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A B S T R A C T

Diamond-like carbon (DLC) films with weak carbide metal Al and carbide metal Ti co-doping (Al/Ti-DLC) were
prepared by a hybrid ion beam deposition system. The atomic ratios of doped Al to Ti were tailored via designing
the special Al/Ti combined sputtering target. The composition, microstructure, roughness, residual stress,
hardness, toughness, and tribological behaviors of the deposited films were systematically evaluated to explore
the dependence of structural properties on Al/Ti ratios. Results indicated that the high-throughput preparation
of DLC films with different Al/Ti atomic ratios was achieved by tailoring the sputtering target and process
parameters without the difference in both the film thickness and total Al/Ti content. With the Al/Ti ratios in the
films decreased from 8.8 to 3.0, the residual stress, hardness, and toughness of Al/Ti-DLC films increased ob-
viously, originating from the increased fraction of titanium carbide and the reduced Al content. However, the
coefficient of friction and wear rate with decreasing the Al/Ti ratio were obviously improved, which was related
with the transformation of underlying friction mechanism from the sliding interface graphitization to dangling
bond-passivation. The present results not only suggest a high-throughput method to fabricate co-doped DLC
films, but also promote the scientific understanding and engineering application of DLC films with high per-
formance.

1. Introduction

Diamond-like carbon (DLC) film is a metastable form of amorphous
carbon, which has a mixture of diamond structure (sp3C hybridization)
and a graphite structure (sp2C hybridization) [1]. This special structure
endows DLC film with superior physicochemical properties including
excellent mechanical and tribological properties. Especially, due to
their eco-friendly fabrication process, DLC films are attracting more and
more interest for engineering and technical applications [2–5], and
many third elements, such as Ti, Cr, W, N, F, etc., also have been widely
doped into the amorphous carbon network in order to further adjust the
structural properties and overcome the intrinsic disadvantages of DLC
films [6–11].

As well known that the structural properties of metal doped DLC

films are closely related with the type, content and chemical state of
doped metal element. For example, when the weak-carbide-formers
(WCF), such as Al [12] and Ag [13], are introduced into carbon net-
works, they are inclined to form the soft and ductile clusters, rather
than bond with carbon atoms, thus improving the toughness and re-
leasing the high intrinsic stress by means of plastic deformation, but the
corresponding hardness of film is also deteriorated drastically. Instead,
the strong-carbide-formers (SCF), such as Ti [14], Cr [15], etc., are
covalently bonded with carbon to form the hard carbide crystallites,
embedding in the amorphous structure and resulting in the increased
residual stress, although the hardness of the films can be improved
obviously. Until now, it is still of big challenge to tailor a DLC film with
an excellent combined property by the single addition of WCF or SCF
atoms.

https://doi.org/10.1016/j.surfcoat.2019.01.049
Received 7 January 2019; Accepted 14 January 2019

⁎ Correspondence to: X. Li, Key Laboratory of Marine Materials and Related Technologies, Zhejiang Key Laboratory of Marine Materials and Protective
Technologies, Ningbo Institute of Materials Technology and Engineering, Chinese Academy of Sciences, Ningbo 315201, China.

⁎⁎ Corresponding author.
E-mail addresses: lixw0826@gmail.com (X. Li), aywang@nimte.ac.cn (A. Wang).

Surface & Coatings Technology 361 (2019) 83–90

Available online 15 January 2019
0257-8972/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/02578972
https://www.elsevier.com/locate/surfcoat
https://doi.org/10.1016/j.surfcoat.2019.01.049
https://doi.org/10.1016/j.surfcoat.2019.01.049
mailto:lixw0826@gmail.com
mailto:aywang@nimte.ac.cn
https://doi.org/10.1016/j.surfcoat.2019.01.049
http://crossmark.crossref.org/dialog/?doi=10.1016/j.surfcoat.2019.01.049&domain=pdf


