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Abstract

Recently, diamond-like carbon (DLC) films have been considered for enhancing the wear
resistance of rubber because rubber exhibits a high coefficient of friction and is prone to
wearing out. However, the significant difference in thermal expansion coefficients between
DLC films and rubber often leads to high residual stresses and poor interfacial adhesion,
which limits their application in dynamic seals. In this study, Cr-C/DLC composite films
were prepared using magnetron sputtering, and the effects of varying Cr contents (0.8 at.%,
1.4 at.%, 4.3 at.%, and 7.0 at.%) on interfacial adhesion and tribological properties were
investigated. Scanning electron microscopy (SEM) analysis revealed no distinct demar-
cation lines in the composite films, indicating strong adhesion to the substrate. X-ray
photoelectron spectroscopy (XPS) analysis revealed that chromium doping promoted the
conversion of sp3 bonds to sp2 bonds. Adhesion and tribology tests revealed that introduc-
ing a Cr-C layer with higher Cr content within the range of 0.8 at.% to 7.0 at.% enhanced the
film’s adhesion, reducing the CoF value of the composite film to 0.13–0.14. Specifically, the
RF80 sample (4.3 at.% Cr) exhibited excellent interfacial adhesion and optimal tribological
performance, with a CoF value reduced to 0.13 and wear rate of 3.1 × 10−4 mm3/(Nm).
In summary, modulating the Cr doping content can significantly enhance the interfacial
adhesion strength and tribological properties of Cr-C/DLC composite films on rubber
surfaces, providing an effective solution for optimizing rubber seals.

Keywords: Cr-C interlayer; diamond-like carbon film; tribology; mechanical properties

1. Introduction
Acrylic rubber (ACM) is an elastomer primarily copolymerized from acrylic monomers,

exhibiting outstanding resistance to aging, thermal oils, high temperatures, and ozone [1,2].
Due to these exceptional properties, ACM is widely used in seals, O-rings, hoses, gas-
kets, and other components, particularly in high-temperature and oil-resistant environ-
ments [3,4]. Rubber dynamic seals undergo compressive deformation during operation
and often exhibit very high friction when interacting with other engineering materials,
leading to rubber wear failure. This limits the service life of rubber seals. Diamond-like
carbon (DLC) films exhibit high hardness, low friction coefficients, and excellent chemical
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and thermal stability [5–7], and are widely used in cutting tools, hydraulic components,
and automotive parts [8,9]. DLC films have emerged as an ideal choice for enhancing
the wear resistance of rubber. However, due to the significant difference in thermal ex-
pansion coefficients between DLC (1.18–1.8 × 10–6 K–1) and ACM rubber (approximately
100 × 10–6 K–1) [10,11], the deposition process tends to generate high residual stresses,
leading to insufficient film adhesion [12].

Numerous studies have investigated the interfacial adhesion strength of DLC films
on rubber surfaces. Plasma pretreatment is performed before DLC film deposition to
clean and activate the surface, thereby enhancing adhesion between the rubber and the
film [13]. Martinez-Martinez et al. [14] subjected the substrate to 30–40 min of Ar plasma
etching before deposition, followed by treatment with an Ar/H2 composite plasma, which
improved the bond strength between ACM rubber and DLC films. Pei et al. [15] found that
after W-doping DLC films, both fluoroelastomer (FKM) and nitrile butadiene rubber (NBR)
exhibited excellent adhesion. Additionally, introducing an intermediate layer between
the substrate and the film can further enhance interfacial bonding strength. Lubwama
et al. [16] deposited DLC and Si-DLC coatings with and without Si-C interlayers on nitrile
rubber. The results showed that coatings with Si-C interlayers had improved adhesion,
exhibiting an adhesion strength of 4A. He et al. [17] deposited DLC films with varying Ti
interlayer thicknesses on the surface of HNBR rubber. The study found that increasing the
thickness of the Ti interlayer reduced the internal stress of the DLC film. Moreover, as the
Ti interlayer served as a load-bearing layer, the co-deformation ability between the film
and the rubber was enhanced, reducing the risk of film failure during friction. In addition,
Xu et al. [10] discovered that by adding a Cr/Cr-C sublayer between stainless steel and the
DLC film and a adjusting its thickness, the stress concentration of the film was decreased.
Furthermore, the formation of this nanocomposite sublayer enhanced crack propagation
resistance, thus improving the film’s adhesion and wear resistance. The above literature
confirms the great potential of introducing an interlayer to reduce film stress, enhancing the
adhesion between the film and the substrate (either a hard substrate or a rubber substrate),
and improving tribological properties. Chromium (Cr) has excellent compatibility with
the matrix and readily reacts with carbon, effectively reducing the residual stress in the
film, contributing to enhancing the bonding strength between the film and the rubber
matrix. Additionally, introducing a Cr-C interlayer helps mitigate the significant difference
in thermal expansion coefficients between DLC and the rubber matrix. However, most
studies focus on the impact of the presence or thickness of the interlayer on the adhesion
and tribological properties of DLC films on rubber surfaces. Few studies have reported
the impact of the doping atom content in the interlayer on the microstructure, mechanical
properties, and tribological properties of DLC films on rubber surfaces.

