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To investigate the effects of Cr doping on the microstructure and tribological properties of multi-layered
diamond-like carbon (DLC) films, Cr-DLC films with Cr contents ranging from 0 to 22 at.% were de-
posited on 0Cr19Ni10 stainless steel and Si wafer surfaces by unbalanced magnetron sputtering. The
thickness of the transition layer is 180 nm and the Cr-DLC film ranging from 1.3 to 1.5 lm. The
microstructure, mechanical and tribological properties of the films were systematically investigated at room
temperature in atmospheric environment. Results show that increasing the Cr target current can effectively
improve the incident particle density and reduce surface roughness. As a strong carbon metal, Cr has
significant influence on the structure and properties of the film for bonding with carbon atoms during
deposition. High-energy Cr particles are favorable for films to increase the sp3 hybrid bond ratio and
reduce internal stress. The high-hardness sp3 hybrid phase, Cr carbide, oxide dispersion can effectively
improve the mechanical properties of the film, but overdoping is detrimental for mechanical properties of
the film. The internal stress shows a continuous trend of decreasing with the increasing Cr content and it
reduced up to 80% compared with pure DLC films. The films prepared with Cr sputtering current of 0.4 A
demonstrate the best tribological properties, and the friction coefficient and wear rate are 0.15 and
2.9 3 1027 mm3/Nm, respectively.
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1. Introduction

Carbon materials play a vital role in human development
because of their diverse nature, such as electromagnetic
properties, thermal properties, optical properties, and micro-
electronics (Ref 1, 2). They are known as one of the most viable
materials in twenty-first century. Among the new carbon
materials, diamond-like carbon (DLC) films are widely used in
aerospace, machinery and biology because they contain sp3

hybrid carbon atoms of diamond structure and sp2 hybrid
carbon atoms of graphite structure (Ref 3). So, DLC exhibits an
extremely good performance of diamond and graphite simul-

taneously (Ref 4, 5). Physical vapor deposition and chemical
vapor deposition are two common techniques for preparing
DLC films (Ref 6, 7). Modification of the structure and
composition of the film can be accomplished by using a
transition layer (Ref 8, 9), a multilayer layer (Ref 10, 11), and
doping (Ref 12, 13), which are not only important methods to
improve the overall performance of the film, but also mean-
ingful for engineering applications. In the above methods,
doping has the most significant influence on the structure and
properties of the DLC films, especially doping of transition
metals (Ref 14-17).

Research shows metals with strong binding capacity to
carbon, such as Cr, W, Mo, and others can easily form hard
metal carbides and oxides in the film (Ref 10, 18-21). In
addition, there are many unbound atoms, such as elemental Cr
or single metals, which are nonuniformly distributed in the
three-dimensional network structure of amorphous carbon to
form a multi-component composite structure of nanocrystals
and amorphous states. The mechanical properties of the film
can be enhanced by the dispersion strengthening of multiphase
particles. In the process of bonding with carbon atoms, the
doping atoms break the combination of the original hybrid
carbon atoms, which leads to the relative content of sp2 and sp3

hybrid bonds in the film are affected greatly, so the overall
performance of the film has been dramatically changed. It is
generally accepted that the p bond in the sp2 hybrid form
determines the photoelectric properties and self-lubricity of the
film, while the r bond in the sp3 hybrid form determines the
mechanical properties of the film (Ref 22-25). The properties of
the film vary greatly under different ratios of these hybrid types,
and there are several orders of magnitude of difference among
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the resistivity, friction coefficient, and hardness of these
materials. The metals with weak binding capacity to carbon,
such as Cu, Ag, Au (Ref 11, 26-31), have valence electron
orbitals in their full state, and they hardly react with carbon
atoms. These materials mainly form nanocrystals distributed in
carbon structure network. High-speed and high-energy particles
which bombard the substrate produce large internal stress
during the deposition process, yet the nanocrystals can reduce
this internal stress effectively and improve the toughness of the
films. Moreover, high chemical reactivity of the nanocrystals
can be combined with oxygen atoms to form a passivation film
on the surface, preventing oxidation from atomic oxygen
effectively, and it is also a good self-lubricating material for its
low shear strength (Ref 32). Tribological properties, as one of
the most important properties of DLC films, have attracted wide
attention after being reported for the first time due to their low
friction coefficient and high hardness. The adsorption and
passivation effect of surface dangling bonds on heterogeneous
atoms can effectively reduce the friction coefficient. The DLC
films prepared by vapor deposition have a lower surface
roughness than other preparation technologies, which can
effectively reduce the running-in phase during the rubbing
process. Cr-doped DLC films exhibit attractive tribological
performance compared with undoped DLC films due to their
low stress, thermal stability and bond strength (Ref 33-35).
Most of them demonstrate ideal properties with increasing of
Cr content. However, the influence of over-doping and
mechanism of doping on the structural properties of DLC
films need to be revealed.

