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Effect of Cr Layer on the Structure and Properties of Cr/DLC Films
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Abstract

This paper focuses on the Cr interlayer effect on the structure and properties of
Cr/DLC films. To improve structural, mechanical and chemical properties of
a-C films, we developed two layer chromium-carbon films produced by cathode
magnetic filtered arc deposition. Microstructure and properties of these films are
explained depending on the Cr-interlayer size. The structure is analyzed by Raman
spectroscopy. Moreover, we also estimated residual stress, the friction coefficient,
hardness, the elastic modulus and corrosion parameters by X-ray double crystal
surface profilometry, tribotesting, nanoindenter-testing, as well as contact angle
measurements and potentiodynamic polarization analysis. As a result of the
comparative analysis, we revealed a substantial improvement in the characteristics
of the produced two layer films. The results provide theoretical basis for the
application of these films.

properties analysis

1. Introduction

Diamond-like carbon (DLC) films have being
developed for a wide range of applications related
to fabrication of mechanical, acoustic, electronic,
and optical devices [1]. Diamond-like carbon film
is composed by diamond phase (sp® carbon hybrid
structure) and graphite phase (sp? carbon hybrid
structure), which makes it have many excellent
performance, such as high hardness, low friction
coefficient, good light transmittance, stable chem-
ical properties and good biological compatibility.
DLC film is a new type of film material that can be
widely used in mechanics, optics, electronics, bio-
medical and other fields [2]. However, in the pro-
cess of research and application, the defects of DLC
films like high internal stress, poor toughness and
thermal stability weaken its performance and life-
time. To improve these detects, researchers have
been done a series of studies and find that meth-
ods, including basal surface pretreatment, doping
heterogeneous elements, using interlayer film, an-
nealing treatment, all can improve the performance
effectively [3].

There are still challenges in the deposition of
carbon films with good integrated performance for
engineering applications. To address these chal-
lenges, different technological methods are used
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such as doping of different metals or incorporat-
ing an additional layer (interlayer) of metal into
the DLC films [4]. When nano-scaled metal layers
are used as an element of multilayer film, howev-
er, their thickness should be expected to produce
a specific structural effect, e.g. the catalytic or in-
hibitory effect of the metal surface on the synthe-
sis of carbon clusters, especially for the case that
presents the processes of diffusion and chemical
interaction. They bring controllable improvements
into some properties and performance of the treated
parts. Chromium (Cr) is a carbide-forming element
which interacts with carbon more active than, for
example, titanium or aluminum [5]. The reaction of
Cr within the carbon matrix induces some changes
in the structure and properties of Cr/DLC films [6].

In the work, Cr/DLC films with different Cr
thickness were fabricated by cathode arc plasma
technique. The effects of thickness of the Cr-inter-
layer on the microstructure, mechanical properties
and corrosive resistance were studied.

2. Experimental
DLC films with the Cr interlayer were prepared
using a cathode magnetic filtered arc deposition de-

vice with double-excitation source. The scheme of
vacuum chamber and appearance are shownin Fig. 1.
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Fig. 1. Schematic diagram of film deposition device with double-excitation cathode arc source.

The polished stainless steel (304) and n-type
silicon (100) wafers were used as substrates. They
were cleaned ultrasonically in acetone and ethyl al-
cohol at about 50 °C for 15 min and then dried in
air. The chamber was cleaned with Ar for 3 min at
6 x 10 Pa to get rid of residual air. Prior to depo-
sition, the substrates were cleaned for 15 min using
Ar" sputtering under the discharge current of 3 A
and the voltage of 350 V. A metallic Cr target of
99.5% purity was DC cathode evaporated for pre-
paring Cr-interlayer.

A graphite target of 99.5% purity was pulsed arc
cathode evaporated for obtaining DLC films. To
reduce the impact of the substrate temperature on
the film deposition process, the films were cooled in
vacuum to room temperature after their ion clean-
ing. During film deposition, the rotation velocity of
the sample holder was kept at 2 rev/min.

DC arc current for Cr target, pulse frequency,
pulse number of pulse carbon source were 60A, 10
Hz and 4500, respectively. The thickness of Cr lay-
er were changed by time of evaporation Cr cathode
with DC arc. Then, by controlling the deposition
time of Cr layer, we can prepare the films with
different thickness of Cr layer and parameters of
deposition process are shown in Table 1.

The film thickness was measured by a 3D opti-
cal profiler (Ambios Technology XP-2).