This study aims to explore the influence of the Cr-C interlayer on the structure and
properties of DLC films on ACM rubber surfaces. In this study, Cr-C serves as the interlayer,
and the effects of interlayers with varying Cr doping levels on adhesion between the film
and the rubber matrix and their tribological properties are investigated. This research has
significant scientific value in further enriching the study of DLC films on rubber surfaces
and practical implications for expanding the applications of ACM rubber.

2. Materials and Methods
2.1. Deposition of Films

The film was deposited on ACM rubber (15 mm × 15 mm × 3 mm) using magnetron
sputtering. First, the ACM rubber was placed in a beaker containing deionized water and
boiled for 5 min to remove grease contaminants from the rubber surface. Subsequently, the
rubber was ultrasonically cleaned in anhydrous ethanol for 15 min. This cleaning process
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was repeated multiple times until the ACM rubber was completely clean. Finally, the
cleaned rubber was dried in an oven at 50 ◦C for 30 min to remove surface moisture.

To prepare for subsequent thin-film deposition and performance testing, a single-
crystal silicon wafer (100) measuring 20 mm × 10 mm × 0.5 mm was pretreated. Prior to
deposition, a rigorous cleaning procedure was strictly followed to ensure surface cleanliness:
the wafer was placed in a beaker containing anhydrous ethanol and subjected to ultrasonic
agitation for at least 15 min. During cleaning, direct contact with the wafer surface using
tweezers or other tools was avoided to prevent scratches or contamination. This ultrasonic
cleaning process was repeated three times, with fresh anhydrous ethanol replaced each cycle
to ensure complete removal of oils, particles, and other impurities from the wafer surface.

After cleaning the rubber substrate and silicon wafers, co-sputtering with Cr and
graphite targets was employed to prepare a Cr-C intermediate layer. The Cr target was
powered by an RF power supply (RF-MS) with power levels adjusted to four gradients: 40,
60, 80, and 100 W. The graphite target was deposited using high-power pulsed magnetron
sputtering (HiPIMS), with the HiPIMS voltage set at 700 V, a duty cycle of 2%, and a
frequency of 0.2 kHz. During deposition, the substrate was subjected to a pulsed bias of
−150 V at a frequency of 40 kHz and a duty cycle of 75%, with the working gas pressure
maintained at 1.5 Pa. All top-layer DLC films were deposited using HiPIMS with constant
parameters to ensure sample consistency: a pulsed bias of −150 V was applied to the
substrate, HiPIMS voltage was set at 700 V, duty cycle at 2%, frequency at 0.2 kHz, and
deposition time at 1 h. The deposition parameters of the Cr-C/DLC films and the doping
content of Cr in the Cr-C interlayer are presented in Table 1.

Table 1. Deposition parameters for the Cr-C intermediate layer and DLC film, and Cr doping content in
the interlayer.

Sample
Interlayer Top-Layer

Bias Working
PressureC Target

HiPIMS Power
Cr Target
RF Power

Deposition
Time

Cr Doping
Content

C Target
HiPIMS Power

Deposition
Time

RF40
700 V/2%/

0.8 kHz

40 W

30 min

0.8 at.%
700 V/2%/

0.8 kHz
60 min

−150
V/75%/
40 kHz

1.5 Pa
RF60 60 W 1.4 at.%
RF80 80 W 4.3 at.%
RF100 100 W 7.0 at.%

2.2. Material Characterization

Using atomic force microscopy (AFM, Nanosurf AG, Liestal, Switzerland) in tapping
mode, the three-dimensional topography and surface roughness (10 µm × 10 µm) of the
film were obtained. To minimize experimental error, measurements were taken at five
randomly selected locations. Field emission scanning electron microscopy (FESEM, Verios
G4 UC, Thermo Fisher Scientific, Hillsboro, OR, USA) was used to observe the surface and
cross-sectional morphology of the film. The elemental composition and content of the Cr-C
film on the silicon substrate were analyzed using EDS (Energy Dispersive Spectroscopy)
integrated with FESEM. Raman spectroscopy (DXRxi, Thermo Fisher Scientific, Waltham,
MA, USA, laser wavelength 532 nm) was used for Raman characterization of the DLC
films on the rubber surface. X-ray photoelectron spectroscopy (XPS, Axis Supra, Kratos
Analytical Ltd., Manchester, UK) used Al Kα radiation (characteristic energy = 1486.8 eV)
as the excitation source to analyze the elemental composition and chemical bonding states
of the DLC films on the rubber surface.

To measure the Cr doping content in the Cr-C layer, single-crystal silicon wafers were
used as the substrate for EDS analysis. As a high-molecular polymer, ACM rubber has an
extremely high carbon content. Direct EDS analysis on the rubber substrate would result in
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overlap between the carbon signal from the substrate and that from the Cr-C film. Since the
electron beam detection depth of EDS typically ranges from 1 to 2 µm, which may exceed
the interlayer thickness, it becomes impossible to accurately calculate the atomic ratio of
Cr/C. Therefore, to avoid this interference and ensure the accuracy of the compositional
analysis, this study used single-crystal silicon substrates as the reference material. The
low carbon content of the silicon substrate helps reduce signal interference, making the
elemental measurement results more reliable.

