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A B S T R A C T

Al-containing amorphous carbon (a-C:Al) films were fabricated under different working pressures by high-power
impulse magnetron sputtering. Morphologies, microstructure and chemical composition of a-C:Al films were
characterized by scanning electron microscopy, atomic force microscope, X-ray photoelectron spectroscopy,
transmission electron microscopy and Raman spectroscopy. Mechanical properties and tribological behavior of
a-C:Al films were investigated by film stress tester, nano-indentation, scratch tester, ball-on-disk tribometer and
3D surface profiler. Results showed that atomic composition of Al in a-C:Al films was about 5%, independent
of working pressure. The prepared films have smooth surfaces with Ra of 2.22 nm–5.89nm. Typical amorphous
structures could be observed in a-C:Al films and sp3 content could be governed by changing working pressures.
Al existed as an oxide of aluminum in carbon matrix. There was a notable negative correlation between internal
stress and sp3-C content. All samples manifested good adhesion strength to substrates with critical loads beyond
70N. Wear rates were in 10−8 mm3 N−1 m−1 order of magnitude and had the same changing trend with H/E as
working pressure rose from 0.3Pa to 0.6Pa. a-C:Al film prepared at 0.4Pa has the best wear resistance with a
wear rate of 4.38×10−8 mm3 N−1 m−1.

© 2019

1. Introduction

Amorphous carbon (a-C) films can be widely used in the fields of
machinery, optics, electronics and biomedicine due to its excellent prop-
erties such as high hardness and elastic modulus, low friction coeffi-
cient, superior wear resistance, high chemical stability and great bio-
compatibility [1–4]. On the other hand, drawbacks are apparent when
using a-C films, like high internal stress and poor adhesion to substrates
[5–9]. Over the past few decades, numbers of studies have revealed
that Al doping of a-C films (a-C:Al) can reduce internal stress and im-
prove the mechanical and tribological suitability of a-C films effectively
[10,11]. Xu et al. [12] studied the structures and properties of Al-doped
diamond-like films at various bias voltages. Results showed that dop-
ing of Al can regulate the internal stress of films extraordinarily, which
changed from compressive stress to tensile stress. Dai et al. [13] pre-
pared Al-containing diamond-like carbon films by magnetron sputter-
ing technology and found that the films exhibited a lower friction coef-
ficient than pure diamond-like carbon films. However, most of the re
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ported a-C:Al films are hydrogenated. Cathodic vacuum arc deposition
and magnetron sputtering are common methods for preparing hydro-
gen-free a-C films while both of the two technologies have limitations
(pollution of macroparticles or low ionization) [14,15]. High-power im-
pulse magnetron sputtering (HiPIMS) as a new type of magnetron sput-
tering technology with stable discharge and high ionization rate has be-
come widely used in film preparation [16–18]. Nevertheless, few stud-
ies on hydrogen-free a-C:Al films deposited by HiPIMS have been re-
ported.

Properties and structures of thin films are strongly influenced by de-
position parameters, especially working pressure. Nakao et al. [19] stud-
ied the effects of working pressure on microstructure of diamond-like
carbon (DLC) films prepared by high-power impulse magnetron sputter-
ing. It suggested that the DLC film' s density and the content of sp2 bonds
varied with the change of working pressure. Andujar et al. [20] found
that the increase of working pressure leads to scattering and thermal-
ization of sputtered carbon atoms, reducing film deposition rate, com-
pressive stress, and quantity of ordered sp2 phase. Hence, structures and
properties of a-C films can be effectively adjusted by changing working
pressure.