Many experimental and calculation efforts indicated that the co-
doping of SCF and WCF metals was confirmed to be an effective ap-
proach for further modulating the structure of DLC films and also ex-
hibited that the co-doped metal content played a critical role in the
combined properties [16–20]. The excess SCF metal elements can cause
the increased fraction of metal carbide and deteriorate the tribological
performance. In order to obtain films with good tribological properties,
low intrinsic stress, and high hardness, it is required to accurately
control the quantity, morphology, and distribution of nanocrystalline
carbides and optimize the content of doped elements. For example,
Mandal et al. [21] found that when the Ti and W contents were 0.3 at.%
and 2.6 at.%, respectively, the DLC film possessed the lowest coefficient
of friction (COF) and wear rate. However, the evolution of micro-
structure, mechanical, and tribological properties with co-doped metal
content, especially its dependence on the atomic ratios between the co-
doped metals, is not fully understood yet due to the technical challenge,
which is the complicated preparation of co-doped DLC films with dif-
ferent ratios normally requiring multiple groups of samples and thus
leading to the various uncertainties or difference in cavity environment,
film thickness, and total content of co-doped. Exploring the relation
between the ratio of co-doped metals and structural properties is still
required for tailoring the high-performance DLC films.

In previous works [22–25], the Al/Ti co-doped DLC (Al/Ti-DLC)
films have been prepared using hybrid ion beam (HIB) system, and the
structural property evolution with Al/Ti contents and various process
parameters (sputtering current, gas source, and bias voltage) has also
been systematically explored. Hence, in the present study, the HIB
system was also adopted to fabricate the Al/Ti-DLC films. In particular,
based on the high-throughput concept, we successfully realized the
single-step preparation of multiple DLC films with different Al/Ti ratios
by the special design of sputtering target materials. The Al/Ti ratio-
induced evolutions of structure and properties of films were mainly
focused on to disclose the underlying structure-property relationship. It
indicated that the residual intrinsic stress, mechanical and tribological
behaviors were closely sensitive to the Al/Ti ratios and corresponding
evolution in structure.

2. Experimental methods

2.1. Preparation of Al/Ti-DLC films

Al/Ti-DLC films were prepared by a HIB system consisting of a DC
magnetron sputtering with Al (99.99% purity)/Ti (99.99% purity)
combined target and a linear anode-layer ion source (ALIS) with C2H2

gas, as shown in Fig. 1a. The schematic diagram for designed Al/Ti
combined target and substrate placement during deposition process was
given in Fig. 1b to modulate the Al/Ti ratios. Si (100) wafers and 316 L
were selected as substrate; a thin silicon substrate with thickness of
250 ± 5 μm was also adopted in order to accurately evaluate the re-
sidual internal stress.

The distances between the substrates and ALIS or Al/Ti target were
17 cm, respectively (Fig. 1a). Before the deposition, the chamber va-
cuum was exhausted to a value of about 2.0× 10−5 Torr, and then Ar
ion was applied to etch the substrates for 20min at −100 V in order to
clear the surface contaminations; the Al/Ti combined target was sput-
tered via Ar for 5min. During the deposition process, the C2H2 as hy-
drocarbon gas was imported into the ALIS for carbon deposition, while
the inert gas, Ar, was provided to the magnetron sputtering for Al/Ti co-
doping; the total deposition time was 2 h and the substrate holder ro-
tated in a different direction every 15min. Table 1 gave the main
process parameters used, and others could be found in previous study
[23].

2.2. Composition and microstructure characterization

Surface profilometer (Alpha-step IQ, US) with a shadow mask be-
tween the bare Si wafers and films was used to measure the film
thickness. X-ray photoelectron spectroscopy (XPS, Thermo Scientific
ESCALAB 250) was only adopted to assess the chemical bonding of co-
doped metals and the composition of deposited films and wear scars
due to the lack of universal fitting standard for XPS C 1s spectra
[26–28], such as position and full width at half maximum (FWHM) of
both sp2-C and sp3-C peaks; before measure, Ar+ was employed to etch
the film surface for clean surface. The atomic bond structure of carbon
was detected by means of Raman spectrometer (Renishaw inVia Reflex,
wavelength-532 nm). The roughness and surface topography of de-
posited film were characterized using a tapping mode atomic force
microscope by a scanning probe microscope (Veeco Dimension 3100 V,
SPM). The surface morphologies of wear scars on the contact ball and
wear tracks on the film were estimated, respectively, through scanning
electron microscopy (SEM); in addition, the compositions of the film,
wear track, and wear scar, were quantified by the energy dispersive X-
ray spectroscopy (EDS), respectively. The evolution of microstructure
with Al/Ti ratios was characterized by high-resolution transmission
electron microscopy (HR-TEM, Tecnai F20, US).