Contact angle (CA) measurements were performed at room temperature using a
contact angle tester (JC2000, Powereach, Shanghai, China) with the hanging drop method.
To minimize the influence of droplet weight, a minimal droplet volume of 1 µL was
maintained. Two liquids were selected for the material evaluations: non-polar CH2I2 and
polar H2O. Contact angle values were recorded 15 s after droplet deposition. Solid surface
energy (γS) and its polar (γP

S ) and dispersive (γd
S) components were calculated using the

Owen–Winter–Labelle–Kellogg (OWRK) method [18]. Each liquid surface combination
was measured three times to reduce uncertainty.

To determine the interfacial adhesion between the Cr-C/DLC film and the ACM
substrate, a qualitative assessment was conducted using the X-Cut method [4,19,20]. The
specific procedure for the X-Cut method is as follows: a sharp blade is used to make
a distinct “X” shaped cross-incision on the film surface with consistent pressure. The
incision depth must ensure complete penetration through the film to reach the substrate.
Subsequently, specialized adhesive tape is applied over the incision area and subjected to a
constant pressure of approximately 10 N to ensure strong adhesion between the tape and
the film surface. After allowing the adhesion to stabilize for 10 min, the tape is rapidly
peeled off at a constant speed and specific angle. Finally, SEM is employed to observe the
microstructure of the X-Cut area. Qualitative evaluation of the film’s interfacial adhesion
is performed by comparing the degree of delamination, curling, or fragmentation at the
incision edges and surrounding areas. In addition, a scratch tester (CETR-UMT, Bruker,
Billerica, MA, USA) equipped with a diamond indenter with a radius of 12.5 µm was
used to numerically evaluate the bonding strength of the Cr-C/DLC films on the ACM
rubber surface. Under increasing loading conditions, the scratch indenter moved at a rate
of 25 µm/s. Within 120 s, the load linearly increased from 0.01 N to 1 N, and the scratch
length was 3 mm. The critical load force corresponding to the friction abrupt change was
used to calculate the magnitude of the adhesion.

The nanoindentation hardness of the rubber surface film was tested using a nanoin-
denter (CETR-UMT, Bruker, Billerica, MA, USA) equipped with a Berkovich diamond
indenter. The load was linearly increased from 0 to 1 mN over 15 s, followed by a 10 s
creep process and a 15 s unloading process. When unloading to 0.1 mN, the thermal drift
process was set to 45 s. Five indentation points were taken at each sample location across
five distinct regions, with 20 µm spacing between points to avoid residual stress effects
from adjacent indentations. Film hardness and elastic modulus were calculated using the
Oliver–Pharr method [21].

The tribological properties of the DLC coating on the rubber surface were evaluated
using a ball-on-disk tribometer (CETR-UMT, Bruker, Billerica, MA, USA). The test used
a commercially available zirconia ball with a diameter of approximately 6 mm as the
counter-wear member under a load of 0.3 N. Friction test parameters were as follows:
rotational speed of 100 rpm, friction radius of 4 mm, and a test duration of 60 min. An
optical microscope was used to observe the wear track morphology of the film and the wear
scar morphology of the abrasive ball, while Raman spectroscopy was employed for further
analysis. Wear mass loss of the samples before and after the friction test was measured
using a balance (LabX ready, XSE 105) (measured three times), yielding wear volume data.
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In addition, a stylus profiler (Detak-XT, Bruker, Billerica, MA, USA) was used to scan
and measure the width and depth of the wear track. The wear rate K of the samples was
obtained through Equations (1) and (2).

K = V/(F × L) (1)

V = A × D (2)

where K is the wear rate, V is the wear volume, F is the load, and L is the total length of
the moving path. A is the cross-sectional area of the wear track, and D is the length of the
wear track.

3. Results and Discussion
3.1. Surface and Cross-Section Morphology

Figure 1 shows the surface morphology of Cr-C/DLC films deposited on ACM rubber
substrates. Observations reveal that all the prepared films exhibit randomly distributed
cracks on their surfaces [22]. This is due to temperature variations during the film deposi-
tion process and the difference in thermal expansion coefficients between the DLC film and
the rubber substrate. Cracks originate from the initial atomic layers of the DLC coating and
propagate upwards, ultimately resulting in micrometer-scale cracks [17]. To investigate
the origin of the cracks, Figure S1 shows a rubber sample with only the RF80 Cr-C layer
deposited on the ACM rubber surface (without the top-layer DLC). The results indicate
that similar random micro-cracks appeared during the deposition of the Cr-C layer. This
confirms that the cracks primarily result from thermal effects during the deposition process
and the large difference in the coefficient of thermal expansion between the film and the
rubber substrate. The deposition of the top-layer DLC continues to extend along these
initial paths, ultimately forming a more closely knit network structure. For hard DLC films,
the formation of cracks helps enhance flexibility and relieve stress in the film. When the
rubber deforms, the film can stretch, thus preventing large-scale brittle peeling [23,24]. As
the RF power of the Cr target increases from 40 W to 100 W (corresponding to a rise in Cr
content from 0.8 at.% to 7.0 at.%), the surface undulation of the films gradually decreases.
This is attributed to the fact that as the Cr content increases, more Cr atoms form bonds
with carbon. These atoms first accumulate along the pits on the rubber surface, filling the
surface pores. This effectively masks the original defects of the substrate and promotes a
smoother surface on the sample. Additionally, the film exhibits a granular structure com-
posed of fine particles. With increasing Cr content, all samples display a “cauliflower-like”
granular morphology, indicating that Cr doping does not alter the growth pattern of the
carbon-based film. This dense spherical granular structure, combined with stress release
through network-like cracks, provides excellent mechanical stability for the Cr-C/DLC film
on the rubber substrate.