In this paper, a-C:Al films were fabricated by HiPIMS using a C–Al
composite target and effects of working pressure were studied on com-
position, microstructure, mechanical and tribological properties of
a-C:Al films.

https://doi.org/10.1016/j.jallcom.2019.152587
0925-8388/© 2019.
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2. Experimental details

2.1. Film deposition

a-C:Al films were prepared on (100) single crystal silicon wafers and
YG6 cemented carbides by HiPIMS under different working pressures.
Film deposition equipment shown in Fig. 1 is a kind of scientific re-
search multi-functional coating machine, consisting of a self-made C–Al
target (Al rods inlaid in graphite target, 99.99%) with a high-power im-
pulse power and a Cr target (99.99%) with direct-current power. Sub-
strates were ultrasonically cleaned with acetone and alcohol for 15min
respectively, dried by hot air, and then placed in a vacuum chamber
which was evacuated to 1.0×10−3 Pa later. Before preparing the film,
substrates were sputtered with Ar plasma for 30min at a bias voltage of
−400V to remove residual contaminants on substrates' surface. To en-
hance the adhesion strength between a-C:Al films and substrates, Cr/
CrxAlyC gradient transition layers were deposited. Sets of a-C:Al films
were obtained under different working pressures (0.3Pa, 0.4Pa, 0.5Pa,
and 0.6Pa) by changing Ar gas flow rate (100 sccm, 130 sccm, 165
sccm, 195 sccm). When Cr/CrxAlyC transition layer was prepared, sub-
strates holder rotated with a speed of 2 rpm and then substrates holder
stopped to keep substrates facing the C–Al target to deposit a-C:Al layer.
The distance between target and substrates was 8cm. During the deposi-
tion process, temperature of the vacuum chamber was kept at 80 °C and
substrates' negative bias voltage was 200V with duty ratio of 80% and
ion source with the current of 1.5 A was used to assist film deposition.
The pulse power of C–Al target was 3kW with duty ratio of 15%. The
deposition time was 120min.

2.2. Film characterization

3D surface profiler (Dektak-XT, Bruker) was used to determine the
thicknesses of films through steps formed by shadow masks. Surface and
cross-section morphologies of a-C:Al films were characterized by scan-
ning electron microscope (SEM, SU8220, HITACHI) with energy-dis-
persive X-ray spectroscopy (EDS) and atomic force microscope (AFM,
Bruker Dimension edge), respectively. X-ray photoelectron spectroscopy
(XPS, Escalab 250Xi) was employed to analyze the electron binding en-
ergy and film composition. The sample surface was etched using an Ar+

ion beam with energy of 3keV for 60s to remove oxides and contami-
nants before the measurement. Transmission electron microscope (TEM,
FEI Talos F200) was used to characterize microstructure of films. The
bonding structure of carbon atoms was analyzed by means of Raman
spectroscopy (Horiba Scientific, Xplora Plus) with an excitation wave-
length of 532nm.

With a film stress tester (FST150, SuPro), residual stresses of a-C:Al
films were obtained through measuring the radius of curvature of sil-
icon wafers with a thickness of 400±10μm before and after film
deposition according to Stoney equation [21–23]. Nano-indentation
tester (NHT3, Anton Parr) with a Berkovich diamond tip was adopted
to investigate a-C:Al films'

Fig. 1. Schematic of film deposition equipment.

hardness and elastic modulus. In order to minimize the substrate effect,
indentation depth should be less than 1/10 of the film thickness. scratch
tester (MFT-4000) was used to measure the adhesion strength between
films and substrates. Normal load was gradually increased from 0N to
100Nat a rate of 100N/min, and the scratch length was 5mm. Tribo-
logical behavior of a-C:Al films were analyzed in an ambient atmos-
phere with a ball-on-disk tribometer (MS-T3001) at a relative humidity
of 50%±5%. All friction tests were carried out under a normal load of
5N with a sliding speed of 0.2m/s for 120min and steel balls (GCr15,
4mm) were used as the counterpart. After friction tests, wear tracks on
a-C:Al films and wear scars on steel balls were characterized by SEM,
Raman, and XPS. Wear rates were calculated according to the Archard
equation through measuring profiles of wear tracks by 3D surface pro-
filer.

