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Abstract: To improve the bonding strength of the chromium-doped diamond-like carbon (Cr-DLC ) films on the surface of the copper
alloy, multilayer structure films of Cr/CrN/Cr-DLC with different thickness of Cr interlayer were designed and prepared on the copper
alloy samples by magnetron sputtering and plasma enhanced chemical vapor deposition. The microstructure, residual stress,
nanohardness, elastic modulus, bonding strength and impact toughness of the film were tested by high-resolution Raman
spectrometer, film stress meter, nanoindenter, scratch tester and repetitive impact tester. The results show that the residual stress of Cr-
DLC film on the surface of copper alloy decreases from —1.92 GPa to —0.47 GPa with increasing the thickness of Cr interlayer,
reduced by 75.5%. When the thickness of Cr interlayer reaches 1.01 pm, the bonding strength between the Cr-DLC film and the
substrate is the best, which is 69% and 67% higher than the first (L ,) and the second (L) critical loads of Cr-DLC film without Cr
adhesive layer, respectively. After 20 000 times of repetitive impact tests, there is no elastic recovery in the impact depth for all Cr-
DLC coated samples, and exfoliation of a certain area for the film is observed at the center of the impact pit. Among all samples, Cr-
DLC coated sample with Cr interlayer of 1.01 pwm in thickness has the smallest peeling area, and shows the best performance of
repetitive impact resistance. Therefore, Cr interlayer with a certain thickness can significantly reduce the residual stress of the Cr-DLC
film while improve the bonding strength and repetitive impact resistance.
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Chromium-doped diamond-like carbon films (Cr-DLC)
prepared by physical vapor deposition (PVD) are widely used
in protective coatings because of their excellent mechanical
properties. Mechanical properties of hard thin films on soft
metals such as copper and aluminum are strongly affected by
working load and residual stress. To satisfy the functional
requirements for different applications, the interlayer of Cr/
CrN can be introduced into Cr-DLC multilayer films for
controlling residual stress, improving the adhesion and
increasing the thickness and impact toughness.

Films with a single layer are prone to severe brittle fracture
or even peel off the substrate under heavy load. The hardness
of single-layer films is not high, and the bearing capability is
poor; when the substrate yields but the film does not yield and
deform, it will break; the poor adhesion between the film and
the substrate makes it easily to peel off the substrate;
meanwhile, poor toughness of the film leads to the
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propagation of the crack along the cross section, as shown in
Fig. 1, which shows the bearing capacity of single-layer and
multilayer carbon based films. It is easy to find out that the
multilayer structure improves the bearing capacity of the
films!" .

The failure of hard thin films on soft substrates is caused by
delamination and fracture', and is related to relatively high
compressive residual stress and stress gradient. Residual stress
in PVD films is mainly from thermal residual stress generated
in deposition process, intrinsic stress of the films and the
interaction between them"™”. Thermal residual stress is
originated from the difference of thermal expansion between
films and substrates during the process of cooling from
deposition temperature to room temperature. For intrinsic
stress generated in the deposition process, its density is
depended on deposition conditions, such as reference potential
on the substrate, distance between the working gas and the
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Fig.1 Schematic diagram of bearing capacity of single-layer (a) and

multilayer (b) carbon based composite films

target, doping amount and film thickness. For PVD films, the
effect of residual stress on the properties of PVD films can be
effectively reduced by multilayer films under the premise that
the target, gas and equipment are determined.

Multilayer structure with addition of metal or ceramics
interlayer can improve interface adaptability and reduce the
effect of residual stress. Metals of chromium and titanium are
usually considered as the interlayer, and materials of the
interlayer should have a thermal expansion coefficient similar
to that of the substrate and also an elastic modulus similar to
that of the carbon based film. It can effectively control the
residual stress and improve adhesion between films and
substrates by introducing multilayer structure such as the
combination of metals and ceramics (Cr/CrN). Increase in the
thickness of the metal layer can reduce the residual stress on
surface, but may degrade the performance of multilayer films.
Large plane residual stress is detected near the substrate when
the thickness of CrN layer is relatively large, and concentrated
columnar growth is found at the beginning, and finally the
film fails due to the crack propagation. Therefore, an
interlayer with a certain thickness is needed for each single
CrN film. Metal Cr layer with an optimal thickness can further
improve the adhesion and the toughness of multilayer films.