To systematically investigate the variation in surface roughness of ACM rubber, the
surface morphology of the Cr-C/DLC film on the ACM surface was characterized using
AFM, as shown in Figure 2. In the stage of relatively low RF power (40 W–80 W), SEM
observations indicate that the surface depressions are filled, and the overall surface becomes
smoother. Corresponding AFM data show that the Sa value decreases from 280 nm to
207 nm. This reduction may be attributed to the increased kinetic energy and flux of
sputtered atoms at higher RF power. Cr and C atoms preferentially deposit and fill the
micro-pores and grooves on the rubber surface [25], acting as physical leveling agents
that reduce macroscopic undulations. Martinez et al. [14] suggest that the deposition of
DLC films on elastic substrates may result in increased roughness due to reticular cracks
or a “wrinkling” effect caused by thermal stress. The results of this study indicate that
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the synergistic effects of film thickness, substrate pretreatment, and the doping process
can effectively suppress this roughening tendency. However, when the power is further
increased to 100 W (with a Cr content of 7 at.%), SEM reveals an increase in particle
size, and the corresponding AFM measurement results show a rebound of the Sa value
to 234 nm. This is attributed to the enhanced collision frequency between atoms in the
plasma environment at high power, which causes the Cr-C clusters to agglomerate to some
extent before reaching the substrate and deposit on the film surface as larger particles. Dai
et al. [26] found that the increase in surface roughness of Cr-DLC films is attributed to
the formation of a large amount of CrC due to the rise in chromium content. This finding
aligns with the coarsening trend observed via SEM, collectively revealing the regulatory
mechanism of Cr doping concentration on film growth patterns.

 

Figure 1. SEM images of Cr-C/DLC films on ACM rubber surfaces: (a) RF40, (b) RF60, (c) RF80,
(d) RF100.

 

Figure 2. AFM results of Cr-C/DLC films coated on ACM rubber surfaces: (a,b) RF40, (c,d) RF60,
(e,f) RF80, (g,h) RF100.
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Figure 3 shows the cross-sectional SEM images of various Cr-C/DLC films deposited
on the ACM surface. It can be observed that the film surface is uneven and relatively rough.
This is because the surface of the ACM rubber is rough, causing the film deposited on the
ACM surface to undulate [27]. The SEM results indicate that an increase in RF sputtering
power has little effect on the film thickness. Specifically, when the RF power is in the range
of 40 W to 100 W, the total film thickness remains stable in the range of 350 nm to 400 nm
with minor fluctuations. Observation of the cross-sectional SEM images reveals no distinct
physical boundary or delamination between the Cr-C interfacial layer and the DLC top
layer, indicating a strong interfacial bond. Figure 4 shows the EDS mapping corresponding
to the SEM cross-sectional morphology of RF100. Only partial accumulation of Cr elements
was observed on the surface of the rubber substrate, and no distinct boundary was detected.
Moreover, Xu et al. [10] deposited Cr/Cr-C/DLC films and found that the boundary
between the Cr-C and DLC layers was indistinct in the EDS mapping of TEM images. This
is consistent with the findings of the present study. Therefore, the Cr-C/DLC film in this
study is referred to as a “composite film”. In addition, since the thickness information of
each layer could not be clearly observed in the SEM cross-sectional images of the films and
the corresponding EDS mapping, a profilometer was used to measure the step height of
the Cr-C intermediate layers and the top DLC film on the silicon wafer surface to obtain
the thickness information of each layer. Lubwama et al. [23] pointed out that under the
same process parameters, the thickness of the films observed on the rubber surface via
SEM is similar to that on the silicon wafer surface. The minor differences may be due to the
relatively rough surface of the rubber substrate. The thicknesses of the layers in various
samples are shown in Table S1.

 
Figure 3. Cross-sectional SEM images of different Cr-C/DLC films deposited on the ACM surface:
(a) RF40, (b) RF60, (c) RF80, (d) RF100.
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Figure 4. EDS mapping of the cross-sectional SEM image of RF100.