3. Results and discussion

3.1. Thickness and composition

Table 1 shows the thickness, deposition rate and atomic composi-
tion of a-C:Al films deposited at different working pressures. It can be
seen that thickness and deposition rate of a-C:Al films both increased
monotonously with working pressure rising from 0.3Pa to 0.5Pa. Lin et
al. [24] think that the increased ion current to target due to more col-
lisions of microparticles and the declined ion bombardment to film sur-
face caused by much shorter mean free path of ions contribute to the
rise of deposition rate. Within a certain range, the increase of working
pressure leads to a higher deposition rate. As working pressure increased
from 0.5Pa to 0.6Pa film thickness decreased from 1265nm to 1149nm.
Accordingly, deposition rate declined from 10.5nm/min to 9.6nm/min.
With the growth of working pressure, the probability of collisions be-
tween particles sputtered from target and ions or atoms of Ar ascended
and the scattering effect was significantly improved as well. Then the
number of sputtered atoms and ions reaching film's surface was expected
to fall. As a result, a-C:Al film prepared at 0.6Pa is much thinner than
the film prepared at 0.5Pa. In addition, what stands out in this table
is that the atomic concentrations of different a-C:Al films are similar,
which means the chemical composition of a-C:Al films are almost inde-
pendent of working pressure.

3.2. Morphology

Fig. 2 depicts cross-sectional morphologies of a-C:Al films prepared
at various working pressures. All films have a similar structure that in-
cludes Cr/CrxAlyC transition layer and a-C:Al layer. The a-C:Al films
have a dense and amorphous structure without obvious grain bound-
aries. To understand the elemental distribution in a-C:Al film, the
cross-sectional morphology and the corresponding EDS mapping im-
ages of a-C:Al film fabricated at 0.5Pa was demonstrated in Fig. 3.
Fig. 3(b) and (c) display that the outer layer mainly consists of C and
Al elements, together with a small number of O elements, which is
consistent with the atomic composition shown in Table 1. Fig. 3(d)
displays that the main element of transition layer is Cr, and the up-
per part of it has the presence of C and Al elements. It is noteworthy
that oxygen is enriched in Cr/CrxAlyC transition layer in Fig. 3(e). Be

Table 1
Thickness, deposition rate and compositions of a-C:Al films deposition at different working
pressures.

Working pressure
(Pa)

Thickness
(nm)

Deposition rate
(nm/min)

Atomic composition
(at.%)

C Al O

0.3 636 5.30 85.56 6.03 8.41
0.4 976 8.13 85.52 4.93 9.55
0.5 1265 10.54 88.95 5.67 5.38
0.6 1149 9.58 90.48 4.61 4.90
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Fig. 2. SEM cross-sectional images of a-C:Al films at different working pressures: (a) 0.3Pa, (b) 0.4Pa, (c) 0.5Pa, (d) 0.6Pa.

Fig. 3. (a) Cross-sectional SEM morphology of a-C:Al deposited at 0.5Pa and corresponding EDS mapping for (b) C, (c) Al, (d) Cr, (e) O and (f) Si.

fore SEM characterization, the cross-sectional area of the film contacted
with air. ΔGf of Cr reacting with oxygen is much lower than that of C
reacting with oxygen at room temperature [25]. That means oxygen is
more likely to react with Cr rather than C, resulting that O concentrated
in Cr/CrxAlyC transition layer.

Fig. 4 presents the surface morphologies of a-C:Al films. Films'
surfaces are smooth and dense except that the one at 0.6Pa has nu-
merous hillocks, similar to “cauliflower”. Combined with surface mor-
phologies, roughness (Ra) of a-C:Al films are presented in Fig. 4(e–h)
a-C:Al films prepared at low working pressure (0.3–0.5Pa) are relatively
smooth and surface roughnesses are at a low level (2.22 nm-3.30nm)
while Ra of film fabricated at high working pressure (0.6Pa) have a
maximum value of 5.98nm. Surface diffusion of adatoms and etch-
ing or erosions of energetic ions could contribute to smoothening of
growing film surface [26,27]. Compared with the deposition process
under high working pressure, a large number of C ions and Al ions
had fewer chances of impacting with Ar+ at low working pres

sure, which caused high energy spices to bombard film surface and
boosted atoms diffusion. As working pressure rose to 0.6Pa, the increase
of Ar or Ar+ particles and the scattering of sputtered atoms resulted in
an increase of tilting velocity component and a decrease of average ki-
netic energy of the sputtered atoms [28]. Both factors promoted the is-
land-like growth of a-C:Al film, which caused high roughness.