In order to further investigate the influence of doping on the
structural properties of DLC films, unbalanced magnetron
sputtering was used to dope Cr in DLC films in this study. The
influence of Cr doping on the microstructure, composition,
mechanical properties, and tribological properties of the films
was analyzed and the mechanism was revealed.

2. Materials and Methods

2.1 Films Preparation

Transition layer, DLC films, and Cr doping DLC films were
deposited by unbalanced magnetron sputtering. There are three
rectangular sputtering targets and one ion source deposition
equipment. In this study, a pure graphite target was installed on
the No. 1 target, a pure chromium target was installed on the
No. 3 target, and the No. 2 target was not used. In order to
characterize the structure and properties of the film, 0Cr19Ni10
(20 9 30 9 5 mm) stainless steel and silicon (111) wafers (U
50 9 0.3, Ra £ 2 nm) were selected as the substrates for
wear test and microstructure characterization, respectively.

The substrates are ultrasonically cleaned in deionized water
for 10 min, alcohol for 10 min, and acetone for 10 min,
successively. Then, they were dried and placed in vacuum
chamber and the chamber was pumped down to 6 9 10�3 Pa.
In order to improve the adhesion between the film and the
substrate, the substrate was subjected to Ar ion cleaning for
20 min before deposition to improve the interfacial activity of
the substrate, which can increase the bonding strength between
the transition layer and substrate. The chromium target was
sputtered before depositing the DLC film. The deposition time
was 10 min to form the first stress buffer layer of Cr. Then, to

form the second buffer layer of Cr and C, the sputtering current
of Cr target increased 0.02 A per minute and the total
deposition time is 10 min. Finally, the work layer was
deposited, with the deposition parameters of the specific
working layer were shown in Table 1. When the Cr target
current was at 0 A, the corresponding thin structure was
assigned as the substrate/Cr/CrC/DLC, and when the Cr target
current was 0.2, 0.4 and 0.6 A, the corresponding film structure
was assigned to substrate/Cr/CrC/Cr-DLC, recorded as DLC,
Cr-0.2, Cr-0.4, Cr-0.8.

2.2 Characterization of the Films

A ZEISS Supra55 field-emission scanning electron micro-
scope was used to observe the cross section and surface
morphology of the films. The roughness, hardness, and elastic
modulus of the films were tested by a comprehensive
mechanical performance tester (Hysitron TriboScope, Bruker,
Germany) with an atomic force microscope and a nanoindenter.
Using the same probe and testing for nanoindenter experiments
first. The maximum load was 1000 lN and the depth of the
nanoindentation ranged from 80 to 100 nm. The loading time,
holding time, and unloading time were 5 s. Then the probe was
scanned on the surface to measure the surface roughness with a
scan range of 20 lm. The compressive residual stress was
measured by D-500 Stylus Profiler of KLA-Tencor, A self-
developed MSTS-1 multi-functional ball-disk friction and wear
tester were used to test the tribological performance of the films
in the atmosphere. In this work, the upper samples were 9Cr18
stainless steel balls with diameter of 9.525 mm, and the applied
load was 6 N, the rotation speed was 300 r/min, and the
rotation radius was 5 mm, the friction time was 20 min (Ref
31). After the friction and wear tests, an Olympus-OLS4000
three-dimensional shape analyzer (Olympus OLS4000, Japan)
was used to observe the wear scar morphology and calculate the
wear rate (Ref 36). The film was subjected to Raman
spectroscopy using a Renishaw in Via plus laser Raman
spectrometer (HR-800, HORIBA JobinYvon, France, wave-
length = 633 nm) to analyze the bond structure characteristics.
The elemental composition and chemical valence state of the
films were analyzed by XPS (ESCALAB 250Xi, Thermo
Scientific), and etching is performed for 2 min before the test to
remove the effects of surface impurities and oxidation.

