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ARTICLE INFO ABSTRACT

Keywords: (Cr, N)-DLC/DLC multilayer films with different bilayer numbers and thickness ratios were prepared on ce-
Diamond-like carbon mented carbides and silicon wafers by cathodic vacuum arc technology. Surface and cross-section morphologies
Multilayer of multilayer films were observed by scanning electron microscope. Roughness, hardness, adhesion strength,

Bilayer number
Thickness ratio
Properties

Arc

friction coefficient and wear rates of the deposited films were investigated by surface profiler, nanoindentor,
scratch tester, and ball-on-disk tribometer, respectively. Alternating stress field from adjacent sublayers bene-
fited the mechanical properties while macroparticles piercing through interfaces between sublayers provided
passages for cracks propagation and deteriorated films' mechanical properties. As bilayer numbers varied from
10 to 20 average friction coefficient and roughness of multilayer films had the same changing trend and wear
rates increased linearly from 2.45 X 10”7 mm®/Nm to 3.81 X 10~ 7 mm®/Nm. Improving proportion of (Cr, N)-
DLC layer in multilayer films increased quantity of macroparticles, leading to the rise of multilayer films'
roughness, average friction coefficient and wear rates.

1. Introduction

Diamond-like carbon (DLC) film is a kind of amorphous carbon film
containing sp? bonds and sp® bonds [1-4]. DLC film attracts attentions
from not only scientists but also engineers due to its fascinating prop-
erties [5-8], such as high hardness, low friction coefficient, excellent
wear resistance, good thermal conductivity, making DLC and its related
materials one of the most-studied coatings [2,9-12]. However, high
compressive residual stress in DLC film makes it easy to generate cracks
and even peel off substrate, limiting its applications [13-16]. Multilayer
structural design is an effective method of relieving residual stress,
improving film's thickness and extending lifespan of workpieces with
DLC films [17-20].

Period of multilayer and thickness ratio of one monolayer to an-
other are key factors in regulating multilayer film's properties. Zhu
et al. [21] investigated the influence of modulation period on structure,
morphology, mechanical properties and tribological behaviors in dif-
ferent environments of Si/a-C:H multilayer films deposited by radio-
frequency magnetron sputtering. Content of sp? hybrid carbon, surface
roughness and hardness of the multilayer film changed with modulation
period and further affected film's tribological behavior. Morphology,
structure, composition, mechanical and tribological properties of DLC/
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MoS, multilayer coatings with different modulus ratios prepared by
magnetron sputtering were studied in the research of Zhao et al. [22].
Cui et al.'s article [23] showed that corrosion resistance of the silicon
doped multilayer DLC coatings was significantly improved with the
increase of deposition periods. DLC/TiC multilayer films' residual stress
was effectively reduced with the modulation period decreasing and
hardness of film increased, on the contrary [24]. Increase of the pro-
portion of hard layer in DLC film consisting of alternate soft-layer and
hard-layer improved film's residual stress, hardness and reduced mod-
ulus [25]. Effect of modulation ratios on structure and properties of
multilayer WS,/a-C films [26], TiAIN/CrN coatings [27], CrAIN/VN
coatings [28] and TiB»/Al,03 films [29] were also reported. Alternate
(Cr, N)-DLC/DLC multilayer films with 5 bilayers and thickness ratio of
1:1 were investigated in the authors' previous research [30]. As bilayer
number and thickness ratio varies, structure and properties of (Cr, N)-
DLC/DLC multilayer films will of course change correspondingly.

In the present study, (Cr, N)-DLC/DLC multilayer films with dif-
ferent bilayer numbers (10, 15 and 20) and thickness ratios (2:1 and
4:1) of (Cr, N)-DLC layer to DLC layer were prepared on cemented
carbides and silicon wafers by cathodic vacuum arc technology. Much
attention was paid to the effect of bilayer number and thickness ratio on
multilayer films' structure and tribomechanical properties.
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Fig. 1. (a) Cross-sectional and (b) top-view schematic of the deposition system [30].

Strengthening effects of interfaces between sublayers and increasing
proportion of (Cr, N)-DLC layer in multilayer film benefit improving
multilayer film's properties while macroparticles in films provide pas-
sages for cracks propagation, deteriorating film's properties.