2.3. Mechanical and tribological property tests

Nanoindenter (MTS-G200) was performed to measure the hardness
and elastic modulus; six replicate indentations were carried out for each
film, the maximal indentation depth was 500 nm, and the values in 1/
10 film thickness were employed for eliminating the substrate-induced
influence on results. In order to evaluate the toughness of the film,
Vickers hardness tester was conducted to measure the indentation
diameters, which worked under 5 N. Residual stress tester (JLCST022, J
&L Tech) was provided to estimate the residual internal stress according
to the Stoney equation.

The tribological properties of the deposited films were evaluated
using the ball-on-disk reciprocating tribometer (UMT-3), which worked
at atmosphere environment. A grinding 6-mm-diameter Si3N4 ball

Fig. 1. (a) Schematic diagram of HIB deposition system. (b) Designed Al/Ti combined target and substrate placement during the deposition process.
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(HRC75) was selected as the mating material. During the friction pro-
cess, the sliding velocity, applied normal load, and reciprocating fre-
quency were 5 cm/s, 15 N, and 5Hz, respectively; the wear track length
was 5mm, and the sliding time was 1800 s. After tests, the wear rate for
each sample was counted based on Archard equation:

=
∗

V
N L

W (1)

where L and N are total sliding distance and normal load separately; W
and V are wear rate and volume loss, respectively. Here, the V was
calculated by the multiplying operation of the length and the cross-
sectional profiles of wear tracks.

3. Results and discussion

3.1. Thickness and composition

Fig. 2 shows the composition and thickness of the Al/Ti-DLC films at
different locations. First, the total content of both Ti and Al atoms is
kept at about 8.15 ± 0.99 at.% for each case, which is comparable to
the previous study [25]. However, it can be observed that from the top
to bottom positions in Fig. 1b, the Ti content increases from 0.91 to
1.83 at.% following the reduction of Al content from 7.98 to 5.34 at.%,
which corresponds to the Al/Ti ratio ranged from 8.8 to 3.0 (Fig. 2a).
Furthermore, the similar thickness of Al/Ti-DLC film, which is about
1.38 ± 0.17 μm (Fig. 2b), is also obtained for each case. This indicates
that by the special design of Al/Ti combined composite target, the high-
throughput fabrication of Al/Ti-DLC films with different Al/Ti ratios is
successfully achieved at one time, which have constant values of
thickness and total Al/Ti content, excluding the effect of total content
and thickness on the film performance. In addition, it should be men-
tioned that during the deposition process, the moisture adsorbed by the
chamber wall is evaporated out, resulting in the existence of oxygen
content in the deposited film.

3.2. Chemical bond and microstructure

XPS spectra with different Al/Ti ratios, including C 1s, Ti 2p, and Al
2p, are illustrated in Fig. 3. In each C 1s spectrum (Fig. 3a), there is a
major peak presented at 284.6 eV, attributing to the amorphous carbon

structure, and the peak intensity has no obvious difference for each case
due to the same C content in the film. For each sample, the C 1 s
spectrum can be divided into four peaks (Fig. 3d), which correspond to
the sp3-C bond at 285.2 eV, sp2-C bond at 284.4 eV, CeO bond at
287 eV, and TieC bond at 282.7 eV [29], respectively. For each Al 2p
spectrum (Fig. 3b), Fig. 3e shows that two peaks are identified; the peak
at 74 eV represents AleO bond, while the other at 75.3 eV is related
with AleOeH bond [30], implying that the Al is presented mainly as
oxided rather than metallic state in the carbon matrix due to the in-
evitable oxygen during the deposition process. However, the Ti 2p
spectrum (Fig. 3c) can be deconvoluted into four components (Fig. 3f),
in which a pair of peaks, located at 455.6 eV and 461.6 eV separately,
are corresponding to the TieC bond, and the other pair of peaks
(458 eV and 463.7 eV) are assigned to the TieO bond, suggesting that
Ti exists as a hard phase of titanium carbide and TiOx in the carbon
matrix.