3.2. Composition and Structure of Films

Figure 5 shows the Raman spectra of Cr-C/DLC films with varying Cr doping amounts
on the ACM surface. All samples (Figure 5a) exhibit two prominent Raman peaks, namely
the D peak at 1350 cm−1 and the G peak at 1580 cm−1, which are typical characteristics
of DLC films. The D peak is associated with the breathing vibration of sp2-hybridized
carbon atoms in aromatic rings, while the G peak corresponds to the stretching vibration
of sp2-hybridized carbon atoms in graphite chains [28,29]. The ID/IG ratio, the position
of the G peak (Gposition), and the full width at half maximum of the G peak (GFWHM) are
important parameters that provide information on the internal chemical bond structure of
the film [30]. Typically, a higher ID/IG ratio indicates an increase in the content of sp2 bonds.
As the RF sputtering power increases, the ID/IG ratio rises from 1.56 to 1.94, indicating that
Cr doping increases the proportion of sp2 bonds in the film. Furthermore, the Gposition shifts
towards higher wavenumbers and the GFWHM decreases. This further indicates that the
content of sp3 bonds (diamond-like structure) in the film decreases, while the proportion of
sp2 bonds (graphite-like structure) increases.

Figure 5. Raman spectra and Gaussian fitting results of Cr-C/DLC films with different Cr doping
levels on ACM surfaces: (a) Raman spectra; (b) Gposition and GFWHM.

To investigate the elemental composition and chemical bonding characteristics of
Cr-C/DLC films, XPS spectral analysis was conducted on RF40, RF60, RF80, and RF100.
Figure 6 shows the full XPS spectra, C 1s fine spectra, and sp2/sp3 ratios for various Cr-
C/DLC films. As shown in Figure 6a, all samples exhibit distinct C 1s peaks near 284.6 eV
and O 1s peaks near 531.9 eV, confirming the presence of a carbon film on their surfaces.
Each DLC film yielded four peaks from Gaussian type fitting of the C 1s spectrum: a C=C
sp2 bond with a binding energy of 284.5 ± 0.2 eV, a C-C sp3 bond at 285.2 ± 0.2 eV, a C-O
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bond at 286.5 ± 0.2 eV, and a C=O bond with a binding energy of 288.4 ± 0.2 eV [27,31].
The incorporation of chromium increases the peak area corresponding to sp2 bonds in the
film while decreasing that of sp3 bonds. Figure 6c shows that as the Cr doping concentration
increases, the sp2/sp3 ratio also rises. He et al. [17] deposited DLC films using the same
process parameters and found that variations in interlayer thickness influenced the internal
stress of the film, which in turn altered the structure of the top-layer DLC film. Xu et al. [10]
confirmed that changes in the intermediate layer directly influence the sp2 and sp3 bonding
structures in the top-layer DLC film. In addition, Zou et al. [32] observed that in Cr-
DLC films with different Cr doping levels, the incorporation of Cr elements weakens the
carbon network’s compactness, promoting the transformation of sp3 bonds into sp2 bonds.
Therefore, it is hypothesized that in this study, the variation in Cr doping concentration
within the Cr-C interlayer induces changes in the interlayer structure, which is the primary
cause of the structural transformation in the top-layer DLC film.

Figure 6. XPS spectra of various Cr-C/DLC films on ACM rubber surface: (a) full spectrum, (b) C 1s,
(c) sp2/sp3.

3.3. Contact Angle and Surface Energy of Films

Surface wettability is a key indicator for assessing the interface properties of films.
Figure 7a shows the contact angle (CA) image of the RF80 sample, exhibiting a static water
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contact angle (WCA) of 111.5◦ ± 1.5◦, demonstrating significant hydrophobic characteristics.
Figure 7b further illustrates the variation trends of the contact angle (CA) of the film at
different RF powers when water and diiodomethane are used as test liquids. The results
reveal that the WCA of the pristine ACM rubber and all Cr-C/DLC film samples exceed 90◦,
primarily attributed to the dense amorphous carbon network of the DLC films and their
low surface free energy. As the RF power increased from 40 W to 80 W, the water contact
angle gradually increased, peaking at 111.5◦ ± 1.5◦ at 80 W (Cr content 4.3 at.%). This trend
closely correlates with the surface roughness changes observed via AFM, as described
earlier. According to the Wenzel model, for inherently hydrophobic surfaces, a moderate
reduction in microscopic roughness (such as that achieved by the RF80 sample) typically
corresponds to an increase in the contact angle. This indicates that surface smoothing
enhances the hydrophobicity of the film. When the power was further increased to 100 W,
surface roughness increased due to particle clustering, resulting in a slight decrease in the
water contact angle. However, it remained significantly higher than that of the original
ACM substrate, demonstrating the effectiveness of the Cr-C/DLC film in enhancing the
hydrophobic stability of the rubber surface.

Figure 7. (a) Water contact angle images of the RF80 sample, (b) water contact angle and di-
iodomethane contact angle of each sample, (c) surface energy of each sample.