2. Experimental details
2.1. Film deposition

(Cr, N)-DLC/DLC multilayer films with different bilayer numbers
and thickness ratios between (Cr, N)-DLC layer and DLC layer were
prepared on cemented carbides (YG8) and single-crystal silicon wafers
by filtered combined with direct cathodic vacuum arcs. YG8 substrates
with a mirror finished surface and Si wafers were ultrasonically cleaned
in acetone and ethanol for 15 min, respectively, before film deposition.
Schematic of the deposition system was shown in Fig. 1 [30]. A graphite
target (99.9%) was mounted at the position of filtered cathodic vacuum
arc source to provide carbon plasma while Cr plasma generated by
direct cathodic vacuum arc source reached substrates surface under
oblique incidence.

CrN layer with the thickness of about 100 nm acted as intermediate
layer between (Cr, N)-DLC/DLC bilayers and substrate. Detailed de-
position parameters were presented in Table 1. Throughout the de-
position process, duty ratio and repetition frequency of bias voltage
were 15% and 50 kHz, respectively. Rotation speed of substrate holder
was 10 rpm. The structure of (Cr, N)-DLC layer is a kind of composite
structure containing amorphous phase and a small quantity of nano-
crystalline compounds of chromium.

In the-present paper, multilayers with different bilayer numbers and
thickness ratios presented in Table 2 were obtained by varying de-
position time of each monolayer. Thicknesses of multilayer films were
approximately 2 um in which a CrN intermediate layer of about 100 nm
was contained.

2.2. Film characterization
Surface and cross-sectional morphology as well as thickness of films

Table 1
Deposition parameters of CrN, (Cr, N)-DLC, DLC monolayers.

Monolayer Negative bias voltage =~ Work pressure Deposition rate (nm/
W) (Pa) min)

CrN 400 0.7 10

(Cr, N)-DLC 400 0.4 ~26

DLC 500 0.1 ~36
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Table 2
Bilayer numbers and thickness ratios of (Cr, N)-DLC/DLC multilayer films.

Sample no. Bilayer numbers Thickness ratios [(Cr, N)-DLC:DLC]
B10 10 1:1

B15 15

B20 20

R2 10 2:1

R4 4:1

were observed by field emission scanning electron microscope (SEM,
Inspect F50, FEI, USA) with energy dispersive spectrometer (EDS).
Percentage of macroparticles in a SEM photograph was calculated by
Image pro-plus (IPP) software. Line roughness of films was measured by
a surface profiler (Alpha-Step IQ, KLA Tencor). Each sample was
measured three times with a scanning speed 50 pm.

Hardness and elastic modulus of multilayer films were investigated
by a nano-indentation tester (Nano indentor G200, Agilent
Technologies, USA) with a Berkovich indenter tip under the continuous
stiffness mode (CSM). To avoid the effects of substrates, values of
hardness and elastic modulus were obtained from the range of 10% of
film thickness [31]. Ten repeated measurements were applied on each
sample. In addition, elastic recovery W, could be obtained from the
load/unload-displacement curve [32]. Given that the maximum depth
of indentations was about 450 nm which far exceeded 10% of film
thickness, values of W, represents the film-substrate system's elastic
recovery capacity. However, considering the same substrates and film
thicknesses, W, can still reflect mechanical properties of multilayer
films with different structures. Elasticity (R) of multilayer films were
calculated according to formula R = (hyuax — hy) / Aimax, in which hyq,
was the maximum value of displacement during indenter loading and h,
stood for the remaining value of displacement after indenter unloaded.

Scratch tests were performed by MFT-4000 multifunction material
surface tester with a Rockwell diamond indenter to characterize the
adhesion strength between films and substrates. Scratch speed was
10 mm/min at a loading rate of 100 N/min. Scratch morphologies on
multilayer films were observed by an optical microscope Carl Zeiss Axio
Observer Z1m. Ball-on-disk tribometer MS-T3000 was used to measure
friction coefficient of multilayer films on YG8 substrates in ambient
atmosphere (approx. 20% humidity) at room temperature (20 °C).
Counterparts were Al,O3 balls which had diameters of 4 mm. Friction
tests were carried out at rotation speed of 200 rpm under normal load of
2N with wear time of 4 h. Surface morphologies and profiles of wear
tracks were measured by the optical microscope and surface profiler,
respectively. Multilayer films' wear rates were also calculated according
to the Archard equation W = V /(S X L), where V is wear volume, S is
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Fig. 2. SEM surface morphologies of (Cr, N)-DLC/DLC multilayers with different bilayer numbers: (a) 5 bilayers, (b) 10 bilayers, (c) 15 bilayers, (d) 20 bilayers.
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Fig. 3. Percentage of macroparticles and roughness (Ra) of (Cr, N)-DLC/DLC
multilayers as bilayer number changes.

sliding distance, and L is applied load.