Table 1 Parameters for film deposition

Parameter Value

Work pressure, Pa 5.1
Ar, sccm 60
Substrate bias voltage, V � 50
Substrate temperature, �C 200
C sputtering current, A 4.8
Cr sputtering current, A 0, 0.2, 0.4, 0.8
Cr/CrC interlayer deposition time, min 20
DLC deposition time, min 240
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3. Results and Discussion

3.1 Microstructure and Composition

The surface and cross section of the four samples were
observed using a scanning electron microscope. As shown in
Fig. 1, the transition layers were all 180 nm. As the Cr target
current increased, the thickness of the film did not increase
significantly, ranging from 1.3 to 1.5 lm, because high current
represents a high deposition rate. It can be seen from the cross
section that upon turning off Cr target, as shown in Fig. 1(a2),
the material appears as a pure, diamond-like film, which is a
kind of amorphous carbon-based film and its structure is a
three-dimensional network with short-range order and long-
range disorder. It means that there are no large-sized columnar
crystals from on surface, and only the localized small regions
appear in an ordered arrangement, existing in ordered structural
domains that are not constrained from each other. Figure 1(b2,
c2, d2) shows the cross-sectional morphology of the Cr target
currents of 0.2, 0.4 and 0.8 A, respectively. A columnar crystal
structure with a clear penetrability can be observed because Cr
is a simple substance, and Cr compounds have typical crystal
structures that affect the overall structure of the film. It can be
seen that a discontinuous structure occurs in a localized region
due to film breakage. Comparing c2 and d2, the columnar
crystal is tiny, because with the increase in the current of the Cr
target, particles have higher sputtering energy and kinetic
energy, so it is easier to enter the gap of the carbon structure
network and make the structure dense.

The morphologies of the films are displayed in Fig. 1(a1,
b1, c1, d1), the amorphous carbon-based film is black-gray, and
the film changed from black gray to white gray as the Cr target
current increased, results show that the Cr content in the film
increased constantly. The surface of the four films exhibited
nanoscale, cluster-like and granular structure. The surface
roughness of the film was tested by atomic force microscopy, as
shown in Fig. 2. When the Cr target current was 0.2 A, crystal
particles appeared on the surface that were not present on the
pure DLC film, a randomly grown and uneven distribution of
protrusions can be seen, and the surface roughness increased
from 4.6445 nm (pure DLC film) to 4.879 nm. With the
increasing of Cr target current, the roughness showed a

downward trend, from 4.879 nm at 0.2 A to 3.846 nm at 0.8
A, because the increasing of target current can effectively
increases the energy and density of the sputtered particles in the
coating chamber, more particles deposited on the surface per
unit time and the columnar structure become more compact.
The C and Cr compounds were uniformly distributed in the
three-dimensional network of the film, making the surface more
smoother and denser.

Raman plays an important role in diamond characterization
(Ref 37-39). Figure 3 shows the Raman spectra of DLC films
deposited under different Cr target currents. The spectra of the
four samples range from 1000 to 1800 cm�1 and show
asymmetric, broad peaks. The pure DLC film (red line) peak
is obtained by Gaussian fitting. The curve is decomposed into a
D peak near 1386 cm�1 and a G peak near 1581 cm�1, which
are typical diamond-like peaks. With the increase of Cr target
current, the Cr content in the film increases continuously, and
the intensities of the G and D peaks decrease, indicating that Cr
doping reduces the order of the structure. Besides, the
introduction of extraneous high-energy particles is distributed
in the carbon structure network, increasing the number of
interstitial atoms. The dotted line in Fig. 3(b) is the line
connecting the D and G peaks after the four peaks are fitted. As
the Cr content increases, both G and D peaks move toward
lower wavenumbers, which also indicates the disorder of bond
angles increases continuously, and the degree of short-range
order decreases. The left shift of the D peak represents that
there is an increase in the number of coordination carbon
atoms, the content of sp2 hybrid bonds in the film decreases,
and the content of graphite phase decreases (Ref 40, 41).

