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Abstract: To meet the requirements of friction and corrosion resistance performance of helicopter
transmission bearings under harsh environments, Ti/TiN/Ti-DLC multilayer composite films were
prepared on a 40Cr15Mo2VN substrate by a non-equilibrium magnetron sputtering technique. The
effects of different titanium currents on the structure, mechanical properties, and friction properties
of the films were investigated by SEM, Raman spectroscopy, and nanoindentation. Moreover, the
tribological and corrosion resistance of developed films under acidic conditions were investigated.
The results show that the sp3-C/sp2-C ratio in the films gradually decreases with increasing Ti current
from 0 A to 2 A, leading to decreased hardness and elastic modulus. The bonding force of the DLC
films also gradually increases with increasing Ti current and reaches the maximum value of 41.69 N
at 2 A; the friction coefficient of the films gradually decreases under a load of 20 N. In summary, the
best performance of thin film at Ti-2 A was compared with the corrosion and wear performance of
thin film and substrate in acetic acid solution and aqueous solution at Ti-2 A. The wear amount of
thin film and substrate in aqueous solution is significantly lower than in acetic acid solution, and the
corrosion potential of thin film is higher than that of substrate in both solutions, which can play a
protective role against the substrate.

Keywords: Diamond-Like Carbon film; corrosion and wear; titanium target current; unbalanced
magnetron sputtering

1. Introduction

High-nitrogen steel with high mechanical properties is widely used in the fabrication
of shafts, gears, and bearings in various industrial fields. However, in corrosive environ-
ments, it suffers interrelated tribocorrosion damage. Mechanical wear and electrochemical
corrosion generally accelerate each other, and the most effective protection method has
been the subject of academic and engineering interest.

Diamond-Like Carbon (DLC) is a solid lubricant containing a sp3 and sp2 hybridized
carbon structure that has been widely used in mechanical, electronic, and biomedical fields
due to its high hardness, excellent anti-friction properties, and corrosion resistance. In
1971, an amorphous carbon film with physical and chemical properties close to those of
diamond was successfully prepared for the first time and was called Diamond-Like Carbon
film. DLC films have a high hardness and high modulus of elasticity, especially those
prepared by laser sputtering or the magnetic filtering cathodic arc method, with a hardness
of 70–110 GPa, which is comparable to that of diamond. In addition to high hardness, DLC
films usually have high internal stress, which not only limits the film thickness but also
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severely affects the bond strength, service life, and tribological properties of the film. This
internal stress can lead to cohesion and bond cracking and rupture of the coating during its
service life, especially at high load values, which can lead to an increase in the wear rate
and friction coefficient. In response to this problem, some experts have proposed solutions
such as adding elements, introducing transition layers, and constructing multilayer films,
which to some extent improve the bond strength between the film and the substrate, thus
increasing the load-bearing capacity of thick films.