1 Experiment

1.1 Structure design for Cr-DLC film

A model of multilayer structure for Cr-DLC film was
designed, and effects of hard film with metal interlayer on soft
metals on internal stress and adhesion performance was
investigated by varying thickness of Cr interlayer and keeping
thickness of working layer constant. As shown in Fig.2, a

-
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CrN/Cr-DLC
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Fig.2 Multilayer structure model of Cr-DLC films: (a) Cr-DLC-1,
(b) Cr-DLC-2, (¢) Cr-DLC-3, and (d) Cr-DLC-4

working layer with 5 pm in thickness is prepared, the
thickness of Cr interlayer changes from 0 pm to 1.5 pm,
which is 0, 0.5, 1.0 and 1.5 pm for sample Cr-DLC-1, Cr-
DLC-2, Cr-DLC-3 and Cr-DLC-4, respectively.

1.2 Film deposition

Films were prepared by multi-functional ion plating system.
As shown in Fig. 3, unbalanced magnetron sputtering and
plasma enhanced chemical vapor deposition can be both
achieved by this system, equipped with two pairs of
unbalanced magnetron sputtering targets and one rectangular
anode layer gas ion source. The working gas is argon with
99.99% purity and methane with 99.99% purity.

@30 mmx5 mm samples of KK3 copper alloy were used as
substrates, which were treated by polishing and had a surface
roughness of 0.8 um. These samples were subjected to multi-
process ultrasonic cleaning for 30 min, and put into an 80 °C
oven for drying after cleaning. The samples were placed in the
vacuum chamber with a vacuum degree of 5x10° Pa. The
oxide layer on surface of substrates was removed by plasma
etching after introducing argon while the vacuum degree was
5x10" Pa, and film deposition begins when the vacuum
degree reaches 3x10" Pa. The total gas pressure, the bias
voltage and the etching time for plasma etching process were
1.0 Pa, -400 V and 30 min, respectively; process parameters
for Cr interlayer with four different thicknesses are presented
in Table 1.

1.3 Characterization

The microstructure of the film was measured and analyzed
by LabRAM HR Evolution high
spectrometer, 514 nm laser was used for exciting the film, the
beam spot diameter was 1.25 pum, the power was 150 pW/cm?,
scanning time was 60 s, and accumulation time was once. S-

resolution Raman

4800 cold field emission scanning electron microscope was
used to study cross section morphology and the film
thickness. SuPro FST1000 film stress tester was used for
detecting film deposited samples, and the testing parameters
were: optical distance of 1024.8 mm, elastic modulus of 195
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Fig.3 Multi-functional ion plating system
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GPa, Poisson’s ratio of 0.3 and sample thickness of 0.8 mm.
The intrinsic stress of the deposited coating is given by
Stoney’s equation™:

_ ER 11

“6(1-v)h, R R,

where E is the elastic modulus of the substrate; v, is the

o

Poisson’s ratio of the substrate; /4, and A, are the substrate and
film thicknesses, respectively; R, and R are the radii of
curvature of the substrate before and after deposition,
respectively.

The adhesion force of film and substrate was tested by
MFT-4000 multifunctional
tester, where the ending load was set at 100 N, the loading rate
was 100 N/min, and the scratch length was 5 mm. The impact
toughness of the film was measured by GP-100k continuous

material surface performance

impact testing machine. WC ball with diameter of 5 mm was
chosen as the punch. The distance between the punch and the
sample was 1.0 mm, the impact frequency was 10 Hz, the load
was 500 N, and the test cycle was 20 000 times. The scratch

shape and impact pit morphology were observed by LY-WN-
YH 3D full freedom microscopic imaging system. The coating
hardness and Young’s modulus were determined with a nano-
indention testing system (Agilent G200). A fixed indentation
depth of 400 nm was used to record the load after the
maximum depth. At the same time, the significant influence
on the hardness measured by the substrate was avoided. Each
sample was indented 10 times to obtain the average value.