Figure 4 shows the ID/IG value and G peak positions of the
four samples. In the amorphous carbon films, the relative
intensity ratio of ID/IG of the D and G peaks is inversely
proportional to the grain size, indicating that as the content of
Cr increases, the value of ID/IG decreases, and the grain size
continues to increase (Ref 11). It is generally accepted that the
D peak represents sp2 hybrid carbons that form graphite rings,
and ID/IG can be used as a parameter to estimate the content of
sp3 hybrid bonds. The smaller the ratio, the higher the content
of sp3 hybrid bond. The microstructure of the film is very
sensitive to Cr metal doping. As the Cr target current increases

Fig. 1 SEM surface and cross-sectional images of (a1, a2) DLC, (b1, b2) Cr-0.2, (c1, c2) Cr-0.4, (d1, d2) Cr-0.8
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from 0 to 0.8 A, the proportion of sp3 hybrid bonds in the film
increases. Because the density and energy of the incident
particles increased with the sputtering target current. During the
collision deposition process, the nucleation process and the
growth process are both limited by space. The newly deposited
particles do not migrate or completely migrate before nucle-
ation. The extrusion of the new incident particle is restricted in
movement, causing the stress to not to be released and be in a
bound state, which increases the internal stress. During the film
deposition process, the internal stress determines the sp3 hybrid
phase. In other words, stress determines the content of the
diamond phase. The high incident energy and impact velocity
can significantly increase the level of stress on the surface of
the substrate, and the diamond phase content increases
significantly. At the same time, the formation of sp3 hybrid

bonds in the film also moves with the G peak to lower
wavenumbers, and the content of sp2 hybrid bonds decreases.
This indicates that the content of the three-dimensional network
structure in the film increases, the content of the graphite ring
structure decreases, and the carbon atoms tend to become of a
higher coordination binding nature.

Qualitative and quantitative analyses of elements in the film
are usually performed by XPS. Figure 5 shows (a) full
spectrum, (b) C1s, (c) O1s, and (d) Cr2p spectra of XPS after
etching. While the Cr target current increases from 0.2 to 0.4 to
0.8 A, the Cr atom concentration of film increases from 5 to
11 at.% to 22 at.%, respectively. The doping of Cr atoms
directly affects the short-range order of the carbon structure, the
relative intensity of the C1s peak decreases, and the atomic
concentration decreases. At the same time, the concentration of

Fig. 2 3D images and roughness of (a) DLC, (b) Cr-0.2, (c) Cr-0.4, and (d) Cr-0.8 films

Fig. 3 Typical Raman spectra of (a) DLC and (b) Cr-DLC films
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oxygen atoms increases with the increase of Cr content, rising
from 1.12 to 4.77 at.%. It can be seen from Fig. 5(b) that
oxygen is mainly present in the film in the form of carbon–

oxygen bonds before doping. Due to the large concentration of
high-speed, sputtered particles, some of the carbon oxides have
no time to diffuse and form tiny gaseous masses, fixing to the
carbon structure network of the film at a relatively small
content. When Cr atom is doped, it can be concluded from
Fig. 5(c) that the form of O element changed from the C-O to
the Cr-O bond and mostly occurs with metal oxide in the
network structure. The Cr can be found in Fig. 5(d), compared
with elemental C and O, has larger difference in electroneg-
ativity. During the deposition process, the O atom preferentially
combines with the Cr atom. The larger the incident current, the
higher energy the Cr particle, Cr atoms are easy to break
through the energy barrier and produce a chemical reaction,
causing the content of oxygen atom to increase.