3.3. Microstructure

To study the chemical states of carbon and aluminum, a-C:Al film
deposited at 0.4Pa was characterized by XPS. Fig. 5(a) displays a-C:Al
film's typical XPS survey scan and it consists of C, Al, and O, con-
sistent with the results of EDS. Fig. 5(b) reveals that C1s spectrum
could be deconvoluted into three peaks around 284.1eV, 284.7eV,
286.1eV corresponding to sp2-C, sp3-C, and C–O, respectively [29,30].
Al–C–O peak (nearly 282.5eV) and
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Fig. 4. (a)~(d) SEM surface morphologies and (e)~(h) AFM images and the RMS surface roughness of the a-C:Al films deposited at different working pressures: (a), (e) 0.3Pa; (b), (f)
0.4Pa; (c), (g) 0.5Pa; (d), (h) 0.6Pa.

Fig. 5. XPS spectra of a-C:Al film deposited at 0.4Pa: (a) survey scan spectrum, (b) C1s fitting spectrum, (c) Al2p fitting spectrum.

Al–C (nearly 281.5eV) peak were undetected, suggesting that C didn't
react with Al [31,32]. Fig. 5(c) depicts that the peak of Al2p was lo-
cated at about 74.7eV representing Al–O bond, which means doped Al
existed as oxidized aluminum. This is consistent with some other re-
searches [33,34]. The decomposition of O2 or H2O remained in the vac-
uum chamber was a key factor in the formation of oxidized aluminum
during the HiPIMS deposition process.

Results of TEM characterization for a-C:Al film deposited at 0.4Pa
are presented in Fig. 6. Si substrate, dark Cr/CrxAlyC transition layer,
and grey a-C:Al layer can be clearly distinguished in Fig. 6(a) which
is the film's cross-sectional image measured by high-angle annular dark
field scanning transmission electron microscopy (HAADF-STEM). A
mixed zone with the thickness of several nanometers at the interface be-
tween Cr layer and Si substrate could be observed in Fig. 6(b) proba-
bly caused by Ar ion bombardment before film deposition. Cr grew on
silicon surface with a damaged crystalline structure and generated the
amorphous-like mixed zone. The crystalline structure of CrxAlyC layer
grew gradually to the amorphous structure of a-C:Al layer without an
obvious interface as shown in Fig. 6 (c). The gradient change in mi-
crostructure or composition from substrate to transition layer and a-C:Al
film which can reduce the interfacial free energy, decrease the mis-
match and lower physical properties difference between different ma-
terials which is beneficial to improve adhesion strength [5,35]. Fig.
6(d) illustrates TEM micrograph and corresponding selected area elec-
tron diffraction (SAED) pattern of a-C:Al layer. It was found that the
high-resolution image exhibited a dense and amorphous structure and
corresponding SAED image displays a broad and diffuse diffraction
halo in the insert image, indicating a typical amorphous feature of
a-C:Al film. To figure out the existence of Al in carbon matrix fur-
ther, the HAADF-STEM combined with energy-dispersive X-ray spec-
trometry was used. It can be observed from Fig. 6(f) that the el-
ements of C, Al, and O changed slightly as scan

ning position altered shown in Fig. 6(e). The two vertical lines (1 and 2)
in Fig. 6(f) corresponding to the two points in Fig. 6(e) at which con-
tents of Al and O had peak values while content of C fell to low values il-
lustrated that Al and O were concomitant. This agrees with the result of
XPS that Al existed as oxidized aluminum in carbon matrix. Apparently,
some dark areas could be seen in Fig. 6(e) which maybe contaminations
induced by ion milling for TEM specimen preparation.