2 Results and Discussion

2.1 Microstructure of films
2.1.1 Structure

Fig. 4 illustrates Raman spectra of Cr-DLC films with
different thicknesses of Cr interlayers. It is found that all of
four samples have typical diamond-like carbon structure
which has a D peak at 1350 cm™ and an asymmetric G peak at
1580 cm. The ratio of I, /I, can estimate the content of sp’
hybrid bond, and lower ratio represents higher content of sp’
hybrid bond. The G peak position, D peak position and the
ratio of [ /I, for four Cr-DLC samples with different Cr
interlayer thicknesses are illustrated in Table 2. It is concluded
that all prepared samples have typical diamond-like carbon
structure. All four samples have same working layers, in spite
of the difference of /,/I;, where the ratio in the range of 0.46~
0.50 can be ignored. The contents of sp’ hybrid bond for four
Cr-DLC samples with different Cr interlayer thicknesses are
basically at the same level.

2.1.2 Thickness and microscopic structure

As shown in Fig. 5, thickness of four different Cr-DLC
samples is 4.83, 4.91, 5.81 and 7.12 um, respectively. And
corresponding Cr interlayer thickness for samples Cr-DLC-1,
Cr-DLC-2, Cr-DLC-3 and Cr-DLC-4 is 0, 0.65, 1.01 and 1.83
pum, respectively. It is basically consistent with the design

Table 1 Deposition parameters for Cr-DLC films

_ Gas flow . . .
Sample Coating process Total gas pressure/Pa Current/A Bias/V  Time/min
Ar N, CH,
Plasma cleaning 1.0 170 - - - 600 35
Cr layer 0.3 200 - - 10 80 0
Cr-DLC-1
CrN layer 0.3 200 60 - 15 80 325
Cr-DLC 0.3 200 0 60~130 8 80 240
Plasma cleaning 1.0 170 - - - 600 35
Cr layer 0.3 200 - - 10 80 20
Cr-DLC -2
CrN layer 0.3 200 60 - 15 80 325
Cr-DLC 0.3 200 0 60~130 8 80 240
Plasma cleaning 1.0 170 - - - 600 35
Cr layer 0.3 200 - - 10 80 40
Cr-DLC -3
CrN layer 0.3 200 60 - 15 80 32.5
Cr-DLC 0.3 200 0 60~130 8 80 240
Plasma cleaning 1.0 170 - - - 600 35
Cr layer 0.3 200 - - 10 80 80
Cr-DLC -4
CrN layer 0.3 200 60 - 15 80 32.5
Cr-DLC 0.3 200 0 60~130 8 80 240
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Fig.4 Raman spectra of the Cr-DLC films with different interlayers

Table 2 G peak, D peak and I, /I, of different samples

Position/cm™ Integral area/cm™
Samples IJI,
D G D G
Cr-DLC -1 13475 1536.94 175931.25 384178.51 0.46
Cr-DLC -2 1326.91 1532 222174.37 484783.95 0.46
Cr-DLC -3 134091 1540.24 195865.13 416969.12 0.47
Cr-DLC -4 1359.03 1533.65 318486.88 635392.35 0.50

requirements. The cross section morphology shows that films
of four samples are uniform and have compact structure and
also well bonded between the film and the substrate, and no
obvious spalling is observed.

2.2 Hardness and elastic modulus

Mechanical properties for Cr-DLC films are shown in
Fig.6. It can be concluded that the average hardness for Cr-
DLC-1, Cr-DLC-2, Cr-DLC-3 and Cr-DLC-4 is 11.86, 11.46,
11.09 and 11.03 GPa, respectively, and the corresponding

Cr-DLC film

Substrate

Cr-DLC film

Substrate

average elastic moduli are 135, 136, 143.8 and 148 GPa,
respectively. The introduction of Cr interlayer increases the
elastic modulus of films, but with increasing the thickness of
Cr interlayer, the average hardness decreases due to its own
low hardness.

2.3 Residual stress

The stress state for thin films is significant, which affects
many properties, including adhesion between films and
substrates, internal cracks, wear resistance, fatigue failure,
stress corrosion and hardness. The residual stress caused by
mismatch of thermal expansion for films and substrates and
large temperature deviation between deposition temperature
and operation temperature is called thermal stress”'.
Residual stress may also be caused by defects in the growth of
films or defects introduced by films application, which is
called intrinsic stress. For vacuum deposited films, intrinsic
stress is the typical result of crystallization defects
accumulated during the deposition process!'*"".