It can be seen from Fig. 5(d) that the Cr is mainly present in
the forms of metal and metal carbide in the film. The part of Cr
is completely bombarded on the surface with the form of single
atoms, and others become small atomic clusters. The single Cr
atoms and outside surface atoms of these small groups that are
sputtered bond with O atoms or C atoms to form compounds
during flight or as they reach the surface, but at the center of the
cluster, the atom fails to come in contact with other atoms or
they reach the surface of the substrate, which still maintains the

Fig. 4 ID/IG and G peak position of the DLC, Cr-0.2, Cr-0.4, and
Cr-0.8 films

Fig. 5 The XPS spectra of (a) full spectrum, (b) C1s spectrum with Cr-0.4, (c) O1s spectrum, and (d) Cr2p spectrum with Cr-0.4
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Cr-Cr metal bond. The bonding energy in the Cr spectrum is
577.4 and 574.4 eV, representing two combinations of Cr.

Figure 6(a) illustrates a surface TEM image obtained from a
typical area of the pure DLC film, the image reveals that DLC
film exhibits amorphous carbon structure, there are no distin-
guishable diffraction rings, which is a typical diamond-like
structure. Figure 6(b) shows the TEM image with and corre-
sponding selected area energy disperse spectroscopy (EDS) of
the Cr-DLC film deposited at a sputtering current of 0.4 A. It is
seen that the Cr-DLC film has nanocomposite structure in
which Cr nanoparticles (the black dots in the TEM images) are
uniformly embedded in amorphous carbon matrix. With
combination of the following EDS of C (the red dots), Cr
(the yellow dots) and XPS, we will then be able to know these
nanoparticles are Cr compounds and elemental substances.

3.2 Mechanical Properties

Figure 7 shows the elastic modulus, nano-hardness, fracture
toughness, and residual stress of the four films under different
Cr target currents. The fracture toughness is determined by the
elastic modulus and the nano-hardness and is greatly affected
by the hardness of the film (Ref 42). The results show that the
nano-hardness, elastic modulus, and fracture toughness of the
film all increase first and then decrease with the increase of the

Cr target current. During the deposition process, the particles
strike on the surface of the substrate in a high-energy and high-
speed under the action of the bias voltage and the ion source.
The deposition of the new particles limits the diffusion
behavior of the particles on the surface and causes compressive
stress. The layered carbon structure is made up of sp2 hybrid
bonds and usually limited in space during the process of
nucleation growth, it is forced to change to a higher coordi-
nation number. Particles with higher energy are more likely to
break through the energy potential, bonding between atoms.
Under the combined action of the two effects, the content of the
sp3 hybrid phase in the film structure gradually increases. The
effect of sp3 hybridization on the mechanical properties in the
film is much larger than that of the sp2 hybrid phase. The three-
dimensional carbon structure of sp3 is the result of the
combination of covalent bonds in all directions, which is
higher than the van der Waals bonding between the sp2

interlayers. The hardness and shear strength of the films
deposited at a sputtering current of 0.4 A are higher than the
other samples, as shown in Fig. 7(a). At the same time, the Cr
atoms in the deposition process bond with the C carbon atoms
and O atoms, and the metal carbides and metal oxides are all
hard particles that are uniformly distributed in carbon three-
dimensional network structure during deposition process to
bring the effect of dispersion strengthening, which can improve

Fig. 6 (a) Typical TEM micrograph of the pure DLC, (b) TEM and corresponding EDS of the Cr-DLC film with the sputtering current at 0.4A

Fig. 7 (a) Elastic modulus and hardness of films, (b) Compressive residual stress and fracture toughness of films
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the hardness and toughness of the film. However, when the
current increased to 0.8 A, the Cr content in the film is around
22 at.%, which is twice as high as 0.4 A.