Typical Raman spectrum of DLC film has a D peak and a G peak
in the range of 1000cm−1 to 1800cm−1 [36,37]. Fig. 7(a) manifests
Raman spectra of a-C:Al films at different working pressures. There ex-
ist D peaks around 1350cm−1 and G peaks around 1550cm−1. D peak
is associated with breathing vibration of sp2C–C in full six-membered
carbon rings, while G peak is attributed to the stretching vibration of
sp2C–C in benzene rings and olefinic chains carbon [38,39]. What is
more, the intensity ratio of D peak to G peak (ID/IG), the position of
G peak and the full width at half maximum of G peak (GFWHM) re-
flect DLC film's microstructure information such as the value of sp3-C/
sp2-C and structural disorder in the DLC film [40]. Fig. 7 (b) pre-
sents that with the increase of working pressure, ID/IG displays a trend
of falling at first and then rising. The climbing value of ID/IG means
the increase of graphitic component in a-C:Al film. As working pres-
sure rose from 0.3Pa to 0.4Pa the number of carbon ions increased.
Subplantation of carbon ions with certain energy increased the den-
sity of adjacent micro-region to some extent, which gave rise to an
adjustment of the chemical bonding of relative atoms and generated
more sp3 bonding [41,42]. And then, as working pressure ascended,
energy of carbon ions reduced due to collisions with ions or atoms of
Ar and sp3 content in a-C:Al film declined. It can be seen in Fig. 7(c)
that positions of G peaks of the four samples change slightly while
GFWHM goes up first and then goes down, which presents ordering
and graphitizing of films [43]. Thus, a-C:Al film deposited at 0.4Pa
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Fig. 6. (a) Cross-sectional HADDF-STEM image micrograph of a-C:Al film prepared at 0.4Pa; (b) HRTEM image of interface between Si substrate and Cr layer; (c) HRTEM image of inter-
face between CrxAlyC layer and a-C:Al layer; (d) a-C:Al film's HRTEM image and corresponding SAED pattern; (e) HADDF-STEM image of a-C:Al film; (f) line-scan EDX analysis along the
yellow line in the Fig. 6(e). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 7. (a) Raman spectra; (b) the corresponding ID/IG and (c) GFWHM and G peak position of a-C:Al films deposited at different working pressures.

has the highest GFWHM (153.49cm−1) and the lowest ID/IG (1.27),
demonstrating it possesses the best ordered and highest sp3-C fraction.

3.4. Mechanical properties

Fig. 8 presents residual stress of a-C:Al films as a function of work-
ing pressure. Residual stresses in a-C:Al films are still at a high level
(−2.00~-2.50GPa) which was somewhat counterintuitive with most
studies, in which it has been greatly reduced by Al doping [13,33,44].
Probably, the low Al content of about 5at.% and the oxide of aluminum
in a-C:Al film are responsible for the high compressive stress. Some re-
searchers suggested that the cause of high internal stress would be the
formation of sp3-C in the early stage of film growth [45,46]. However,
taking the sp3 content of each sample into consideration, it could be
known that there was no particular correlation between sp3 content and
residual stress. The a-C:Al film prepared at 0.4Pa with the highest sp3-C
content has the lowest internal stress (−1.98GPa). Hence, internal stress
is an unnecessary condition for the high-stability sp3-C in DLC films
[47].

Fig. 9 displays hardness (H), elastic modulus (E) and, H/E and
H3/E2 of a-C:Al films deposited under different working pressures. As
Fig. 9(a) describes, hardness and elastic modulus of a-C:Al film at
0.4Pa rose to a high point and peaked in 16.62GPa and 200.44GPa
respectively. It is well known that hardness of DLC films is increased
with the growth of sp3-C content [48]. Based on Raman spectroscopy
results mentioned above, within a cer

Fig. 8. Residual stress of a-C:Al films at different working pressures.

tain range, the trend of hardness is basically identical to that of sp3-C
content in films. However, as for the film fabricated at 0.6Pa, which
has the lowest sp3-C content and GFWHM, its hardness and elastic mod-
ulus increased to 15.68GPa and 204.32GPa, respectively. This may
be related to three-dimensional sp2-rich structures [49]. The disor-
der of bond angles in sp2 bond
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Fig. 9. (a) H, E and (b) H/E, H3/E2 of a-C:Al films deposited at different working pressures.

structure promotes the formation of a non-six-membered ring structure,
thereby forming a curved three-dimensional structure. In this condition,
the three-dimensional network structure in which σ bond is connected
can also exhibit a high hardness. Accordingly, it can be firmly convinced
that the change of working pressure could modulate the content of sp3-C
in a-C:Al films in a certain extent, thereby regulating the hardness and
modulus. Compared with pure DLC films reported by other researchers
[24,50–52], hardnesses of all the prepared a-C:Al films were at a rela-
tively low level. As mentioned above, Al atoms formed an oxide of alu-
minum and dissolved into amorphous carbon-based matrix, leading to
the distortion of atomic bond angles and the change of carbon bond
from sp3-C to sp2-C [33,53], which reduced film hardness.