Figure 7c shows that the OWRK method was employed to calculate the total surface
energy of each sample, along with its dispersion and polarity components. The results
indicate that radiofrequency power significantly affects surface energy. As power increases,
total surface energy first decreases and then increases, reaching a minimum of 36.25 mJ/m2

at 80 W. Furthermore, the wettability of DLC films is closely associated with the sp2/sp3

ratio on their surface [33]. A surface rich in sp2 bonds reduces the polar component of the
surface energy by decreasing dangling bonds, thus creating a hydrophobic effect [34]. As
indicated by Raman spectroscopy and XPS analysis, variations in the Cr doping amount
affect the ratio of sp2 and sp3 bonds in the DLC film. With an increase in Cr content, the
sp2 content rises, which may contribute to enhancing the hydrophobicity of the coating.
Consequently, this slightly increases the contact angle and modifies the surface free energy.
Given that the surface free energy is jointly determined by polar and non-polar components,
changes in the sp2/sp3 ratio can directly impact the non-polar component of the surface
energy, thereby altering the contact angle and surface energy of the film. Notably, across
all samples, the dispersion component (γd

S) dominates the total surface energy (γS), with
its value remaining nearly equivalent to the total surface energy. In contrast, the polar
component (γP

S ) consistently remains at an extremely low level (approaching 0). This
indicates that the interfacial wetting behavior of Cr-C/DLC films on ACM is primarily
governed by non-polar van der Waals forces (dispersion forces) rather than interactions
involving chemically polar functional groups. This low-polarity characteristic helps re-
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duce the affinity between the film and polar media (such as water or certain lubricant
components), thereby effectively minimizing adhesive wear during friction processes.

3.4. Adhesion Strength of the Films

Adhesion strength is a key metric for assessing the service reliability of DLC films
on rubber substrates. The bond strength of the films was assessed qualitatively using
the X-Cut method. This study employed the X-Cut method combined with tape peel
tests to qualitatively assess the adhesion strength of Cr-C/DLC films with varying Cr
contents. The microstructures observed after peeling are presented in Figure 8. The
RF40 sample exhibits significant delamination at the X-section, with large film fragments
adhering around the X-Cut (circled in Figure 8a), indicating poor interfacial adhesion.
In contrast, the X-Cut surfaces of the RF60 and RF100 samples showed minor flaking
of film fragments on both sides. Compared to RF40, the adhesion strength of the RF60
and RF100 samples showed a slight improvement. Notably, the RF80 sample (Cr content
4.3 at.%) demonstrated excellent adhesion stability. Its X-Cut edges remained clean and
even, exhibiting only minimal micro-flaking, with no significant film curling observed. This
may be attributed to the moderate doping of Cr atoms, which induces an increase in the
size of sp2 atomic clusters within the amorphous carbon network, along with their ordered
rearrangement. The transformation of the sp2 structure effectively alleviates the substantial
residual compressive stress accumulated within the film. Wang et al. [35] found that Cr
doping effectively alleviates the average internal stress in DLC films, thereby improving
the elevated internal stress in DLC films with high sp3 carbon content. Furthermore, the
presence of the Cr-C interlayer reduces the mechanical discontinuity between the hard
film and the flexible substrate, allowing for a smooth transition of interfacial stress. This
facilitates the suppression of film delamination through the cooperative deformation of
random cracks when subjected to mechanical shear forces.

 

Figure 8. SEM images of X-Cut positions for various Cr-C/DLC films after peel testing: (a) RF40,
(b) RF60, (c) RF80, (d) RF100.
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The qualitative evaluation above could not adequately measure the subtle changes in
the adhesion of different Cr-C/DLC films. Therefore, the adhesion of the different films on
the rubber surface was further analyzed using the scratch method. The scratch curves of the
Cr-C/DLC films deposited on the ACM rubber surface are shown in Figure 9. During the
scratch test, two abrupt changes occurred in the friction process, corresponding to changes
in the load. The first abrupt change LC1 (lower critical load) led to film rupture, while the
second abrupt change LC2 (upper critical load) marked the critical load required for the film
to peel off from the ACM rubber surface. For the films coated on the ACM rubber surface,
as the RF power and Cr doping content increased, the adhesion between the Cr-C/DLC
films and the ACM rubber first increased and then decreased. Notably, the critical load
of the RF80 sample is 1.5 times that of the RF40 sample, which intuitively indicates that
the RF80 sample has more excellent adhesion, consistent with the results measured by the
X-Cut method.

 
Figure 9. Scratch curves of different Cr-C/DLC films on the ACM rubber surface: (a) RF40, (b) RF60,
(c) RF80, (d) RF100.