According to the XPS analysis, about half of the Cr in the
film exist in formation of metal. Although the hardness of
chromium carbide and oxide is high, Cr is a plastic metal and
has a strong plastic deformation ability. In the case of a small
amount of doping, metal Cr is embedded in the three-
dimensional network of films with different size atomic clusters
to improve the film�s hardness and maintain the film�s
toughness. When the doping is in excess, the strong plasticity
becomes dominant, the hardness and elastic modulus of the film
are significantly reduced (Ref 43). During the whole doping
process, both the elastic modulus and hardness increased first
and then decreased. The proper content of Cr doping is a
critical factor to ensure good mechanical properties by
changing the structure of the film.

Figure 7(b) shows the relationship between the films�
fracture toughness and internal stress. The fracture toughness
is determined by the hardness and elastic modulus of the film.
The change trend is consistent with the first two, and internal
stress gradually decreases with the increase of doping content.
The particles impact the surface of the substrate with high
energy and high velocity and deposit on the surface, which
cannot migrate because of high internal stress, which con-
tributes to forming the sp3 hybrid phase. However, both the sp2

hybrid bonds and sp3 hybrid bonds are classified as covalent
bonds, and they can only form at specific positions in two or
three dimensions. They are also easily squeezed cause the bond
angle of the atom to be distorted during the bonding process,
and the electron cloud stack to have a stronger bond strength
than either the ionic bond or the metal bond. Therefore, the film
exhibits a high internal stress when it is not doped. With the
doping of Cr atoms, the C atoms are released from their typical
state of being difficult to bond due to space limitations,
preferentially forming C-Cr bonds. The formation of ionic
bonds has no directional requirements (Ref 44, 45), which
significantly reduces the stress generated by covalent bonds
distortion. In addition, the strong plasticity of the elemental
material shows a continuous trend of decreasing internal stress.
The internal stress is reduced by more than 80% when the
doping content is 22 at.%.

3.3 Tribological Properties

Figure 8 shows the friction coefficient and wear rate of the
films. The film with Cr target currents of 0, 0.2 and 0.4 Awere
tested for a total of 20 min. After a short fluctuating stage, the
friction coefficient keeps stable, except the sample prepared
with a current of 0.8 A. The pure DLC film exhibits a low
coefficient of friction, which is represented by a red curve in
Fig. 8(a). Its average coefficient of friction is only 0.068,
because the proportion of sp2 hybrid bonds in pure DLC films
is as high as 70%. The corresponding graphite phase has a
strong self-lubricating property that allows interlayer slippage
to occur easily under the action of shearing force, and the film
is transferred to form a transfer film on the grinding pair (Ref
46). The friction coefficient fluctuation decreases during the
stable phase, and although the hardness and toughness are
lower, the self-lubricating property of graphite phase has a good
lubricating effect under low contact stress. As shown in Fig. 9,
the pure DLC film has the shallowest wear-scar depth and the
wear rate is relatively low.

After doping the DLC film with Cr, only the film with a
sputtering target current of 0.4 A did not fail within the friction
test time, and the other two doped samples failed at different

Fig. 8 (a) Friction coefficient curves; (b) Average friction coefficient and wear rate of DLC and Cr-DLC films

Fig. 9 Cross-sectional profiles of the wear track on DLC and Cr-
DLC films
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Fig. 10 Wear morphologies of the pure-DLC (a1, a2), Cr-0.2 (b1, b2), Cr-0.4 (c1, c2), and Cr-0.8 (d1, d2) films under atmospheric
environment, and EDS of surface
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stage. Metal doping changes the internal composition and
structure of the film, especially the strong carbon metal, which
has a more obvious influence on the three-dimensional network
structure in the DLC film. After Cr doping, some of the carbon
atoms are transformed from the layered graphite phase to the
hard diamond phase, while others combine with the C and Cr
atoms and become a hard metal carbide. Therefore, the self-
lubricating property decreases remarkably, and the friction
coefficient increases significantly. The film with a target current
of 0.2 A most likely fails due to its poor mechanical properties
during the test time. Hardness is an important factor for the
wear resistance of the material. The film with a target current of
0.8 A failed immediately after a short fluctuating stage. It can
be inferred that a large amount of metal doping lead to a
significant decrease in the mechanical properties of the film,
causing the film to fail as soon as it enters the stable stage.
While continually increasing the target current, the COF
decreases slightly. The films prepared with target current of
0.4 A demonstrated the best mechanical properties, showing
great wear resistance and no failure occurred. And it can be
clearly observed that the wear rate kept consistent with the
average friction coefficients.