Sun et al. [1] reviewed the effects of doping of carbide-forming elements and non-
carbide-forming elements on the properties of DLC films, and the appropriate amount
of elemental doping can significantly reduce the residual stress of the films, improve the
bonding between the films and the substrate, and improve the tribological, hydrophobic,
corrosion resistance, and antibacterial properties of the films without significantly reducing
the mechanical properties of the films, which broadens the application areas. The addition
of Si to DLC coatings reduces the stress in amorphous hydrogenated carbon films. Dorota
Bociaga et al. [2] showed that with the addition of Si, the disorder of the films increases,
likely due to the formation of sp3-C. The doping of Si significantly improved the wear
properties and resistance to plastic deformation of the films. Second, the content of doped
elements also affects the mechanical properties of the films, but in general, the properties
of the element-doped films are superior to those of the undoped films. Rajesh et al. [3]
prepared copper-alumina composites and investigated the corrosion and wear behavior of
copper metal matrix composites reinforced with different weight percentages (5, 10, and
15%) of alumina, and obtained the best wear performance and corrosion resistance at 15%
and 10% alumina content, respectively. Jing et al. [4] deposited silver (Ag)-doped diamond-
like films (Ag-DLC) on Si wafers and Co-Cr-Mo alloy substrates using a hybrid deposition
technique combining high-power pulsed magnetron sputtering (HPPMS) and high-power
pulsed plasma-enhanced chemical vapor deposition (HPP-PECVD). The results show that
Ag doping can refine the columnar structure in DLC films, change the shape and size of
DLC surface mounds, and effectively improve the bonding between films and substrates.
Zhu et al. [5] deposited Cr-doped DLC films on the surfaces of stainless steel and silicon
wafers using a nonequilibrium magnetron sputtering deposition technique. The doped
elements are inhomogeneously distributed in the three-dimensional network structure of
amorphous carbon, forming a multicomponent composite structure of nanocrystals and
amorphous states. The nanocrystals can effectively reduce the internal stress and improve
the toughness of the films. For the film base bonding problem, Zhang et al. deposited
H-DLC films on the surface of a 13Cr substrate using a high pulse power CVD method,
and the film base bonding reached 61 N [6]. Liu et al. reduced the internal stress of the
films by introducing a TiA1N transition layer, and the film base bonding reached 63 N [7].
Javidparvar et al. [8] doped copper in DLC-based coatings on nickel-bronze aluminum
alloy (NiBrAl), and electrochemical analysis showed that the corrosion resistance of pure
DLC coatings improved nearly three times compared with that of the substrate. Su et al. [9]
prepared Mo-doped DLC films using magnetron sputtering equipment and found that
Mo doping moderated the internal stress of the DLC films and improved the adhesion of
the DLC films. Zhang et al. investigated the effect of Ti target current on the properties
of Ti-DLC films and showed that the wear rate and friction coefficient of the films were
lower when a low Ti current was deposited. Meanwhile, the addition of Ti improved
its corrosion resistance [10]. Li et al. [11] found that the optimized Cr/GLC multilayer
interface can effectively hinder the formation of penetration defects, reduce the generation
of corrosion channels, inhibit the penetration of corrosion ions, and significantly enhance
the corrosion resistance of the film. Fayed et al. [12] formed multilayer DLC-Si films on
aluminum alloy by the ionophore-enhanced chemical vapor deposition (PECVD) technique.
The multilayer film introduced a new interface that prevented the penetration of Cl− ions.
Song et al. [13] designed a novel multilayer coating containing a two-phase structure by
magnetron sputtering, and the multilayer coating significantly improved its corrosion
resistance. Ye et al. [14] successfully prepared multilayer DLC coatings on the surface
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of 304 L stainless steel and silicon wafers using a non-equilibrium magnetron sputtering
method and investigated the corrosion and wear behavior of the coatings and the substrate
materials in seawater. The results show that the friction coefficient of the coated samples
decreases and the wear loss increases as the polarization potential rises from −1 V to
0.5 V. In addition, the mechanical wear of 304 L substrate decreased significantly with
increasing polarization potential, and corrosion-induced wear gradually dominated, but
the main volume loss of multilayer DLC coatings was mainly due to pure mechanical wear.
Therefore, the multilayer DLC coating has better corrosion and wear resistance than the
304 L substrate in seawater and provides good protection.

Therefore, doping elements, generating transition layers, and designing gradient
layers/multilayers can improve the mechanical properties of the films, reduce the residual
stresses in films, and improve the bonding and corrosion resistance of substrates and the
films. Ti is a preferred choice as a doping element for DLC films because of its ability to
improve the frictional properties, thermal stability, and adhesive strength of the films. Ti
doping accelerates graphitization under the catalytic effect of frictional heating. However, the
corrosion and wear behavior of DLC and its protection effect on high-nitrogen steel bearing
materials in corrosive media remain unclear, which limits its engineering applications.

In this paper, Ti/TiN/Ti-DLC films with different Ti contents were prepared on a
high-nitrogen steel (40Cr15Mo2VN) substrate by a non-equilibrium magnetron sputtering
technique, and the sputtering current of the Ti target was varied to control the Ti doping
content. The effects of different Ti contents on the film composition, structure, mechanical
properties, and tribological properties, as well as the corrosion and wear properties of the
films and substrates in an acetic acid solution with a pH value of 3, were investigated.