3. Results and discussion
3.1. Effect of bilayer number on multilayer films' morphology and properties
In order to clarify the effect of bilayer number on structure of

multilayer films, some research data of sample 5 composed of 5 (Cr, N)-
DLC/DLC bilayers with the thickness ratio of 1:1 ((Cr, N)-DLC layer to
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DLC layer) prepared in previous research [30] is also displayed in the-
present article.

Surface morphology of (Cr, N)-DLC/DLC multilayer films with dif-
ferent bilayer numbers were investigated by SEM shown in Fig. 2.
Macroparticles with the shape of spindle can be observed as well as
craters formed by macroparticles falling off. The inset in Fig. 2c¢ is an
enlarged image of a macroparticle with the size of 8.34 um. Atomic
contents of Cr and N elements in point A analyzed by EDS are 53.1%
and 46.9%, respectively. During the deposition process, Cr droplets
flew from target to substrates which had a lower temperature than
chromium melting point [33] at a certain angle and then solidified on
the surface of substrates. Because of the effect of inertia, Cr macro-
particles presented the shape of spindle with a thick end and a thin end.
As for craters, two reasons contribute to their formation. On the one
hand, the composition and structure of macroparticles are different
from that of film which leads to different thermal expansion coeffi-
cients. After the deposition process finished, substrates temperature
declined from more than one hundred degrees Celsius [30] to room
temperature. Macroparticles fell off from multilayer films due to dif-
ferent shrinking states. On the other hand, macroparticles were bom-
barded by ions and atoms throughout the deposition procedure. Bom-
bardments conduced to the drop-out of macroparticles giving rise to the
formation of craters.

In Fig. 3, circles linked by a dotted line are percentages of macro-
particles on SEM photographs with different bilayer numbers calculated
via IPP software which are in the range of 2.41%-4.85% while squares
linked by a dotted line represent surface roughness (Ra) of multilayers.
Percentages of macroparticles and Ra have the same trends that the
maximum value appears as bilayer number is 15 and the minimum
value appears as bilayer number is 5. Emission rate of macroparticles is
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Fig. 4. SEM cross-section morphologies (in BSE mode) of (Cr, N)-DLC/DLC multilayers with different bilayer numbers: (a) 5 bilayers, (b) 10 bilayers, (c) 15 bilayers,

(d) 20 bilayers.

mainly affected by two reasons: arc current and cathode surface tem-
perature [34]. Peak emission rate of macroparticles follows the peak
value of arc current at either 6 or 1 ms after arc initiation [35]. That is,
quantity of macroparticles on multilayer film's surface increased with
the number of arc initiation which increased with the bilayer number in
multilayer films. On the other hand, continuous discharging of arc
target produced lots of Joule heat resulting in much more macro-
particles. The rise of bilayer number meant reducing continuous dis-
charging time of chromium and graphite targets which benefited heat
releasing of targets' surface and decreasing quantity of macroparticles.
Under the combined action of the two factors, quantity of macro-
particles and Ra increased at first and declined subsequently as bilayer
number rose from 5 to 20.

Fig. 4 illustrates cross-section morphologies of (Cr, N)-DLC/DLC
multilayers with different bilayer numbers in backscattered electron
(BSE) mode. In BSE imaging mode, the brighter area denotes the ex-
istence of much heavier atoms. Therefore, the layer next to substrate
which has the highest brightness is intermediate layer CrN with the
thickness of about 100 nm. The adjacent layer which has the lower
brightness is (Cr, N)-DLC and the darkest layer is DLC. Total thicknesses
of multilayers are about 2 pm. Thicknesses of monolayers in multilayer
films with 5, 10, 15 and 20 bilayers were approximately 170 nm,
94nm, 63nm and 47 nm, respectively. Furthermore, macroparticles
having much higher brightness than areas around them also proved that
macroparticles were mainly from chromium target, due to the much
larger atomic number of chromium than that of carbon. Meanwhile,
macroparticles circled by ellipses in Fig. 4 could be seen embedding in
multilayer films.