Generally, hardness is an important mechanical property of materi-
als, which has a great influence on wear resistance of films. Plastic re-
sistance index (H/E and H3/E2) also can predict the wear resistance of
films [54,55]. Fig. 9(b) presents H/E and H3/E2 of a-C:Al films fab-
ricated at various working pressures. Both H/E and H3/E2 of film at
0.4Pa reached a maximum of 0.082 and 0.114, respectively. It is of
great importance for wear resistance and elastic properties to reach high
H/E and H3/E2 values [56]. Consequently, the deposited film at 0.4Pa
was expected to possess the best tribological properties among the four
a-C:Al samples.

The micrographs of scratch track and critical load of deposited a-C:Al
films are presented in Fig. 10. All samples manifest fairly good adhe-
sion strength between films and substrates. What can be seen from Fig.
10(b) is that a-C:Al film deposited at 0.3Pa presents the highest criti-
cal load of about 81N. And other samples possess similar critical loads
(around 75N). However, Fig. 10(a) shows that the peeled-off area of
a-C:Al film expanded at the end of scratch when working pressure as-
cended from 0.3Pa to 0.6Pa. It can be attributed to many factors, such
as film thickness, residual stress, hardness, and roughness. In summary,
adhesion strength between a-C:Al films and substrates declines as the
working pressure rises.

3.5. Tribological behavior

Fig. 11 describes friction coefficient of a-C:Al films against wear
time and the inset of Fig. 11 displays an average coefficient of friction
as a function of working pressure. Compared with other films, a-C:Al
film prepared at 0.5Pa exhibits the highest friction coefficient of nearly
0.20, while other films perform relatively low friction coefficients in the
range of 0.10–0.14. Environment, normal load, and sliding speed have
effects on friction coefficient of films [57]. In addition, friction proper-
ties are also affected by surface roughness, hardness, adhesion strength
and other factors of films [58,59]. Multi factors worked together lead-
ing to the irregular change of films' friction coefficient.

As working pressure goes up, wear rates of films firstly goes down
and then rises as it is shown in Fig. 12. At working pressure of 0.4Pa,
the film's wear rate has reached a low point of
4.38×10−8 mm3 N−1 m−1. When working pressure continues to rise,
wear rate gradually jumps to 10.61×10−8 mm3 N−1 m−1. Undoubtedly,
a-C:Al films' mechanical properties and friction coefficient are responsi-
ble for wear rates; furthermore, wear resistance is closely relevant to H/
E and H3/E2 mentioned previously. As a result, a-C:Al film deposited at
0.4Pa possesses the most outstanding wear resistance.

Wear tracks on a-C:Al films and wear scars on steel balls were char-
acterized. Fig. 13 demonstrates SEM images of wear tracks (a-d) on
a-C:Al films and wear scars (e-f) on the corresponding steel ball. All
wear tracks presented slight wear with a small amount of wear de-
bris while their corresponding steel balls present big wear scars, im-
plying that the abrasion was mainly performed on steel balls. Com-
pared with other samples, a-C:Al film prepared at 0.4Pa had the nar-
rowest wear track (189μm) with the smallest wear scar (287μm) due
to its high hardness and toughness illustrated by the highest value of
H/E. The surface profiles of wear tracks are represented in Fig. 14.
Wear track depths of the four samples are in the range of 80nm–230
nm and their changing trend is consistent with the ones of wear rate
and wear track morphology. Furrows could be seen on the surface of

Fig. 10. (a) Micrographs of the scratch track and (b) adhesion curve of a-C:Al films deposited at different working pressures.
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Fig. 11. Coefficient of friction as a function of wear time.