The bonding state of carbon was analyzed using
a Renishaw in Via (England) Raman spectrometer,
with an Ar" laser operating with a power of 20 mW.
The deconvolution of the peaks was executed by
curve fitting using Gaussian-Lorentz function with
a Gaussian fraction of 20%. Surface morphology
and roughness (RMS) were tested by the Dimen-
sion Icon (Bruker) atomic force microscope (AFM)

in tapping mode with a scanning scope of 10 x 10
um? and a scan rate of 1.0 um/s.

The internal stress of the amorphous DLC film
are the important factors to determine the proper-
ties of the films. The film wear parameters depend
on the high internal stress, which make deforma-
tion and crack, greatly reduce the applications of
the film, therefore, the analysis of internal stress
and adhesion in thin films is extremely important.

As reported in [6, 7], residual stress o in the
films is composed of three major components: ther-
mal stress o, intrinsic stress o; and extrinsic stress
., as shown in Equation ¢ = ¢, + 0; + ¢,. Thermal
stress is mainly caused by two reasons: the first is
resulted from the difference in thermal expansion
coefficients of a deposited film and substrate [§],
the second is the film deposited at very high tem-
perature. In our case, the films were deposited at
room temperature and, therefore, the thermal stress
is negligible. The internal stress is caused by differ-
ent deposition process conditions [9]. The intrinsic
stress in the films is directly dependent on the depo-
sition rate, ion energy, deposition temperature and
residual atmosphere in the chamber, and thus all
these parameters were optimized during the sample
manufacture based on our previous experience [0,
11]. The extrinsic stress is caused by external fac-
tors after the film deposition, for example, induced
by the reactions of oxygen impurity with C and Cr
atoms or absorbance the polar molecules from the
atmosphere. Excessive residual stresses in the films
may cause the formation of defects and the delam-
ination of the film-substrate interface. Therefore, it
is necessary to analyze the impact of the structure
and composition of the films on the level of residual
stresses [10].
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Table 1
Compare result of deposition parameters vs thickness and results of mathematical fitting of Raman spectra
Samples | Pulse carbon| Number DLC Deposition Cr G peak G peak Iy
name frequency, | of pulses | thickness, time of Cr thickness, | width, | positions, ratio
Hz nm layer, min nm cm™! cm!

DLC 10 4500 217 0 0 211.4 1562.3 0.17
Cragum/DLC 10 4500 220 3 28 236.6 1562.2 0.19
Cry3um/DLC 10 4500 218 5 43 228.0 1578.0 0.40
Crs7,,/DLC 10 4500 230 7 57 237.9 1567.0 0.36

_ h p lo o= b Es 1 of the interface friction and affect the tribological
According to the Stoney formula, =gz 1= Vo by’ properties of the films. In this paper, the tribological

the residual stress (o) in the films was determined
by the change in curvature radius of the Si substrate
before and after the films deposition using a stylus
profiler (Dektak XT, Bruker). Here E, = 146 GPa,
7, =0.266, t, = 0.5 mm are Young’s modulus, Pois-
son ratio and thickness of substrates, respectively.
Both the radius of curvature R and the film thick-
ness ¢, are also measured by the stylus profiler.

Microhardness of the film can be used to mea-
sure the ability of the film to resist of deforma-
tion, the hardness value is easy to be affected by
the thickness of the film and the substrate material.
The microhardness (Hk) of the films was measured
by an AFFRI DM-8 Knoop sclerometer. Polished
silicon wafers were used when measuring micro-
hardness. A rhombic pyramid diamond indenter
was set at the angle of 172°30' between the long
edges of the pyramid. The test conditions are 0.3
mN and 10 s, respectively. The hardness of each
sample is measured at 10 points, and the average
value of each sample is the hardness of the film.
The thickness of the film is small and the measured
hardness and elastic modulus of film are the com-
posite hardness of film-substrate system, be noted
that the measurement results only for the qualita-
tive comparison, does not reflect the film's hardness
and elastic modulus.

DLC film has good resistance to friction and
wear, the friction coefficient and wear rate is af-
fected by the physical and chemical compositions
of the DLC film and preparation technology. The
test conditions are affected to the friction coefficient
range from 0.001 to 0.6. The factors of wear of the
DLC films were divided into intrinsic and external
factors. Intrinsic factors of the friction of DLC films
is depends on sp? and sp? bond ratio, the availability
of doping element, surface topography and rough-
ness. External factors mainly refer to the test con-
ditions (load and counterbody materials, friction
velocity), test environment (temperature, humidity,
atmosphere) and medium (water, oil, corrosive lig-
uids), by changing the physical and chemical states

properties of the films are almost the same, so the
influence of the external factors can be neglected.
UMT?2-EC type friction and wear testing machine
produced by Bruker company was used to test the
friction coefficient of thin film, load is 0.5 kg, slid-
ing speed is 8 mm, duration time is 3000 s, friction
couple was Si;N, ball with diameter of 3 mm/s. Test
room temperature is 18 ~ 21, the relative humidity
of RH is 45 ~ 50%. The tribological properties of
DLC thin films were evaluated by the comparison
of the surface profile after the friction loss.