2. Experiment
2.1. Coating System

The test coating equipment used is the high-power ion density lubrication deposition
system (CF-800, Teer, London, Britain), which is equipped with four magnetron sputtering
targets (two carbon targets and two titanium targets), biased by pulsed DC, and the target
current is supplied DC. In this device, the magnetic fields of adjacent magnetron targets
are of opposite polarity, with magnetic lines of force emanating from the N-pole of one
target and mostly close to the S-pole of the adjacent target. This system creates a high ion
flow at the substrate that is significantly higher than that of a single unbalanced magnetron
sputtering target device. This closed-field, nonequilibrium magnetron sputtering system
is very effective for the uniform deposition of complex substrates. Currently, closed-field
nonequilibrium magnetron sputtering technology is widely used in the production of
superhard and self-lubricating films on cutting tools, coated glass for architectural and
automotive applications, and transparent conductive glass for the electronics industry.

The technical advantage of nonequilibrium magnetron sputtering is that low-energy,
high-density bombardment ions are used in the deposition coating process. The structure of
the prepared layer is dense, and the internal stress in the layer is very low. The deposition
temperature is low during the preparation of the film layer, and the impact on the substrate
is minimal. Highly efficient ion cleaning results in high bonding between film layer and
substrate, making it easy to deposit excellent multilayer film layers. Fully automated
computer operation allows preparation of various desired film layers.

2.2. Film Preparation

The DLC films were prepared using a closed-field unbalanced magnetron sputtering
device (CF-800, Teer, Birmingham, UK), equipped with four magnetron sputtering targets
(two carbon targets and two titanium targets). Before preparing the films, the substrate
silicon wafers and 718 steel blocks were ultrasonically cleaned in deionized water and
acetone, respectively, and then dried to remove surface contaminants, after which they
were deposited in the deposition chamber. The process parameters for film deposition are
shown in Table 1. The deposition process is divided into four steps: (1) pump the coating
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chamber to vacuum, pass argon gas, and adjust the substrate bias for argon ion etching to
remove the contaminants on the substrate surface; (2) adjust the titanium target current and
deposit the titanium primer layer; (3) adjust the carbon target and titanium target current
and pass nitrogen gas to deposit the titanium nitride transition layer; and (4) pass methane
gas to adjust the titanium target current and keep the carbon target sputtering current at
5 A to deposit titanium doped with different titanium hydrogen-containing carbon films
with different titanium contents.

Table 1. Process parameters for the DLC film preparation.

Samples Ti Target
Current (A) Bias Voltage (V) CH4/Ar (sccm) C Target

Current (A)

Ti-0 A 0

−200 40/30 5
Ti-0.5 A 0.5
Ti-1.0 A 1.0
Ti-1.5 A 1.5
Ti-2.0 A 2.0

2.3. Performance Characterization

The cross-sectional morphology of the films was characterized by ultra-high resolution
field emission scanning electron microscopy (SU8020, Hitachi, Tokyo, Japan), and the sur-
face morphology of the films was observed by field emission scanning electron microscopy
(Quanta 650 FEG, FEI, Hillsboro, OH, USA). The film base bonding of the carbon films
was characterized by a REVETEST scratch meter (RST, CSM, Basel, Switzerland) with a
loading load range of 0–100 N, a scratch length of 5 mm, and a loading rate of 50 N/min
for each sample repeated three times. The original surfaces of the coatings were analyzed
by Raman spectroscopy (LabRAM HR Evolution, HORIBA JobinYvon S.A.S., Paris, France).
The frictional and wear performance of the films was tested under atmospheric condi-
tions (25% relative humidity) using a ball-disk frictional wear tester (Tribo-S-D-0000, CSM,
Basel, Switzerland), and each sample was repeated three times. After the test, the abrasion
marks were observed with a three-dimensional surface profiler (MicroXAM-3D, ADE,
Santa Barbara, CA, USA), and the wear rate and wear volume were calculated. Volume.
The wear spot morphology of the paired balls was observed using an Olympus optical
microscope (STM6, Tokyo, Japan). The hardness and elastic recovery properties of the
films were characterized using a nanoindenter (NHT2, CSM, Basel, Switzerland) with a
nanoindentation loading load of 5 mN and an indentation depth of no more than one-tenth
of the film thickness to prevent the influence of the substrate on the test results, and the
elastic recovery was calculated using the formula of (dmax−dmin)/dmax, where dmax and
dmin are the maximum and minimum depth of pressure into the film when unloading,
respectively. Five points were taken for each sample and tested, and the average value was
reported. The acetic acid used in the corrosion test was produced by Leelong Bowa (Tianjin,
China) Pharmaceutical Chemicals Co. A UMT-3MT friction tester (UMT-3MT, CETR, Santa
Barbara, CA, USA) was used for characterization. Each test for simultaneous performance
characterization was repeated three times.