Table 3 exhibits the hardness, elastic modulus, elastic recovery (W,)
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Table 3
Hardness, elastic modulus, W, and elasticity (R) of samples B10, B15 and B20.

Sample no. Hardness (GPa) Elastic modulus w, R (%)

(GPa)
B10 19.05 = 2.10 246.36 = 29.26  0.51 + 0.01 48.90 * 1.66
B15 19.05 = 0.64 250.25 + 9.85 0.50 = 0.01 48.99 = 0.69
B20 18.90 + 0.81 238.61 + 11.63 0.49 + 0.01 4855 + 1.10

and elasticity (R) of (Cr, N)-DLC/DLC multilayer films. As bilayer
numbers increase from 10 to 20, mechanical parameters displayed in
Table 3 change slightly. Hardness of samples B10, B15 and B20 is ap-
proximately 19 GPa and elastic moduli are in the range of 235 GPa to
255 GPa as W, values are close to 0.50. Hardness, elastic modulus and
W, value of multilayer film with 5 bilayers are 14.38 GPa, 160.58 GPa
and 0.47, respectively [30]. That is, mechanical properties of (Cr, N)-
DLC/DLC multilayer films have been improved as bilayer number in-
creased from 5 to 10, 15 and 20.

Residual stresses in DLC layer and (Cr, N)-DLC layer were
—1.59GPa and —0.99 GPa, respectively [30]. Change of bilayer
number of multilayers means that alternating stress field in multilayers
varied. Xu et al. [36] thinks that alternating stress field caused by the
two adjacent sublayers affects multilayer's hardness. Kodali et al. [37]
addressed that crack initiation was affected by hardness and apparent
fracture toughness of DLC coatings increased with coating hardness.
Value of W, represents film-substrate system's elastic recovery capacity
which can also reflect toughness of the film. Compared with W, of 0.47
of multilayer film with 5 bilayers, values of W, of multilayer films with
10, 15 and 20 bilayers in the range of 0.49-0.51 were much higher
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Fig. 5. Acoustic emission signal/friction coefficient-applied load curves of samples (a) B10, (b) B15, and (c) B20 obtained by scratch tests.

Fig. 6. Scratch morphologies of samples (a) B10, (b) B15, and (c) B20.
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Fig. 8. Wear rates of (Cr, N)-DLC/DLC multilayer films with different bilayer
numbers.

indicating a much better toughness caused by the increased hardness.
At the same time, macroparticles piercing through one or more inter-
faces can be seen in Fig. 4 which may provide passages for cracks
propagation and impair multilayer's mechanical properties. As bilayer
number increased from 5 to 20 monolayers' thickness declined from
170 nm to 47 nm. Accordingly, more interfaces were transpierced by
macroparticles which would go against multilayers' mechanical prop-
erties. On the other hand, macroparticles mainly comprised of Cr par-
ticles had big differences with films in mechanical properties and were
distributed in films acting as flaws affecting films' properties. Therefore,
mechanical properties of multilayer films went up as bilayer number
increased from 5 to 10 and then reached a plateau as bilayer number
rose from 10 to 20.

(Cr, N)-DLC/DLC multilayer films' adhesion strength was measured
by scratch tests with a MFT-4000 multifunction material surface tester.
Acoustic emission signal/friction coefficient-applied load curves are
presented in Fig. 5. Friction coefficients of each multilayer sample
fluctuated greatly accompanied by acoustic emission signal because
indenter touched DLC monolayer and (Cr, N)-DLC monolayer
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Fig. 9. Morphologies and profiles of wear tracks on (Cr, N)-DLC/DLC multilayer films: (a), (b) sample B10; (c), (d) sample B15; (e), (f) sample B20.

alternately as scratch depth increased. Saltation of friction coefficient
and acoustic emission signal was marked by a dotted line. Scratch
morphologies of samples B10, B15 and B20 were observed by an optical
microscope indicated in Fig. 6. Although saltation of friction coefficient
and acoustic emission signal is distinct, high critical loads are difficult
to obtain from scratch images. Multilayer films on sample B15 flaked
off more obviously than samples B10 and B20. Critical load is affected
not only by the film's composition and structure but also film thickness,
substrate's hardness and friction coefficient between film and indenter
[38-40].