Fig. 12. Wear rates of a-C:Al films deposited at different working pressures.

wear interfaces in Fig. 13(c), (f) and Fig. 14(b), (c) indicating that
abrasive wear existed during wear test. Atomic composition of points
A, B, C and D in Fig. 13 are described in Table 2. Ratios of Al
content to C content (Al/C) at the four points are in the range of
0.11–0.59 while values of Al/C in a-

C:Al films are in the range of 0.05–0.07. Al/C in wear scar is much
higher than that in pristine film, demonstrating that Al gathered on the
surface of wear scars and an Al-rich layer formed at friction interface
which avoided the direct contact between a-C:Al film and steel ball, con-
tributing to a-C:Al films' excellent wear resistance.

To figure out the change of a-C:Al films' microstructure after wear
test, wear scar on steel ball ground against a-C:Al film prepared at 0.4Pa
and wear tracks on four samples prepared at different working pressure
were characterized by XPS and Raman, respectively. Fig. 15(a) mani-
fests that the C1s spectrum of wear scar (Fig. 13(f)) was deconvoluted
into three peaks: sp2-C (284.5eV), sp3-C (285.1eV) and C–O (286.5eV).
The ratio of sp2 content to sp3 content around 0.69 is higher than that
of a-C:Al film which is 0.33 (Fig. 5(b)), indicating that there existed
graphitization in wear debris. Fig. 15(b) presents ID/IG values of wear
tracks and films on cemented carbides. Values of ID/IG obtained from
wear tracks and corresponding a-C:Al films prepared at 0.4Pa and 0.6Pa
have little difference, while ID/IG values of wear tracks are much lower
than that of films deposited at 0.3Pa and 0.5Pa, which means that more
sp3-C were produced. Surface materials rearranged its atomic structures
and C–C bonds were broken in the sliding interface [60,61]. Dangling
bonds on the prepared hydrogen-free a-C:Al films surface generated by
friction could be terminated by –H or –OH during wear tests consid-
ering the environment humidity of 50%±5% according to passivation
mechanism [62] which led to the increase of sp3-C content. Therefore,
graphitization in wear debris and passivation of carbon dangling bonds
could explain the difference between values of ID/IG in wear tracks and
the pristine films.

4. Conclusions

The effects of working pressure on structure and properties of a-C:Al
films were studied. It was found that atomic composition of Al in a-C:Al
films was about 5%, independent of working pressure. Ion current to
target, micro-particles collision and ion bombardment to film surface
affected film deposition rate as working pressure varied. The prepared
films have smooth surfaces with Ra of 2.22 nm–5.89nm. Typical amor-
phous structures could be observed in a-C:Al films and sp3 content could
be governed by changing working pressures. Al existed as an oxide
of aluminum in carbon matrix. Internal stresses of a-C:Al films were
still at a high level of around 2GPa probably because of the low Al
atomic concentration. There was a notable negative correlation between
internal stress and sp3-C content. All samples manifested good adhe-
sion strength to substrates with critical loads beyond 70N. Wear rates
were in 10−8 mm3 N−1 m−1 order of magnitude and had the same chang-
ing trend with H/E as the working pressure rose from 0.3Pa to 0.6Pa.

Fig. 13. SEM morphologies of wear tracks of a-C:Al films and wear scars of steel balls: (a) and (e) 0.3Pa, (b) and (f) 0.4Pa, (c) and (g) 0.5Pa, (d) and (h) 0.6Pa.
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Fig. 14. The surface profiles of wear tracks after friction test (a) 0.3Pa (b) 0.4Pa (c) 0.5Pa and (d) 0.6Pa.

Table 2
Composition of wear scars on steel balls.

Point Atomic composition (at. %) Al/C in wear scar

C O Al Si Cr Fe

A 21.10 53.75 12.01 0.40 0.27 12.47 0.57
B 23.93 45.17 2.63 0.59 0.64 27.03 0.11
C 20.73 41.82 5.79 0.37 0.54 30.74 0.28
D 34.59 43.37 20.55 0.31 - 1.19 0.59

The lowest wear rate of 4.38×10−8 mm3 N−1 m−1 was obtained for the
a-C:Al film deposited at 0.4Pa.
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