The surface and cross-sectional morphologies of Ti/TiN/a-C:H:Ti films at different
titanium target currents are shown in Figure 1. Layer III is a Ti priming layer with a
thickness of approximately 0.4 µm, and the presence of the Ti layer enhances the bonding
strength between the substrate and the composite film [15]. The cross-sectional structure
of the Ti layer can be seen in the figure as a typical columnar crystal structure. Layer II
is a TiN transition layer with a thickness of approximately 0.9 µm. It is shown that the
transition layer can significantly reduce the residual stress, hinder the crack expansion, and
reduce the spalling phenomenon during the friction process, which can well improve the
tribological properties of the film [16]. Layer I is a DLC film layer doped with Ti, and the
thickness is measured at approximately 1 µm. From the surface morphology, it can be seen
that there are particles on the surface of the film. With increasing Ti current, the impurity
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particles on the surface of the film gradually decrease, and the surface of the carbon film is
smoothest at Ti-2 A. It can be seen in the figure that these films have a uniform structure
and good density without obvious defects.
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Figure 1. SEM morphology of film cross-section and surface at Ti target sputtering current of (a) Ti-0 A,
(b) Ti-1 A, (c) Ti-2 A.

Figure 2a shows the Raman spectra of the films at different titanium currents. The films
all exhibit obvious characteristics of diamond-like films, i.e., two peaks, the D peak and
the G peak, appear between approximately 1350 cm−1 and 1500–1600 cm−1, respectively.
Figure 2b shows the variation in the intensity ratio ID/IG of the D-peak and G-peak with
the titanium current. The ratio of ID to IG reaches a minimum when the Ti target sputtering
current is 0 A and a maximum when the Ti target sputtering current is 2A. The intensity
ratio of the D-peak to G-peak is related to the content of sp3 C in the film, i.e., the smaller
the ratio is, the higher the content of sp3 C [17]. The most important factor determining the
mechanical properties of the films is the sp3 C content in the films. The higher the sp3 C
content is, the higher the spatial crosslinking of the carbon network composed of it, which
gives the films better mechanical properties [18,19]. Compressive stress is the key to the
formation of the sp3 structure, and it can be further speculated that the doping of Ti is
better for reducing the internal film stress considering the lower sp3 content.

Figure 2c shows the nanohardness and elastic modulus of the films for different Ti
target currents. The nanohardness of the films decreases from 16.33 GPa to 11.25 GPa, and
the elastic modulus decreases from 139.99 GPa to 115.65 GPa with increasing Ti current.
The doping of Ti leads to a significant decrease in the hardness of the DLC films on the one
hand and improves the bond strength of the film base on the other hand compared with
the pure DLC films without doping. This is because the Ti-doped Ti bond easily forms a
Ti-C chemical bond with carbon, and the bond energy of the Ti-C bond (242·52 kJ·mol−1)
is smaller than that of the C-C bond in the sp3 structure (346 kJ·mol−1). The reduction
in hardness of the film [20]. In addition, the sp3/sp2 composition ratio in the DLC film
structure is very closely related to the hardness, and Ti doping leads to a decrease in the
sp3/sp2 ratio due to the transition from the sp3 to the sp2 structure, thus reducing the
hardness of the film [21].
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Figure 3 shows the scratch optical picture of the bonding strength of the film and
substrate. From the figure, we can see that complete peeling of the film occurs at the edge
of the scratch, which indicates that the film is well bonded to the substrate. With increasing
titanium current, the bonding strength of the film base is gradually enhanced; the lowest
bonding strength is 19.54 N for Ti-0 A film, and the best bonding strength is 41.69 N for
Ti-2 A film. It is known that an increase in Ti content can enhance the bonding ability of the
film and substrate [22].
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Figure 4 shows the friction coefficients of the films under different currents at a 20 N
load and the corresponding wear amounts. From Figure 4a, it can be seen that the friction
coefficients are high at the initial stage of friction, i.e., the running-in stage, and after a short
period of time, the friction coefficients all start to decrease and gradually level off, which is
due to the presence of microbump particles on the surface of the film at the initial stage of
friction, leading to a high coefficient at the initial stage of friction, and the contact surface of
the sample becomes smooth after the friction period. The large particle size on the surface
of the Ti-0 A film leads to a large fluctuation of the coefficient throughout the friction
period [23]. The friction coefficient gradually decreases as the titanium target current
increases, which is due to the doping of Ti causing the film surface to become smooth with
fewer microparticles. In Ti-2 A, the shortest distance of the run-in phase is approximately
20 m, and the lowest friction coefficient is approximately 0.028. Figure 4b shows the wear
rate and wear volume of the five films, and it can be seen that the wear volume at Ti-0 A, i.e.,
without element doping, is the largest at approximately 1.85 × 106 µm3. With the doping
of the elements, it can be seen that the loss volume of the film decreases when the wear
volume at Ti-2 A is the smallest at approximately 0.35 × 106 µm3.
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The prepared Ti/TiN/a-C:H:Ti films were subjected to friction tests under atmospheric
conditions. As shown in Figure 5, the three-dimensional profile of the abrasion marks
shows that the abrasion marks are mainly characterized by furrow wear [24], and the depth
of the abrasion marks becomes shallow with increasing Ti current and is lowest at 2 A. From
the photomicrographs of the wear spots of the dyadic balls, it can be seen that there are
carbon films on the surface of the balls, and the adhesion is slight at the Ti-2 A. Combining
the friction coefficient, wear volume, and wear rate, the best tribological performance of
the Ti-2 A sample can be seen.

