneous increases in wear volume,
dissipated energy, and tangential stiffness. In contrast, elevated
displacement amplitude promotes the evolution of the fretting
regime toward SR, resulting in a higher friction coefficient,
increased wear volume and dissipated energy, as well as a gradual
decline in tangential stiffness. This trend arises from the enhanced
interfacial shear and relative sliding induced by larger
displacement amplitudes.

(3) Within SR, during the running-in stage of DLC films,
microasperities at the contact interface generate wear debris under
the combined action of tangential force and compressive stress.
This debris aggregates to form a third-body layer, which
ultimately transfers to the counterpart ball. This transfer process
leads to the formation of a tribological transfer film with a distinct
amorphous—nanocrystalline composite  structure—comprising
graphitized carbon as a matrix encapsulating iron oxide particles
(derived from the counterpart ball). This transfer film acts as a
lubricating and protective barrier, effectively reducing the friction
coefficient and mitigating fretting wear of the substrate.
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