DLC film has high resistivity and chemical inert-
ness which make it practically insoluble in any acid,
base or organic solution, it can be used as a protec-
tive film to inhibit the penetration of oxygen and
solutions to protect the base material from corrosion
[6]. The wetting properties of the film reflect the
ability of suppressing penetration of the solution to
a certain extent. Therefore, it is necessary to study
the wetting properties and corrosion resistance. The
wetting properties reflect the surface properties of
the films, the contact angle of the common solid
surface is measured, and it affected by the compo-
sition, structure and surface morphology. A certain
volume of liquid put on the films surface, when the
liquid droplet is balanced, the included angle of the
interface between the solid liquid and the liquid gas
1s measured (is called the contact angle). In this pa-
per, SL200KB work station were used to test the
contact angle. Test was done the sessile drop meth-
od at room temperature, each film surface titration
saline solution 5 ul of each sample six different ran-
dom measurement points, the average value as the
value of the contact angle of the surface of the film.

Amorphous DLC film have a high resistivity and
density, which can effectively prevent the deepen-
ing of the ions in the liquid corrosion. As know that
corrosion mainly rests on the surface of the film, but
in the deposition of thin film, due to the preparation
process, there are some defects on the surface of
the film, such as pinhole, gap, weak interface, etc.,
which decrease corrosion resistance performance.
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The method of evaluating the corrosion resistance
of DLC thin film is many, among which the elec-
trochemical method is simple, easy to operate,
good repetition and high sensitivity.

Corrosion resistance of Ct/DLC films was eval-
uate by potentiodynamic polarization using electro-
chemical workstation. A three standard electrode
system in artificial seawater was used to test poten-
tiodynamic polarization. A Pt sheet and a saturated
calomel electrode (SCE) were used as counter and
reference electrodes, respectively. Potential ranged
from — 2 and 2 V at a scanning rate of 5 mV/s. The
corrosion morphology observed by metallographic
microscope shows in the form of three-dimensional
graphs [6].

3. Results and discussion

Figure 2 shows Raman spectra of the Cr/DLC r
films with different thickness of Cr layer. All spec-
tra show a broad peak with symmetry in the range
of 1100-1800 cm™', centered at 1570 cm™, reveal-
ing the presence of sp?- and sp*-hybridized bonding
carbon and high disordering in the films.

For the Cr/DLC films, the form of the broad peak
has no shows change with the thickness of Cr layer,
but the peak intensity corresponding to the quantity
of carbon—carbon bonds varies with the thickness.
Note that the intensity of the Raman peak increas-
es monochromatically with increasing the Cr layer
thickness, which indicated that a thickness of Cr
layer would induce the decrease of carbon—carbon
(sp? or sp®) bonds as a result of high diffusion be-
tween Cr and carbon layers [11].

The variation in the intensity ratio of the D peak
to the G peak (Ip/I;) and the position and width of
the G peak can give some information on the order-
ing and amount and size of sp*-bonding carbon in
the DLC films.

—Cr,,,/DLC
—— Cr,,,/DLC

— Cry,/DLC

Intensity, a.u.

2200

1400 1800
Raman Shift, cm-1

Fig. 2 Raman spectra of Ct/DLC thin films with different
thickness of Cr layer.

600 1000

Table 1 shows the results of mathematical fitting
of Raman spectra for Cr/DLC films with different
thickness of Cr layer.

As can be seen from Table 1, the I,/I; ratio of
increases and the G-peak width increases with in-
creasing the thickness of Cr layers in the film from
28 to 57 nm.

When DLC layer was deposited from above
Cr layer, independently of the Cr thickness, the
G peak width and I/I; ratio increases in compare
with DLC monolayer.

For a thinner Cr interlayer (28 nm) the I,,/I ratio
has no significant variation, indicating the size of
sp>-bonding carbon clusters the same like pure DLC.

For Ct/DLC film with Cr thickness above 28
nm, I/1; ratio indicates the decrease of the size and
quantity of sp*bonding carbon clusters, which is
a result of the reduction of carbon — carbon bonds
and the formation of CrC phase. The observa-
tions on the position and width of the G peak also
demonstrate the microstructure evolution induced
by the reaction of Cr with C atoms.