The microstructure and phase structure of Al/Ti-DLC film with
different Al/Ti ratios are further characterized by HR-TEM. Fig. 4 gives
the cross-sectional HR-TEM micrographs of the Al/Ti-DLC films with
different Al/Ti ratios of 8.8 (Al7.98Ti0.91-DLC), 5.0 (Al7.48Ti1.51-DLC)
and 3.0 (Al5.43Ti1.83-DLC), respectively, in which the insets are the
corresponding selected area electron diffraction (SAED) patterns. For
the film with Al/Ti ratio of 8.8 (Fig. 4a), a broad and diffuse halo is
observed in the SAED pattern, which is a typical characteristic of
amorphous carbon structure; although a TieC peak exists in the C1s
spectra (Fig. 3d), there is no lattice fringes found from the TEM mi-
crograph, which results from the low fraction and poor crystallinity of
formed titanium carbide in the film. With the Al/Ti ratio decreased to
5.0 (Fig. 4b) and 3.0 (Fig. 4c), respectively, the nanocrystalline TiC
phase can be clearly distinguished in the film, which is also accom-
panied by the increased size and amount of TiC nanocrystals due to the
increased Ti content. This is in consistence with the analysis of XPS
spectra (Fig. 3).

Fig. 5a displays the Raman spectra of Al/Ti-DLC films with different
Al/Ti ratios. The spectra shows the typical feature of intrinsic DLC film
for each case, that is the appearance of an asymmetric scattering curve.
The fitted result of Raman using double Gaussian function is shown in
Fig. 5a. Note that each Raman spectrum consists of two peaks; the peak
around 1580 cm−1, named G peak, attributes to the bond stretching of
sp2-C atoms including both chains and aromatic rings, and the other

Table 1
Deposition parameters for the Al/Ti-DLC films.

Sputtering current (A) Ar flow rate (sccm) LIS working current (A) LIS working voltage (V) C2H2 flow rate (sccm) Bias voltage (V) Working pressure (Pa)

2.5 70 0.5 1100 ± 50 10 −50 0.6

Fig. 2. (a) Composition and (b) thickness of the deposited Al/Ti-DLC films.
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around 1350 cm−1, named as D peak, is only from the breathing modes
of sp2-C atoms in aromatic rings [31]. Fig. 5b further gives the intensity
ratio of D peak to G peak (ID/IG), G peak position, and FWHM of G peak
(GFWHM). Normally, the ID/IG ratio and G peak position can reflect the
variation of sp2/sp3 ratio in the amorphous carbon films; the increase of
both ID/IG ratio and G peak position suggests high sp2/sp3 ratio [32];
the GFWHM is correlated with the degree of disorder in amorphous
structure. Results in Fig. 5b reveals that as the Al/Ti ratio decreases, the
ID/IG of Al/Ti-DLC films slowly increases and the G peak position shifts
slightly to higher position. Hence, it suggested that reducing the Al/Ti
ratio from 8.8 to 3.0 causes the increase of sp2 content. The GFWHM also
increases slightly with the decrease of Al/Ti ratio, indicating the in-
creased bond length of sp2-C in the film, which induces the disorder of
the carbon bond structure [33]. The Ti atoms easily bond with C to
reduce the suspended bond in the film and thus reduce the content of
sp3 in the film, leading to the formation of nanocarbide in Al/Ti-DLC
films. In addition, previous ab initio calculation [34] also confirmed
that Ti atoms could effectively catalyze the sp3-to-sp2 transformation in
amorphous carbon structure at low temperature, which also contributes
to the increased sp2 content in the Al/Ti-DLC films with Al/Ti ratios
ranged from 8.8 to 3.0.

3.3. Residual stress and mechanical property

The changes of residual stress and mechanical property of Al/Ti-
DLC films with Al/Ti ratios are illustrated in Fig. 6a. Note that with
decreasing the Al/Ti ratio from 8.8 to 3.0, the hardness increases from
13.8 ± 1.7 to 19.6 ± 0.7 GPa, which is consistent with the change of

elastic modulus. This attributes to the relative change of Al and Ti
contents in the film. Combined with the contribution of reduced Al
content to hardness, the increased Ti content (Fig. 2) leads to the
generation and increased fraction of titanium carbide nanocrystallites
(Fig. 4), which can make up the destruction of amorphous carbon
structures and thus improve the hardness of the films. For the residual
compressive stress, it also exhibits the similar dependence on Al/Ti
ratio to hardness, which increases from 0.5 ± 0.01 to 1.0 ± 0.09 GPa
gradually, but these values are still much lower than that in the intrinsic
DLC films [25]. This increased residual compressive stress is mainly
dominated by the increase of titanium carbide in the do-doped films
[35] because the Al presents as oxidation state, which cannot play a
critical site to relax the distorted bond structure effectively [25].