Fig. 7 shows the slope change of laser beam deflection
distance-sample running distance (L-D) of samples before and
after film deposition by Supro FST1000 film stress meter.
Substitute the test data into the Stoney equation and the
residual stress is shown in Table 3. The residual stress in four
Cr-DLC samples is all compressive, which first decreases and
then increases with increasing the thickness of Cr interlayer.
The minimum residual stress is —0.47 GPa, decreased by
75.5%. There is little change in parameters for deposition
process, resulting in little effect on intrinsic stress of films, so
the difference of the residual stress is the variation of the
thermal stress generated by Cr interlayer thickness. For
sample Cr-DLC-1, absence of Cr interlayer leads to big
difference of thermal expansion coefficient between CrN layer
and the substrate and results in high thermal stress. Depositing

Cr-DLC film

Substrate

Cr-DLC film

Substrate

Fig.5 Thickness and cross section morphologies of Cr-DLC films with different interlayers: (a) Cr-DLC-1, (b) Cr-DLC-2, (c) Cr-DLC-3,

and (d) Cr-DLC-4
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Fig.6 Intrinsic hardness and elastic modulus in multilayer configura-

tions of Cr-DLC samples

Cr-DLC layer on Cr interlayer may generate less stress
compared to depositing Cr-DLC layer directly on the
substrate. Therefore, the introduction of Cr interlayer reduces
the difference between the DLC film and the substrate, which
decreases thermal stress of Cr-DLC and results in lower
residual stress. This may prevent films from spalling from
substrates. When increasing the thickness of Cr interlayer,
more deposition time results in longer plasma etching, and
leads to higher residual stress in films.

2.4 Adhesion

According to the standard of ASTM C1623-2005, the load
at which the first crack appears in the film during a scratch

test is considered as L, and with increasing load, continuous

cl>
film spalling occurs, it is considered as L, which is the
bonding strength between the film and the substrate. As
shown in Fig.8, scratches of four Cr-DLC samples at L can

be observed by optical microscope. The first failure for all

samples is a semicircular crack caused by buckling and the
first delamination in the scratch track, which is quite a
common failure for hard thin films on soft substrates such as
KK3 alloy. The crack volume for Cr-DLC-1 sample is high,
and it continues until the final delamination of multilayer
structure. Due to the absence of Cr interlayer, the crack
appears together with the eutectic crack of the intermediate
nitride structure and reaches the substrate directly, which may
be the reason for continuous spalling for the film under
relatively low critical load. Other three samples show
relatively high critical load for spalling because of the
introduction of Cr interlayer, which absorbs more energy'’>.

Fig.9 shows continuous film spalling. Combined with Fig.8,
it can be found that in addition to spallation in the scratch
track, the fine tensile stress crack in the buckling failure
position-semicircular cracks is parallel to the trailing edge of
the indenter, which reflects that the film is multilayer structure
and still adheres to the substrate, and these cracks are
generated from the balance between the tensile friction force
from the trailing edge of the indenter and the compressive
friction force from front edge of the indenter. This may be due
to the high friction stress caused by the adhesion of Cr
interlayer on the indenter. In addition, the friction between Cr
interlayer and diamond indenter may also affect the critical
load of multilayer films.

Fig. 10 shows relationship between the adhesion strength at
which the film is failed and the adhesion force between the
film and the substrate. It is found that L  for sample Cr-DLC-
1, Cr-DLC-2, Cr-DLC-3 and Cr-DLC-4 is 26, 29, 44 and 31
N, respectively. And corresponding L, is 30, 32, 50 and 37 N,
respectively. Increasing thickness of Cr interlayer improves
the adhesion between films and substrates, but when the
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Table 3 Different interlayers of internal stress in multilayer

configurations of Cr-DLC

Sample Residual stress/GPa
Cr-DLC -1 -1.92
Cr-DLC -2 -1.52
Cr-DLC -3 -0.47
Cr-DLC -4 -0.63

interlayer reaches a certain thickness, the adhesion becomes
poor due to reduced support of over thick interlayer and forms
“eggshell effect”. Results show the first critical load and the
second critical load for Cr-DLC films with Cr interlayer is
increased by 69% and 67%, respectively. Compared with Cr-
DLC films without Cr interlayer, Cr-DLC shows the best
performance when the thickness of Cr interlayer is 1.01 um.
2.5 Repetitive impact test