3.5. Mechanical Properties of the Films

Hardness is a critical physical parameter for evaluating the mechanical properties
of DLC films. In this experiment, a nanoindenter was used to measure deformation by
applying and releasing load on the DLC film surface via the indenter. The entire process was
divided into three stages: loading, holding, and unloading. Load and displacement changes
were recorded, and the film’s hardness and elastic modulus were calculated using the
Oliver–Pharr method [36]. Since ACM rubber is a highly elastic material, contact between
the indenter and the rubber substrate causes viscoelastic deformation, and the indenter
experiences creep during the holding period. Therefore, the measured hardness and elastic
modulus are closely related to the holding time, maximum applied load, and unloading
rate [37]. Additionally, after the indenter is unloaded, a relatively large indentation depth in
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the micrometer range is observed. Qian et al. [38] suggested that when the nanoindentation
depth of polymer materials is greater than 800 nm, the errors in the physical quantities of
elastic modulus and hardness calculated by the Oliver–Pharr method are relatively small.
Figure 10a shows the typical indentation load–depth curves of different Cr-C/DLC films
and ACM on the ACM rubber surface. It can be observed that the indentation depth of
each Cr-C/DLC film exceeds the total thickness of the film. Thus, the measured hardness
is a composite value of the ACM rubber substrate and the Cr-C/DLC film. In industrial
seal applications, the film and substrate usually work together, making the composite
hardness of the film of practical significance. Moreover, as observed from Figure 10a, as the
power increases, the maximum indentation depth hmax first decreases and then increases.
This indicates that the Cr-C/DLC films under different RF powers have different response
mechanisms to the applied load.

Figure 10. Mechanical properties of different DLC films: (a) load–depth curves of various Cr-C/DLC
films on ACM rubber surfaces, (b) hardness and elastic modulus, (c) H/E and H3/E2.

Figure 10b shows the changes in hardness and elastic modulus of Cr-C/DLC films
deposited on ACM substrates at different RF sputtering powers. As the RF sputtering
power increases, the film’s hardness and elastic modulus first increase, then decrease. At an
RF power of 80 W, the film exhibits a maximum hardness of 6.8 MPa. This is likely due to the
high hardness of metallic chromium and the carbides formed by chromium bonding within
the carbon-based film. This aligns with the conclusion of the report that thin interlayers
contribute to enhancing the hardness and toughness of multilayer nanostructures [39].
These carbides, dispersed throughout the carbon matrix, enhance the hardness of the film.
Subsequently, as the RF sputtering power increases, the sp3 carbon content in the film
decreases, graphitic bonds increase, and diamond-like bonds decrease, which reduces the
film’s hardness and elastic modulus. Additionally, the increase in RF sputtering power
(100 W) may lead to the formation of a large amount of CrC phase, which could disrupt
the continuity of the carbon network structure [40,41]. This is one of the reasons for the
reduced hardness of the film. Figure 10c shows the H/E and H3/E2 values, which represent
the film’s resistance to crack initiation and plastic deformation, respectively [42,43]. The
results indicate that as the RF sputtering power increases, the H/E and H3/E2 values
initially rise before subsequently decreasing. This phenomenon can be attributed to the fact
that appropriate RF sputtering power facilitates a smooth transition between ACM and
Cr-C/DLC, thereby endowing the RF80 film with remarkable toughness and resistance to
plastic deformation, which reduces the risk of brittle fracture.

3.6. Tribological Properties of the Films

Figure 11 presents a comparison of the friction coefficient curves, average friction
coefficients, wear mass loss, and wear rates for ACM and Cr-C/DLC films on ACM rubber.
As shown in Figure 11a, it can be observed that the coefficient of friction (CoF) of ACM
rubber without a coating exhibits a significant and rapid decrease during the initial friction
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phase. This may be attributed to the flash temperature increase in the contact area caused
by frictional heat generation [44]. As the test progressed, the coefficient of friction gradually
stabilized at approximately 0.8, indicating that the friction process had reached a steady
state. In contrast, ACM coated with Cr-C/DLC nanocomposite films exhibits varying
degrees of friction coefficient reduction, indicating that Cr-C/DLC significantly enhances
the tribological properties of ACM rubber. As the RF sputtering power increases, the CoF
first decreases and then increases. At 40 W RF, the Cr content is relatively low, and the
CoF remains at a low level of approximately 0.18 before 800 s. After this point, due to
film detachment, the friction ball contacts the rubber substrate, causing the coefficient of
friction to rise sharply. Low concentration Cr doping in the interlayer increases the sp3

bond content within the film, enhancing its hardness and elastic modulus. However, this
fails to adequately mitigate the physical property mismatch between the DLC hard film
and the ACM elastic substrate. Under prolonged dynamic operating conditions, the film is
prone to delamination and failure, which compromises its wear resistance. After 800 s, the
film wears through the ACM substrate, causing a rapid increase in the CoF. As shown in
Figure 11b, the average coefficients of friction for RF40, RF60, RF80, and RF100 are 0.23,
0.17, 0.13, and 0.14, respectively. With increasing RF sputtering power and Cr content, the
CoF exhibits a trend of first decreasing and then increasing. At an RF power of 80 W, the
CoF reaches its minimum value and stabilizes at 0.14. Besides the coefficient of friction,
wear mass loss and wear rate are also important indicators of the tribological properties of
the film. As shown in Figure 11b, the wear mass loss and wear rate of RF80 remain at the
lowest levels, being 0.11 mg and 3.1 × 10−4 mm3/(Nm) respectively. Raman spectroscopy
and XPS show that the doping of Cr elements increases the graphitization degree of the
film. Therefore, Cr-C/DLC is more likely to form a transfer film during the friction process.
Compared with the original ACM rubber, the Cr-C/DLC film exhibits a lower CoF, wear
mass loss, and wear rate. This can be attributed to the optimal incorporation of Cr into the
interlayer, which enhances the bonding strength between the DLC film and the substrate.
This ensures the film’s performance under sustained friction and wear conditions, achieving
excellent wear resistance with low friction and wear rate.