Fig. 7 presents friction coefficient of (Cr, N)-DLC/DLC multilayers
with different bilayer numbers. Friction coefficient of samples B10 and
B20 rose slightly but still lower than 0.2. As the extension of wear time,
wear track became much wider and deeper which meant that contact
area between grinding ball and multilayer film increased gradually and
much more atoms were put away by grinding ball during each rotation
of sample which gave rise to the increase of friction coefficient. As for
sample B15, it exhibited a much higher and more variable friction
coefficient than that of samples B10 and B20. In the former 80 min
during wear test, friction coefficient increased from 0.1 to 0.27. During
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80th to 140th min, friction coefficient dropped to 0.20 firstly and then
rose gradually. During 140th to 190th min, friction coefficient reached
a plateau of about 0.3. During the last 50 min, friction coefficient de-
clined to 0.25. Friction coefficient of sample B15 changed periodically
probably because of the multilayer film's periodical structure.

Average friction coefficients of samples B10, B15 and B20 are in-
dicated in Fig. 7b. Sample B15 have the biggest average friction coef-
ficient 0.24 and samples B10 and B20 have similar average friction
coefficient values of about 0.15. Changing trend of average friction
coefficient is similar to that of roughness. Sample B15 has the biggest
Ra value and the most macroparticles on film surface. According to the
results of EDS, composition of macroparticles is Crg53Ng. 47 which is
similar to that of CrN. Friction coefficient of CrN films are in the range
of 0.2-0.5 which is higher than that of DLC [41]. Macroparticles acted
as obstacles while grinding ball slid on film surface, leading to the high
average friction coefficient.

Wear rates of different multilayer films calculated via Archard for-
mula are shown in Fig. 8. Wear rates increased linearly from
2.45 x 107’ mm®/Nm to 3.81 x 10~ mm>/Nm as bilayer number
changed from 10 to 20. It can be seen from Fig. 3 that sample B15 has
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Fig. 10. Surface and cross-section morphologies of (Cr, N)-DLC/DLC multilayer films with different thickness ratios: (a) 2:1; (b) 4:1.

much more macroparticles than sample B10. Macroparticles embedded
. - in films deteriorated multilayers' mechanical properties causing the
, decline of films' wear resistance. In addition, the poor adhesion strength
’ between macroparticles and multilayer film made macroparticles easy
] 1 to drop out which also resulted in the increase of wear rate. However,
wear rate of sample B20 with fewer macroparticles than sample B15 is
much higher than that of sample B15. Monolayers in sample B20 is
much thinner than that in sample B15. More interfaces in B20 were
piercing though by macroparticles which may affect multilayer film's
wear rate.

Surface morphologies and profiles of wear tracks on multilayer films
3| : | are presented in Fig. 9 in which figures (a), (c) and (e) were captured by
: Carl Zeiss Axio Observer Z1m and figures (b), (d) and (f) were obtained
i 60 from surface profiler. Width of wear tracks on multilayer films in-
2 L L L creased from 94.5um to 138.9 um as bilayer number rose from 10 to

11 21 41 20. In Fig. 9a and c, wear tracks are smooth while “furrows” can be seen
Thickness ratio in wear tracks shown by Fig. 9e, indicating that abrasive wear existed

Fig. 11. Percentage of macroparticles and roughness (Ra) of (Cr, N)-DLC/DLC between the counterpart ball and sample B20. Wear track depths on
multilayer films with different thickness ratios. samples B10, B15 and B20 are 232nm, 302 nm and 459 nm, respec-
tively, read from wear track profiles. Wedge-shaped bulges at the
bottom of wear track profiles in Fig. 9f are corresponding to the “fur-
rows” observed in Fig. 9e. Wear track became much wider and deeper

Percentage of macroparticles (%)
(wu) ey

Table 4

Hardness, elastic modulus, W, and elasticity (R) of (Cr, N)-DLC/DLC multilayers with different thickness ratios.
Thickness ratio Hardness (GPa) Elastic (GPa) A R (%)
1:1 19.05 = 2.10 246.36 = 29.26 0.51 = 0.01 48.90 *+ 1.66
2:1 22.85 * 1.67 300.34 = 37.19 0.46 = 0.01 46.28 = 1.15
4:1 19.49 = 1.32 250.43 = 38.43 0.45 = 0.01 44.73 *= 0.81
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Fig. 13. Scratch morphologies of samples (a) R2 and (b) R4.
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as bilayer number increased from 10 to 20, giving rise to a much higher
wear rate.