Furthermore, Fig. 6b shows variation of both the H/E and H3/E2

ratios with Al/Ti ratio, in which the fracture toughness is related with
the H/E value, while the resistance to plastic deformation can be re-
presented by H3/E2 value. The H/E ratio with Al/Ti ratio has small
change, but the H3/E2 ratio increases significantly, implying the im-
proved toughness of Al/Ti-DLC films. Fig. 6c further gives the SEM
images of radial cracks at the Vickers indentation for each case to
qualitatively analyze the toughness of Al/Ti-DLC film. Note that as the
Al/Ti ratio decreases from 8.8 to 3.0, the indentation radial crack
length of Al/Ti-DLC film decreases. The fracture toughness value, KIC,
for each film is calculated using the following equation:

⎜ ⎟= ⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

K b E
H

P
c

IC

1
2

3
2 (2)

Fig. 3. XPS results including (a) C 1s, (b) Al 2p, and (c) Ti 2p spectra of Al/Ti-DLC films with different Al/Ti ratios, and fitting results of (d) C 1 s, (e) Al 2p, (f) Ti 2p
XPS peak for the Al7.98Ti0.91-DLC film.

Fig. 4. The HR-TEM micrographs and corresponding SAED patterns of (a) Al7.98Ti0.91-DLC, (b) Al7.48Ti1.51-DLC, and (c) Al5.43Ti1.83-DLC films, respectively.

Y. Zhou et al. Surface & Coatings Technology 361 (2019) 83–90

86



where E, H, and P are the elastic modulus, hardness, and indentation
load of Al/Ti-DLC film, respectively; b is 0.016 because of the tetra-
hedron cone used in this experiment; c is the radial crack length; a is
half length at the diagonal of the indentation. These values inserted in
Fig. 6c clearly confirm that the toughness of Al/Ti-DLC film with the
Al/Ti ratio (from 8.8 to 3.0) is enhanced. This attributes to the struc-
tural graphitization in the films, as shown in Fig. 5b, while the for-
mation of brittle titanium carbide with low fraction almost has no effect
on the toughness.

3.4. Roughness

Fig. 7 displays the topographies of Al/Ti-DLC films with different
Al/Ti ratios, and the inserted values are the surface roughness, Ra, of
Al/Ti-DLC films, which are calculated over 1 μm×1 μm area. The
surface of the DLC film is dense and compact, but the surface
morphologies of Al/Ti-DLC films with Al/Ti ratios vary obviously.
Following the Al/Ti ratio ranged from 8.8 to 3, the Ra value decreases
from 2.81 to 0.36 nm obviously. This largely relies on the combined
effect of dispersion and fraction of the formed titanium carbide and
aluminum oxide in the films, coinciding with previous result [28].
Previous studies [36–38] reported that that there was almost a linear
relationship between the surface roughness and COF and wear rate for
DLC films; rough surface was normally accompanied by high friction
and wear, because the serious mechanical meshing occurred on the
sliding surfaces and the microbumps embedded in each other resulted
in the severe wear. Therefore, the Ra values in Fig. 7 suggest that the
film with the best tribological properties could be obtained when the
Al/Ti ratio is 3.0.

3.5. Tribological properties

The tribological properties of Al/Ti-DLC films are presented in
Fig. 8. In the friction curves (Fig. 8a), the COF increases first and then
decreases with sliding time during the running-in period for each case;

after that, a stable friction stage is obtained. The average COF values
are illustrated in Fig. 8b, which drops significantly from 0.16 to 0.06
with Al/Ti ratio ranged from 8.8 to 3.0. Then, the wear rate is calcu-
lated according to Eq. (1), as shown in Fig. 8b. Note that the wear rate
of Al/Ti-DLC with Al/Ti ratio also decreases drastically from
10.2×10−7 to 4.7×10−7 mm3/Nm, which is affected by the surface
roughness of films according to previous reports (Fig. 7) [36–38].