The tribological and mechanical properties of the five prepared DLC films were
investigated previously, and it can be seen that the best tribological properties of the
films were obtained at Ti-2 A. Therefore, the next step is to study the corrosion and wear
properties of the films at Ti-2 A.

As shown in Figure 6a,b show the curves of the friction coefficients of the film and
substrate in both solutions with time. It can be observed that the friction coefficients of the
film and substrate in both solutions, in the initial phase of friction, are increasing. After a
period of friction, the friction interface becomes flat, after which the coefficient of friction
gradually reaches a stable value. The difference is that the coefficient of friction of the film
has a decreasing trend and then reaches stability, while the coefficient of friction of the
substrate increases and then gradually reaches stability [25]. The coefficient of friction of
the film in both solutions is lower than that of the substrate. Figure 6c,d shows the wear
volume and wear rate of the film and the substrate after friction in both solutions. The
wear volume of the film is significantly smaller than that of the substrate, which plays a
good protective role. The wear volume of the film and substrate in the acetic acid solution
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is higher than that in the aqueous solution due to the higher corrosiveness of the acetic
acid solution, which is consistent with the three-dimensional profile and wear depth of the
abrasion marks [26].
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The wear marks and wear depth of the DLC film in both solutions were observed
using a three-dimensional profilometer, as shown in Figure 7. It can be observed that the
wear marks of the film in both acetic acid solution and aqueous solution are shallower and
narrower than those of the substrate, indicating that the DLC film provides good protection
to the substrate under corrosive media. The wear depth in the acetic acid solution is
deeper than that in the aqueous solution, and it can be seen that the wear depth curve
fluctuates more in the acetic acid solution while the wear depth curve is smoother in the
aqueous solution because the stronger corrosiveness of the acetic acid solution intensifies
the mechanical wear during sliding [27,28].