As for sample B15, depth of wear track is 302 nm approximately 1.3
times thicker than the thickness of one (Cr, N)-DLC/DLC bilayer. That
means two periodical bilayers have been worn out and the monolayer
DLC in the third period is exposed to counterpart ball. Given the peri-
odically changing friction coefficient displayed in Fig. 7, it took about
80 min to wear the first periodical bilayer out whereas it was about
110 min to grind off the second periodical bilayer. As wear test went on,
contact area between grinding ball and multilayer film became much
larger. Much more time was needed if grinding ball proceeded a certain
distance into multilayer film because more atoms were stripped from
wear track surface when normal load and rotation speed were invari-
able.

3.2. Effect of thickness ratio on multilayer films' morphology and properties

Surface and cross-section morphologies of (Cr, N)-DLC/DLC

multilayer films with different thickness ratios (2:1 and 4:1) were stu-
died by SEM in SE mode and BSE mode, respectively, presented in
Fig. 10. Both craters and macroparticles can be observed on surface of
multilayer films. Seen from the cross-section morphologies, ten peri-
odical bilayers stack on substrates. The dark monolayer is DLC and the
light monolayer is (Cr, N)-DLC. Total thicknesses of multilayer films are
about 1.85um. In Fig. 10a (Cr, N)-DLC and DLC monolayers have the
thicknesses of 120nm and 57 nm, respectively, while in Fig. 10b
thicknesses of (Cr, N)-DLC and DLC monolayers are 138 nm and 35 nm,
respectively, which is corresponding with previous experimental de-
sign.

Percentage of macroparticles on samples R2 and R4 were calculated
by IPP software which are 6.14% and 6.8%, respectively. Ra of multi-
layer films increased from 86.8 nm to 108.8 nm as thickness ratio rose
from 2:1 to 4:1 as shown in Fig. 11. Changing trend of Ra is similar to
that of percentage of macroparticles while thickness ratio increased.
Macroparticles were mainly derived from Cr target. Improving the
thickness of (Cr, N)-DLC layer would of course increase the content of
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Fig. 15. Wear rates of (Cr, N)-DLC/DLC multilayer films with different thick-
ness ratios.

macroparticles, causing the rise of roughness.

Hardnesses and elastic moduli of (Cr, N)-DLC/DLC multilayers with
different thickness ratios measured by nanoindentor as well as W, and
elasticity (R) obtained from load/unload-displacement curve are dis-
played in Table 4. Hardness and elastic modulus of sample R2 have the
largest values. Cr and N codoping into DLC leading to the carbides and
nitrides of chromium [30] benefits hardness and elastic modulus of
multilayer film while macroparticles acting as defects in multilayer
films are bad for mechanical properties. Therefore, hardness and elastic
modulus of multilayer film increased at first and then declined as
thickness ratio increased from 1:1 to 4:1. Values of W, and R are mainly
affected by content of macroparticles. Increasing the total thickness of
(Cr, N)-DLC layer in multilayer film gave rise to the decrease of W, and

Height (um)

Height (um)

(b)

(@)
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R.

Fig. 12 illustrates the changing curves of acoustic emission signal
and friction coefficient as indenter scratched on film surface. The top
DLC layer was so thin that indenter came into multilayer film as applied
load was less than 10 N which resulting in a high friction coefficient of
about 0.45 accompanied with acoustic emission signal. Friction coef-
ficient became steady as applied load increased to 43 N. Compared with
that of B10 in Fig. 5a, a sharp decline of about 20N can be observed
from Fig. 12. Improving thickness ratio of (Cr, N)-DLC layer to DLC
layer led to more macroparticles in multilayer films which deteriorated
films' toughness. As indenter with an ever-increasing normal load tou-
ched multilayer film, cracks extended along with the boundary between
macroparticles and multilayer film which made indenter easy to reach
substrate surface and lowered multilayer film's adhesion strength
(Fig. 13).