As shown in Fig. 11, impact strongly affects four film

deposited samples, and no elastic recovery is observed for
impact depth at the impact pits of four samples after test ">,
At the center of the impact pits, there is a certain area of film
spalling for four samples; Cr-DLC-1 has the largest area of
spalling region, and Cr-DLC-2 and Cr-DLC-4 have a quite
similar spalling area; the smallest area is observed for Cr-
DLC-3, which represents the best repetitive impact resistance.
In the initial process of impact, the yielding stress of KK3
substrate is exceeded, impact depth increases with larger area
of contact region, so the contact stress decreases due to plastic
deformation. Multilayer structure of four kinds of Cr-DLC
films shows good ability of deformation with the substrate,
and no ring cracking is observed. When the contact area of the
punch increases to the extent that the substrate no longer
yields, the change in the depth of each continuous impact is
the minimum. During each impact, films must bend
significantly to accommodate the elastic and plastic
deformation of the film, which increases the possibility of

100 pm

Fig.8 OM images of the first failure in Cr-DLC films with different interlayers: (a) Cr-DLC-1, (b) Cr-DLC-2, (¢) Cr-DLC-3, and (d) Cr-DLC-4

100 pm

Fig.9 OM images showing continuous spalling failure of Cr-DLC films with different interlayers: (a) Cr-DLC-1, (b) Cr-DLC-2, (¢) Cr-DLC-3,

and (d) Cr-DLC-4
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Fig.10  Critical scratch load for the first failure (L ) and complete
failure (L ,) of Cr-DLC film samples

cracking. As the hardness of Cr-DLC film is increased by 3~4
times compared with KK3 substrate, the depth decreases little
with continuous impacts, which may be the beginning of the
film damage. As the film is damaged by cracking, the impact
depth increases further. There is no Cr interlayer for Cr-DLC-
1, and its resistance against crack propagation is worse than
other three samples. According to Fig. 11, the spalling area is
decreased with increasing the thickness of Cr interlayer, which
shows that internal stress is reduced constantly and the
resistant ability against crack propagation is improved with
increasing the thickness of Cr interlayer, finally resulting in
less area of spalling region for films. As impact continues, the
wear process becomes more obvious, including cracks
through the thickness and large spalling debris, which
eventually lead to film failure and substrate exposure around
the impact pits.

500 wm

Fig.11 Morphologies of impact pits for repetitive impact tests after 20 000 times: (a) Cr-DLC-1, (b) Cr-DLC-2, (¢) Cr-DLC-3, and (d) Cr-DLC-4

3 Conclusions

1) The hardness of Cr-DLC film decreases slightly with
increasing the Cr interlayer thickness, but still remains above
11 GPa when the thickness of working layer keeps constant.

2) Compressive residual stress can be detected for four
kinds of Cr-DLC films with different Cr interlayer
thicknesses, and the stress first decreases and then increases
with increasing the thickness of Cr interlayer. When the
thickness of Cr interlayer is 1.01 pm, the residual stress
decreases to —0.47 GPa, which has a reduction of 75.5%.

3) Films show better adhesion to the substrate as the Cr
interlayer thickness increases. The first critical load and the
second critical load of Cr-DLC films with Cr interlayer is
improved by 69% and 67%, respectively compared with films
without Cr interlayer, and Cr-DLC-3 film shows the best
performance when the thickness of interlayer reaches 1.01 pum.

4) Repetitive impact strongly affects four kinds of samples.
After the impact load is released, no elastic recovery can be
observed for impact depth at the impact pits. At the center of
the impact pits, a certain area of spalling can be found, and Cr-
DLC-3 shows the least area of spalling, which represents the
best resistance against repetitive impacts.
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