To unveil the underlying mechanism, the SEM micrographs of wear
tracks are analyzed first for each case, as given in Fig. 9a. It shows that
with decreasing the Al/Ti ratio, the width of wear track becomes
narrow; when the Al/Ti ratio decreases to 5.0 from 8.8, the Al/Ti-DLC
film is worn through partially and the spalling degree reduces, causing
the high wear rate values (Fig. 8b), which is confirmed by the partial
enlarged view and internal distribution of the wear track in Fig. S1 and
Table S1 of Supporting Information. However, there is no obvious
wearing behaviors occurred when the Al/Ti ratio is 3.4 or 3, respec-
tively. This reveals that the major failure mechanism of Al/Ti-DLC film
is flaking and breaking, but during the friction process the film is not
completely flaked and thus some carbon films still exist at the friction
interface, contributing to the friction behavior.

So far, there are three most representative viewpoints for the ex-
planation of the friction mechanism of DLC films, including transfer
film theory, sliding interface graphitization theory, and chemical ad-
sorption passivation and dangling bond theory. For the transfer film
theory, the DLC film undergoes a phase-structure transformation during
the friction process and forms a transfer film with low shear strength at
sliding interface, thereby inspiring the low COF. For the sliding inter-
face graphitization theory, the high temperature generated at the
sliding interface results in the rupture of CeH bond and thus the hy-
drogen will be released under the shearing effect, prompting the gra-
phitic transformation from sp3 to sp2 hybridization; the graphitic layer
between the two contact faces, which has a low shear strength, results
in the low-friction behavior. For the dangling bond-passivation theory,
most of the hydrogen atoms in the hydrogen-containing DLC films are
covalently bound to the carbon. The formation of CeH bond eliminates

Fig. 5. (a) Raman spectra and (b) corresponding fitted result including ID/IG, GFWHM, and G peak position of Al/Ti-DLC films with different Al/Ti ratios.

Fig. 6. (a) Residual stress, hardness, elastic modulus, and (b) H/E and H3/E2 of Al/Ti-DLC films with different Al/Ti ratios; SEM images of radial cracks at vickers
indentation for each case, in which the insets are the fracture toughness values, KIC (units: MPa·m1/2).
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the free σ bond on the surface of the film, while the hydrogen presented
in the atomic and molecular state can continuously supplement the
hydrogen lost during the friction process due to mechanical wear and
thermal desorption, so that the film surface is always in a state max-
imum passivation, leading to the reduced COF and wear rate.

After friction process, the wear scar from the Si3N4 ball is further
characterized for each case, which is surrounded by a large amount of
abrasive dust (Fig. S2 of Supporting Information) and can be divided
into three regions, as shown in Fig. 9b. The region 1 is the surrounding
powdery abrasive debris, the region 2 is the lamellar wear debris (Fig.
S3 of Supporting Information), and the region 3 is where the Si3N4 ball
comes into frictional contact with the film directly. Raman spectra of
each region proves that the regions 1 and 2 mainly consist of amor-
phous carbon structures, while the region 3 shows the similar Raman
spectra and composition to the Si3N4 ball (region 4 in Fig. 9b) without
stable transfer film generated. Therefore, on the one hand, it indicates
that the transfer film theory is not suitable for explaining the low-
friction mechanism of the Al/Ti-DLC film in the present experiment. On
the other hand, it is different from with Kong's report [23], in which a
thick transfer layer could be formed after sliding against GCr15 steel
ball when the co-doped Ti and Al content were 10.06 at.% and 4.78 at.
%, respectively. This difference further confirms the strong dependence

of friction behavior of Al/Ti-DLC films on the co-doped metal content,
Al/Ti ratio, and mating materials.

Furthermore, Fig. 9c shows the difference in ID/IG of wear tracks
with different Al/Ti ratios before and after friction process. Compared
with the results in intrinsic Al/Ti-DLC films, the ID/IG ratio in the wear
tracks increases slightly after the friction process when the Al/Ti ratio
decreases from 8.8 to 5.0, implying the existence of graphitic process.
However, as the Al/Ti ratio further drops to 3.4 and 3.0 from 5.0, the
ID/IG ratio reduces obviously, suggesting that there is no graphitization
occurred. In particular, by further analyzing the change of ID/IG ratio
and G peak position with sliding time in the Al5.34Ti1.83-DLC film, as
shown in Fig. 9d, it also confirms that during the running-in (30 s,
1 min, and 3min) and stable (30min) friction processes, no graphitic
transformation happens, so the graphitization theory also cannot be
adopted to explain the friction mechanism of the Al/Ti-DLC films with
Al/Ti ratios of 3.4 and 3.0, respectively.