Meanwhile, the G peak position increases, and
the G peak width increases with Cr layer thick-
ness increases from 20 to 45 nm, implying more
disordering of sp*-bonding carbon clusters. These
results demonstrate the growing and disordering of
sp>-bonding carbon clusters for the Cr/DLC films,
attributing influences the defects of surface struc-
tures of Cr layer on the growth of amorphous car-
bon layer.

At show in SEM image (Fig. 3) Cryg,,/DLC and
Crs7,/DLC films appears in the film surface is more
smooth, barely noticeable particles, but the surface
Cry3,/DLC film has larger particles. HRSEM im-
ages (under the 500 nm resolution), was shown that
all the film surface appears particulate matter, the
film surface Cry,,,/DLC and Crs,,/DLC less than
the surface of the film particles. Typically, the film
surface particles less, the smoother surface, the sur-
face roughness is. Thus, SEM analysis chart pat-
tern analysis consistent with AFM match.

Figure 4 shows the topography and phase con-
trast images of Cr/DLC films with different Cr
thickness.

It is observed that Cry,,/DLC films shows
smooth and amorphous surface morphology, and
when the Cr layer thickness increases, more gra-
phitic particles with large size are produced on the
film surface. These particles may be graphitic car-
bon aggregations from phase contrast images.

From the Fig. 4, there are a lot of large grain
of surface of Cry,,/DLC thin film. Based on the
analysis of surface roughness, the root mean square
roughness (RMS) of Cry,,/DLC films is about
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Fig. 3. SEM of DLC thin films with different thickness of Cr transition layer.

87.67 nm, and its bigger than the RMS of Cry,,/
DLC and Crsy,,/DLC films, which have a Ryg 21.26
nm and 23.84 nm respectively.

It can be seen from Table 2, that the hardness
of the Ct/DLC films decreases when the thickness
of Cr layer become to 28 nm, and increase when
thickness of Cr layer become to 43 nm, which may
be attributed to the formation of hard carbide phase.
When the thickness of Cr layer increases to 57, the
hardness of the film decreases. These indicate that
the decrease of the hardness for the Crss,,,/DLC film
is a result of the effect of soft metal layer.

As the Table 2 shows, internal stress of three Cr/
DLC thin film samples with Cr transition layer was
lower than the internal stress of DLC films. This is
because Cr transition layer can reduce film — sub-
strate physical properties caused by the difference
of lattice and thermal mismatch, so the stress of
films low. But some difference in Crys,,/DLC film
and Crs7,,/DLC film internal stress. According to it,
we may infer the stress changes and not has been
subsequently transition layer thickness increased

Topography

Phase

Cr,,../DLC

Cr,,,/DLC
Fig. 4. AFM of DLC thin films with different thickness of Cr transition layer.

and decreased, it should be of the existence of the
limit thickness. When the thickness of the transi-
tion layer reaches the thickness can ignore the in-
fluence of substrate on the properties of the films.
The minimum stress of Cr,g,,,/DLC thin film is only
0.38 GPa, which shows that the Cr transition layer
prepared under this process has the best effect on
reducing the internal stress of the film.

Because the surface roughness of Cryg,/DLC
and Crs,,/DLC films is similar, the coefficient of
friction is close to that of, and it is obviously small-
er than the friction coefficient of DLC film, which
indicates that the design of Cr transition layer can
reduce the friction coefficient of the DLC film to
a certain extent. Cry;,,/DLC friction coefficient is
slightly larger than the friction coefficient of DLC
films, but taking into account the existed on the
surface of individual large particles, causing the
surface roughness is larger, which may is prepa-
ration process issues caused by instability here is
not suitable for evaluating the quality of the friction
coefficient.

Cr,,, /DLC
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Table 2
The mechanical properties of Cr/DLC films with different Cr thickness parameters

Samples Internal stress, Friction coefficient, Microhardness Elastic Modulus,
name GPa u Hk, GPa GPa
DLC 0.53 0.17 14.3 384.95
Crygnm/DLC 0.38 0.12 13.8 403.42
Crymm/DLC 0.49 0.21 16.8 406.46
Crs7,m/DLC 0.48 0.10 11.3 398.37
o - W0 . - *® -
-
[N 4 y —
-)/ ey "r, F 4
. e P
Cr,. /DLC Cr,, /DLC Cr., /DLC

Fig. 5. 3D views of a typical wear track for DLC thin films with different thickness of Cr transition layer.