The tribological mechanism of the film after friction and
wear was analyzed by SEM and energy dispersion spectroscopy
(EDS). The results shown in Fig. 10(a-d) show the surface
morphology and composition of pure DLC, 0.2, 0.4 and 0.8 A,
respectively. As shown in Fig. 10(a1) and (a2), because of the
good self-lubricity ability of the pure DLC film, the surface of
the wear scar is relatively even and flat, wear form is mainly
abrasive wear of the hard diamond phase, the wear degree is
slight, and the wear-scar depth is about 0.5 lm that can be seen
from Fig. 9. Analysis of wear-scar morphology shows that it
consists of carbon and carbon oxides. The film with a target
current of 0.2 A has an adhesive nature in a wide range wear
because reduced graphite content leads to the decreasing of the
mechanical properties. In Fig. 10(b1), (b2), (c1), and (c2),
some of the adhesive products cover the surface of the furrow,
but furrows can still be seen by hard carbides and oxides. The
sharp object has the most obvious influence on the film during
the friction and wear process. Hard particles of this size cause
micro-cutting during the friction process and can remove a
significant amount of material.

EDS results in Fig. 10(b1) show that the composition of the
wear-scar contains Si and Fe, both of these being elements
present in a stainless-steel substrate. From the green curve in
Fig. 9, it can be seen that the depth of the partial wear-scar
exceeded the average thickness of the film and failed,
corresponding to the friction coefficient increasing suddenly
in Fig. 8 at the end of the experiment. Compared with the film
with a target current of 0.4 A in Fig. 10(c1) and (c2), obvious
furrows and partial layered stack areas can be observed.
Because of the higher toughness and hardness of the film, it has
better wear resistance and no large-area adhesive wear or
peeling behavior. The depth of the wear-scar measured during
the test time was less than 1 lm and did not reach the average
thickness of the film, so no failure behavior occurred. As shown
in Fig. 10(d1) and (d2), the mechanical properties and tribo-
logical properties of the film at the maximum current are
severely damaged because of over-doping. The depth of the
wear scar is much larger than the average thickness of the film,
and the grinding ball is in contact with the Si substrate directly,
which has a low hardness and high plasticity, so a large area of
adhesion on the surface and friction increases significantly.

4. Conclusions

The DLC films of various levels of Cr doping were prepared
by unbalanced magnetron sputtering technique. The effects of
Cr content on the microstructure, mechanical properties, and
tribological properties of the films were investigated. The
relevant results and conclusions can provide guidance on
similar metal doping.

(1) Metal carbides, oxides, and elemental metal particles
formed by Cr doping are uniformly distributed in the
gaps of the three-dimensional network of the film to re-
duce surface roughness. High-energy and high-speed
particles can increase the surface compressive stress sig-
nificantly during the deposition process and promote the
generation of sp3 hybridization in the film, causing the
increment of diamond phase in the film.

(2) Most of the Cr atoms still exist in the form of a simple
metal. When the doping content is less than 15 at.%, the
hard metal compounds occupy a predominant position,
hardness and toughness are better than pure DLC films.
As the doping content continues to increase, the soft
metal elements occupy a predominant position, and the
mechanical properties are severely degraded. Therefore,
an appropriate amount of doping can improve the
mechanical properties of the film effectively.

(3) After Cr doping, the self-lubricating property decreased,
caused by the generation of sp3 phase and the formation
of hard carbides and oxides, making the friction coeffi-
cient increase. The form of wear is mainly abrasive, and
the excessive plasticity of over-doping not only destroys
the mechanical properties of the film but also signifi-
cantly reduces the wear resistance properties of the film.
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A. Wennberg, V. Bellido-González, J.M. Molina-Aldareguia, M.A.
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