Holmberg et al. [38] reported the frictional contact conditions on
different roughness to visually recognize the lubrication and wear
failure mechanism of DLC film. For relatively coarse DLC films, the
formation of surface graphitization is critical for smooth engineering
surfaces; for DLC films with physically smooth surfaces, the ultra-lu-
bricating properties can be explained by hydrogenation of the dangling

Fig. 7. The tapping mode 3D-AFM surface morphologies of Al/Ti-DLC films as a function of different Al/Ti ratios.

Fig. 8. (a) Friction curves with sliding time and (b) wear rate and COF of Al/Ti-DLC films as a function of Al/Ti ratios.
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bonds. Therefore, in the present work, when the Al/Ti ratio is 8.8, 6.8,
5.8, or 5.0 separately, the Al/Ti-DLC films has rough surfaces (Fig. 7),
and the structural graphitization (Fig. 9c) is also observed, dominating
the friction behavior, as shown in Fig. 10a. When the Al/Ti ratio is 3.4
and 3.0, the films show the smooth surface (Fig. 7), and due to the
absence of structural graphitization and transfer layer (Fig. 9b and d),
the passivation of friction interface caused by H and other gaseous re-
active species should be the main mechanism for the low coefficient of
friction according to Holmberg's report [38], although it is still difficult
to be evaluated due to the limitation of experimental characterization
[3], and the corresponding schematic representation of friction me-
chanism is illustrated in Fig. 10b.

4. Conclusions

Al/Ti-DLC films were prepared by the HIB deposition system. The
dependence of microstructure, residual stress, mechanical and tribolo-
gical poperties of Al/Ti-DLC films on Al/Ti ratios were systematically
explored. Results indicated that

(1) The high-throughput preparation of Al/Ti-DLC films with different
Al/Ti ratios could be successfully obtained by designing the special
Al/Ti composite target, which had the same thickness and total Al/
Ti content.

(2) The change of Al/Ti ratios had no effect on the existing states of co-
doped Al and Ti in amorphous carbon matrix. The Al existed pri-
marily in the form of oxidized state, while Ti existed mainly as hard
titanium carbide and titanium oxide in the as-deposited films. In
addition, with the decrease of Al/Ti ratio from 8.8 to 3.0, the gra-
phitization level of Al/Ti-DLC film increased, attributing to the
increased content and catalytic effect of Ti atoms.

(3) The residual compressive stress and mechanical property (hardness,
elastic modulus, and toughness) of Al/Ti-DLC film were strongly
dependent on the Al/Ti ratios, which increased obviously with Al/
Ti ratio ranged from 8.8 to 3.0. The increase of residual stress was
related with the reduction of Al content and the additional struc-
tural distortion caused by titanium carbide. However, the formation
and increased fraction of hard titanium carbide contributed to the
enhancement of mechanical properties.

(4) The COF and wear rate of Al/Ti-DLC film with decreasing Al/Ti

Fig. 9. (a) SEM images of wear tracks of Al/Ti-DLC films with different Al/Ti ratios. (b) Raman diagrams of different regions of wear scar for the Al5.34Ti1.83-DLC film.
(c) Evolution of ID/IG in wear tracks of Al/Ti-DLC films as a function of Al/Ti ratios before and after friction process. (d) Variations of ID/IG and G peak position in
wear tracks of Al5.34Ti1.83-DLC film with different sliding times.

Fig. 10. Schematic representation of friction mechanism of Al/Ti-DLC film against Si3N4 ball under the Al/Ti rations of (a) 8.8–5.0 and (b) 3.4–3.0, respectively.
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ratio also drops drastically. When the Al/Ti ratio was 3.0, the
minimal COF of 0.06 and wear rate of 4.7× 10−7 mm3/Nm were
obtained. However, due to the difference in Al/Ti ratios, the films
exhibited the different friction mechanism. When the Al/Ti ratio
changed from 8.8 to 5.0, the structural graphitization was the main
friction mechanism. With further decreasing the Al/Ti ratio to 3.4
and 3.0, respectively, the low-friction behavior was primarily
governed by the passivation of dangling bonds.
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