The hardness and elastic modulus of Cry,,/
DLC, Cry,/DLC and Crs;,,/DLC thin films are
larger than that of DLC thin films. According to
Raman spectroscopy, Cr transition layer has a cer-
tain influence on the microstructure of DLC films,
content of carbon bonds in films determines hard-
ness and elastic modulus of DLC film, but Cr in-
terlayer thickness also have a certain influence on
the film hardness and elastic modulus. So, although
the content of sp* hybrid bonds in Crys,,/DLC thin
films is low, it has strong hardness and high elastic
modulus, that, in our opinion, is connected with the
formation of diffusion carbide layer [12, 13].

3D images of the friction tracks shown in Fig.
5. Cryu/DLC and Crsy,,/DLC show the highest
depth of the track and confirm abrasive wear of the
films for which microcutting of the surfaces is typ-
ical. But surface of Cry;,,/DLC films have projec-
tions which can destroy the surface of counterbody
during friction. 43 nm/DLC films have more sp’
bond in the film structure, but surface roughness
is larger, so in the friction process, particles on the
friction surface is work like the abrasive grains in
the contact friction track and increase the wear pro-
cess, due to this is the destruction of the film. The
particles of Cry,/DLC and Crsy,,/DLC films are
less, and the surface roughness is relatively low.
Among them, because the Cr transition layer of Z3
thin film is thicker, the friction performance of the
film is greatly reduced, so the friction and wear re-
sistance is the best [14].

The contact angles ®° of Ct/DLC thin films with
different thickness of Cr layer are shown in Fig. 6.

The ©° sorted in descending order is Cryg,,/DLC,
Cry3,/DLC, Crsy,/DLC, corresponding value is
62.28°, 70.34°, 72.42°, respectively. Usually, if the
film ©° is larger than 90° then it is hydrophobic,
and if its ®° is lower than 90° then it is hydrophilic.
Cr/DLC films with different Cr thickness show the
contact angle ®° of less than 90°, so the film has a
hydrophilic.

The corrosion properties of the samples are per-
formed in an artificial seawater solution to investi-
gate the protective abilities of films. The corrosion
parameters for all the samples are shown in Fig. 7
and Table 3.

Table 3

The corrosion parameters of Cr/DLC films
with different Cr thickness

Samples name | E., V Lom A | Vo, LA/cm?
DLC -1.32 37.8 31.7
Crag,m/DLC -0.88 32.75 32.75
Cryzm/DLC -0.38 39.96 32.02
Crsm/DLC -0.51 32.02 39.96
62°28' 70°34' 72°42'

oW W N

Cr, /DLC Cr, /DLC Cr,, /DLC

Fig. 6. The contact angles of Cr/DLC thin films with
different thickness of Cr layer.
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Fig. 7. Tafel polarization curves of Cr/DLC thin films
with different thickness of Cr layer.

Usually, the smaller the corrosion potential,
the easier the film is prone to corrosion [6, 15],
S0 Crys,/DLC film has better corrosion resistance
performance, and the corrosion resistance of Cr,g,,/
DLC film is worse. Besides, major contribution of
sp? hybrid bonds in the Crys,,/DLC film structure
that is known from the analysis results of Fig. 2
and Table 1 can promote electron transference and
exchange, leading to greater corrosion. On the con-
trary, the lower sp? hybrid bond content, the bet-
ter corrosion resistance. Chromium carbides are
formed from chemical interactions between chro-
mium and carbon atoms in its structure, which can
slow down the corrosion or, in other worlds, to fa-
cilitate anti-corrosion.

4. Conclusion

Cr/DLC films with different chromium thickness
are produced by the cathode arc plasma technique.
The effect of the Cr thickness on microstructure,
morphology, and properties of Cr/DLC films are
studied. A detailed comparative analysis of struc-
tural, corrosive and mechanical properties of the
Cr-modified two layer a-C films is made. Accord-
ing to this analysis, we can conclude that the Cr-un-
derlayer can substantially change the content of sp?
hybridized carbon atoms in the structure and the
degree of ordering of sp>-C clusters due to Cr bond-
ing with carbon atoms. The combination of Cr-in-
terlayer and Carbon layers can considerably change
the microhardness and residual stress, improve
wear resistance. The films with the Cr-interlayer of

28 nm show the best integrated results in residual
stress and microhardness, but also corrosion-resis-
tance characteristics. There is no doubt, that these
advanced characteristics are in high demand for
those industries dealing with production of rugge-
dized parts.
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