The open circuit potential tested in a tribocorrosion test is a mixed potential that repre-
sents the combined state of worn and unworn material in the wear trajectory. Therefore,
it is commonly used to assess the corrosion resistance and stability of the sample [29].
Figure 8a,b show the continuous variation in the open-circuit potential before, during, and
after friction for the coated samples and substrates in acetic acid solution (pH = 3) and
aqueous solution. The open circuit potential remains stable before the start of friction,
which is due to the oxide film generated on the sample surface in the solution, which
inhibits the corrosion of the sample by the solution [27,30]. In the initial stage of the friction
corrosion test, a sharp decrease in the open circuit potential curve with time was observed
due to the change in the contact surface state caused by the sliding of the mating pair on
the sample surface. The open-circuit potential stabilized for some time afterwards, which
can be explained by the removal and generation of the passivation film reaching a dynamic
equilibrium [31,32]. Additionally, the open circuit potential in acidic solution is overall
lower than that in aqueous solution, indicating that the film is more prone to corrosion with
the substrate in strongly corrosive media. A significant positive shift in the open circuit
potential of the film can be seen in the figure, both in the acetic acid solution and in the
aqueous solution, indicating that the film has better corrosion resistance than the substrate.
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The Tafel polarization curves of the film and substrate in aqueous solution before, dur-
ing, and after friction are shown in Figure 9. Table 2 shows the electrochemical parameters
of the film and substrate in aqueous solution before, during, and after friction. As seen from
the figure, the polarization curve tested before friction had the highest corrosion potential,
and the sample was corroded, resulting in a negative shift of the polarization curve due
to a change in the state of the contact surface caused by the sliding of the mating sub on
the sample surface. The polarization curve after friction was tested a few minutes after the
end of friction. The polarization curve shifts positively, but the corrosion potential is still
smaller than the potential before friction, which is due to the friction causing the sample
surface to be worn down. After the friction ends, the corrosion potential shifts positively
due to the generation of a passivation film [33].
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Table 2. Electrochemical parameters of substrates and films in aqueous solution.

Sample
Before Sliding After

Ecorr (V) Icorr (A/cm2) Ecorr (V) Icorr (A/cm2) Ecorr (V) Icorr (A/cm2)

Ti-2A film −0.47 6.64 × 10−9 −0.152 2.35 × 10−8 −0.170 7.88 × 10−9

Substrate −0.137 6.65 × 10−8 −0.246 4.38 × 10−7 −0.146 1.46 × 10−7

The Tafel polarization curves of the film and substrate in acetic acid solution before,
during, and after friction are shown in Figure 10. Table 3 shows the electrochemical parame-
ters of the film and substrate in an acetic acid solution before, during, and after friction. The
corrosion potential Ecorr of the film before friction is 0.059 V, and that of the substrate before
friction is −0.27 V. When rubbed against the silicon nitride spherical pin, the corrosion
potential shifts negatively. The corrosion potential Ecorr of the film is −0.087 V and the
Ecorr of the substrate is −0.357 V, both of which have different degrees of negative shift,
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indicating that mechanical wear can promote electrochemical corrosion of the film and
the substrate [34,35]. After the end of the friction due to the sliding stop, the damage to
the contact surface of the mating sub stops because the sample surface passivation film
generation of corrosion resistance has a slight increase in the corrosion potential for a slight
positive shift but does not restore the corrosion potential before the friction [11].
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Table 3. Electrochemical parameters of substrates and films in acetic acid solution.

Sample
Before Sliding After

Ecorr (V) Icorr (A/cm2) Ecorr (V) Icorr (A/cm2) Ecorr (V) Icorr (A/cm2)

Ti-2A film 0.059 6.607 × 10−9 −0.087 1.318 × 10−8 0.042 1.219 × 10−8

Substrate −0.270 1.025 × 10−6 −0.357 5.193 × 10−6 −0.290 2.692 × 10−6

3. Conclusions

Ti/TiN/a-C:H:Ti films were prepared using a nonequilibrium magnetron sputtering
technique by controlling the titanium target current. The effects of different titanium
currents on the film structure, mechanical properties, and tribological properties were
investigated. A special focus was paid on the corrosion and wear properties of developed
films and their protection performance against metallic substrates in an acetic acid solution
with a low pH value of 3.0. The conclusions can be drawn as follows:

(1) The five films prepared at different sputtering currents on titanium targets were dense
in structure and had no other obvious defects. The clustered particles on the surface
gradually decreased with the increase in metal element doping content.

(2) Compared with the undoped film, the bonding between the doped film and the
substrate is gradually enhanced as the doping content increases, and the content of
sp2 hybridized carbon in the film is gradually increased, which in turn decreases the
friction coefficient.

(3) The increase in the target current leads to a gradual decrease in the hardness and
elastic modulus of the film, which is due to the improved graphitization characterized
by the decreasing sp3 heterocarbon content.

(4) The developed DLC films improve the corrosion resistance of the metallic substrate in
an acetic acid solution with a low pH value of 3.0, although during dynamic wear, the
corrosion is accelerated by the continuous wear damage at the surface.

(5) The prepared multilayer carbon-based films have the potential to be applied as surface
protection materials in both wear and corrosive environments.
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