Friction coefficient of samples R2 and R4 measured by MS-T3000 is
shown in Fig. 14a. During the first 70 min friction coefficient of sample
R2 increased from 0.15 to 0.45 while that of sample R4 had a high
value of about 0.3 after wear tests began. Friction coefficients of sam-
ples R2 and R4 fluctuated as wear tests went on due to the periodical
structure of multilayer films. Due to the different composition and
structure between DLC layer and (Cr, N)-DLC layer, friction coefficient
of (Cr, N)-DLC layer is thought to be different with that of DLC layer.
Al,O3 ball touched (Cr, N)-DLC layer and DLC layer alternatingly re-
sulting in the periodical-changing friction coefficient. Two peaks can be
found on the friction coefficient curve of sample R2 which indicated
that depth of wear track was at least 350 nm (thickness of one bilayer in
Fig. 10 is about 175nm). While three peaks can be observed on the
friction coefficient curve of sample R4 which indicated that depth of
wear track was at least 525.

Average friction coefficient of multilayer films with different
thickness ratios were calculated according to the friction coefficient
during the whole wear tests, as shown in Fig. 14b. Compared with
average friction coefficient of sample B10 (0.14), that of samples R2
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Fig. 16. Morphologies and profiles of wear tracks on (Cr, N)-DLC/DLC multilayer films: (a), (b) sample R2; (c), (d) sample R4.
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and R4 (0.36 and 0.35, respectively) increased greatly. Friction coef-
ficient of film has relationships with not only film roughness, but also
film structure. DLC layer in samples R2 and R4 were too thin to lu-
bricate the wear process giving rise to the high average friction coef-
ficient.

Fig. 15 illustrates wear rates of multilayer films with different
thickness ratios. Wear rates of samples B10 and R2 are
2.81 x 1077mm3®/Nm and 3.45 x 10”7 mm®/Nm, respectively. Al-
though average friction coefficient of sample R2 (0.36) is much higher
than that of sample B10 (0.14), wear rate of sample R2 exceed that of
sample B10 slightly. As for sample R4, wear rate is 1.23 X 10~ mm®/
Nm which is several times the wear rates of samples B10 and R2. Too
much macroparticles in sample R4 deteriorated film quality. Under the
combined effect of normal load and friction force, cracks extended to-
ward the interior of multilayer film. Macroparticles were much easier
than atoms to be stripped from film, leading to the rise of wear rate.
Besides, wear rate's standard deviation of sample R4 is much larger than
that of samples B10 and R2. Given that wear rate was calculated ac-
cording to cross-sectional areas of different positions in one wear track,
the large standard deviation of sample R4 indicates the nonuniformity
of abrasion.

Morphologies and profiles of wear tracks on samples R2 and R4
were investigated by an optical microscope and a surface profiler, re-
spectively, as shown in Fig. 16. Width of wear track on sample R2 is
110.4 um while that of sample R4 is much larger, up to 183.3 ym. In
Fig. 16¢, one pit with the diameter of about 37 pm on wear track can be
seen apparently which were formed by macroparticles dropping,
leading to the rise of wear rate. From Fig. 16b and d, depths of wear
tracks on samples R2 and R4 are 0.4pum and 1.0 um, respectively.
Fig. 10 shows that thickness of one bilayer is about 175 nm. On sample
R2, the top two bilayers had been worn out and for sample R4, the top
five bilayers had been worn out. Therefore, friction coefficient changed
periodically during wear tests as shown in Fig. 14.

4. Conclusions

(Cr, N)-DLC/DLC multilayer films with different bilayer numbers
and thickness ratios of (Cr, N)-DLC layer to DLC layer have been de-
posited on cemented carbides and Si wafers. Ra values of all (Cr, N)-
DLC/DLC multilayer samples with a trend similar to the percentage of
macroparticles on film surface are in the range of 37.8 nm to 108.8 nm.
Quantity of macroparticles mainly derived from Cr target was affected
by number of arc initiation, continuously arc-discharging time of tar-
gets and proportion of (Cr, N)-DLC layer. Alternating stress field from
adjacent sublayers benefited the mechanical properties of multilayer
films while macroparticles running through interfaces provided pas-
sages for cracks propagation and deteriorated films' mechanical prop-
erties. Average friction coefficient and roughness of multilayer films
have the same changing trend and wear rates increased linearly from
2.45 x 1077 mm>/Nm to 3.81 x 10”7 mm>/Nm when bilayer number
rose from 10 to 20. As to multilayer sample with 10 bilayers, improving
the proportion of (Cr, N)-DLC layer raised the quantity of macro-
particles, leading to the increase of multilayer films' roughness, friction
coefficient and wear rates.
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