Figure 11. (a) Coefficient of friction curves and (b) average coefficient of friction, wear mass loss, and
wear rate of ACM and Cr-C/DLC on ACM.

Figure 12 shows the wear scar morphology of Cr-C/DLC films prepared at different RF
powers after friction testing. The results indicate that as RF power (Cr content) increases, the
wear track width first decreases and then increases, reaching a minimum value (~396 µm)
at RF 80 W (Cr content 4.3 at.%), demonstrating optimal wear resistance. In the low-power
range (RF < 80 W), the scratched surface exhibits roughness and is densely covered with
numerous exfoliated particles, indicating severe structural failure of the film. This can
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be attributed to insufficient bonding strength at the film/substrate interface under low
Cr content, which fails to resist shear stresses during friction. Film fragmentation during
friction generates hard particles that contribute to adhesive wear, leading to severe wear.
Conversely, when RF power increased to 80 W and 100 W, the wear area appeared polished
with no discernible wear marks, and the coating remained adhered to the substrate surface
after the friction test. This significant improvement stems from the optimized chromium
content (4.3 at.% to 7 at.%) within this range. On one hand, the Cr-C interlayer effectively
mitigates interfacial stress concentration, thereby enhancing bonding strength. On the other
hand, as discussed earlier regarding mechanical properties, the RF 80 sample exhibits the
highest H3/E2 ratio, endowing the film with exceptional resistance to plastic deformation.
It can be concluded that the Cr content in the interlayer must be maintained within a specific
range (4.3 at.% to 7 at.%) to ensure the quality of Cr-C/DLC films, thereby preserving and
significantly improving ACM friction performance.

 

Figure 12. Wear track morphology of Cr-C/DLC films deposited on ACM substrates at different RF
sputtering powers: (a) RF40, (b) RF60, (c) RF80, (d) RF100.

To further investigate the wear scars of different Cr-C/DLC films on the ACM rubber
surface, Raman spectroscopy was used to analyze both the surface and the wear track
regions of the DLC films, as shown in Figure 13. It can be clearly seen that, after the friction
test, the Raman spectra of the wear track regions of RF40 and RF60 exhibit obvious wavy
curves, which are typical Raman signals of polymer materials [45]. This indicates that RF40
and RF60 have failed during the wear process. In contrast, the Raman spectra of the wear
scar regions of RF80 and RF100 are similar to those of the corresponding surfaces, with
distinct D peaks and G peaks. This is consistent with the results observed in Figure 12,
which jointly demonstrate the excellent tribological properties of the RF80 and RF100
samples. In addition, as shown in Figure 14, the Raman signals of the transfer film, namely
an indistinct D peak and a distinct G peak, can be clearly observed within the wear scar of
the abrasive ball of RF80. This implies that an appropriate amount of Cr doping facilitates
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the formation of the transfer film during the friction process, further contributing to the
reduction in the friction coefficient.

Figure 13. Raman spectra of the wear tracks of various Cr-C/DLC films on the surface of ACM
rubber: (a) RF40, (b) RF60, (c) RF80, (d) RF100.

Figure 14. (a) Morphology of wear scars corresponding to the RF80 abrasive ball, (b) Raman spectra
corresponding to the wear scar morphology.

4. Conclusions
This study employed radiofrequency magnetron sputtering (RF-MS) and high-power

pulse magnetron sputtering (HiPIMS) for co-sputtering Cr-C layers, successfully fabricating
Cr-C/DLC composite films with varying Cr doping levels on ACM rubber substrates. The
effects of RF power (Cr doping content) on the films’ microstructure, composition, wettabil-
ity, mechanical properties, and tribological behavior were systematically investigated. The
main conclusions are as follows:
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(1) Due to the significant difference in the coefficients of thermal expansion between the
DLC film and the rubber substrate, a randomly distributed, network-like micro-crack
structure appears on the surface of all films. Cross-sectional SEM and corresponding
EDS mapping reveal no distinct boundary between the Cr-C interlayer and the top
DLC film, suggesting strong interfacial adhesion.

(2) The introduction of the Cr-C interlayer significantly affected the bonding structure
of the top-layer DLC film. As the Cr doping content increased, the proportion of
sp2 hybrid bonds also increased. This structural transformation effectively alleviated
the residual compressive stress within the film, resulting in stronger film–substrate
adhesion during the adhesion test.

(3) The RF80 sample (Cr 4.3 at.%) exhibits excellent mechanical and tribological prop-
erties, with a hardness of 6.8 MPa, a friction coefficient of 0.13, and a wear rate of
3.1 × 10−4 mm3/(Nm). Additionally, moderate Cr doping promoted the formation
of a graphite transfer film, resulting in reduced friction and wear.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/lubricants14040148/s1. Figure S1: SEM image of the Cr-C
interlayer of the RF80 sample on ACM rubber; Table S1: Cr-C interlayer thickness and DLC
thickness for various films.
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