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Abstract

A series of tungsten-containing diamond-like carbon(Me-DLC) coatings have been produced by unbalanced magnetron
sputtering using a Hauzer HTC-1000 production PVD system. Sputtering from WC targets has been used to form W-C:H coatings.
The metal to carbon ratio has been varied to study changes in the metal carbide formation and distribution within the amorphous
hydrocarbons(a-C:H) matrix. The difference in the formation of the metal carbide is then linked to changes in the mechanical
and tribological properties of the coatings. Detailed high-resolution cross-section TEM has been carried out to analyze the
microstructure of the coatings. By changing the amount of a-C:H in the W-C:H coatings, the coefficient of friction could be
varied between 0.129 and 0.312. The hardness was found to vary between 8 and 27.5 GPa by using different acetylene gas flows.
It was observed that all coatings did have a pronounced multilayered structure.
� 2002 Elsevier Science B.V. All rights reserved.

Keywords: Diamond-like carbon coatings; Sputtering; Coefficient of friction

1. Introduction

A series of tungsten containing diamond like carbon
(Me-DLC) coatings generally have a low coefficient of
friction in combination with a high wear resistancew1x.
Even, if many properties between Me-DLC coatings and
pure DLC coating are similar, there are some fundamen-
tal differences between the two types of coatings. Me-
DLC is recognized as having lower intrinsic compressive
stress compared to pure DLC coatingsw2,3x. This stress
level results in a markedly better adhesion of the Me-
DLC coatings onto steel substrates. The high adhesion
level of Me-DLC coatings is the main reason why these
coatings are successfully used in many industrial appli-
cationsw4–7x.
In this paper, W-C:H coatings with varying metal to

carbon ratio have been deposited. The investigation is
aimed at examining the difference in microstructure
between the different coatings and at making a linkage
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to mechanical and tribological properties like hardness
and coefficient of friction.

2. Experimental details

2.1. Deposition

Four different W-C:H coatings have been deposited
with unbalanced magnetron sputtering in an argony
acetylene atmosphere in a Hauzer HTC-1000 production
scale coating system. The metal content in the Me-DLC
coating is determined by sputtering of WC targets. The
Hauzer HTC-1000 coating system uses a system of
electromagnetic coils to control the degree of unbalanc-
ing of the magnetic field of the sputtering cathodes. The
effect of unbalancing the magnetic field makes it pos-
sible to control the degree of plasma density around the
substrates and, in case of Me-DLC deposition, this in
turn determines the plasma-assisted CVD(PA-CVD)
from the hydrocarbon gas phase. All cathodes have
individual shutters to be able to clean the targets with
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Fig. 1. Set-up of Hauzer HTC-1000 production coating system.

Table 1
Process parameters for investigated coatings

Sample name 25 sccm 50 sccm 100 sccm 140 sccm

Target material WC
Target power 2=5 kW
Sputter pressure ;0.3 Pa
Gas flow C H2 2 25 sccm 50 sccm 100 sccm 140 sccm
Substrate table rotation speed 0.5 rpm

sputtering before deposition and to protect the target
surface from cross-contamination when not in use. Two
rotating thermocouples mounted directly on the rotating
substrate table were used to accurately control the
temperature of the substrates during deposition. This is
particularly important when coating heat sensitive steel
substrates like 100Cr6(DIN1.3505, SAE 52100).
The set-up of the Hauzer HTC-1000 coating system

was with two Cr targets and two WC targets opposing
each other(Fig. 1). The Cr targets were used to create
an interface layer between the W-C:H coating and the
substrate material.
Flat HSS(HRc 60–62) and stainless steel test pieces

polished to a surface roughness ofR -60 nm were useda

for the different coatings. All test pieces were deposited
with a twofold planetary rotation.
Four different coatings(named: 25, 50, 100 and 140

sccm) deposited with different flow of acetylene were
investigated, see Table 1 for details about the process
parameters.

2.2. Evaluation techniques

The coefficient of friction was measured with a CSEM
tribometer pin-on-disc(Al O ball with 6 mm diameter,2 3

0.010 mys, 15000 revolutions, 22 mm track diameter, 5
N load). A CSEM Revetest scratch tester was used for
measuring the adhesion(200mm radius on stylus, 0.001

mys, and a constant load). The surface roughness was
measured with an AFM(Digital Instruments Dimension
3100) apparatus. The surface characterization was car-
ried out in tapping mode to avoid any damage to the
film surface. The radius of the cantilever tip was(10
nm with a side angle(108. The hardness and Young’s
modulus of the coatings were measured with a fully
calibrated MTS Nano Indenter XP. The indenter used�

was of Berkovich type. The instrument operates in load
control mode and is equipped with a continuous stiffness
measurement(CSM) module and a high load cell. The
CSM option allows the contact stiffness to be measured
continuously during the loading portion of the test,
differing from the conventional load–displacement–time
method where only one contact stiffness measurement
is made from the unloading portion of the experiment
at P . For the experiments performed in this study,max

the CSM imposed a 1 nm oscillation at 45 Hz on the
loading curve. The indentation system and contact
together are modeled as a simple harmonic oscillator.
Thus, by monitoring the ratio between force and dis-
placement oscillation amplitudes, as well as phase shift
between the two, the elastic stiffness of the contact may
be inferred continuously as the indenter penetrates the
material. A standard approach-load–unload cycle was
used, where the load was held at full load and at 70%
of maximum load on unloading to allow for compensa-
tion of creep and calculation of any thermal drift effects,
respectively. The raw data were then processed to correct
for thermal drift, load-frame compliance, and to produce
load–displacement(P–d) curves. The measurements
were repeated 20 times and were all loaded such that
the loading rate divided by the load was held constant
at 0.05 s . This procedure permits a large number ofy1

data points to be accumulated in the low-load segment.
This is particularly useful when undertaking experiments
on coated systems. The standard deviation was used as
a measure of the experimental accuracy.
The stress measurements were carried out on 4 in. Si

wafer substrates. The Si wafer curvature was measured
by the principle of distance deviation of two reflected
parallel laser beams before and after the deposition step
and was used for calculating the biaxial stress in the
coatingsw8,9x.
The coating morphology was examined using scan-

ning electron microscopy(Philips FEG-XL30) on pol-
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Table 2
Measured coating thickness, adhesion, coefficient of friction and surface roughness

Sample name 25 sccm 50 sccm 100 sccm 140 sccm

Coating thickness(mm) 2.15 2.16 2.52 2.43
Adhesion(critical load) 050 N
Coefficient of friction 0.312 0.290 0.163 0.129
Initial surface roughness substrate(R ) (mm)a 0.06 0.06 0.06 0.05
Surface roughness after deposition(R ) (mm)a 0.08 0.07 0.06 0.05

Fig. 2. Hardness measurement with nano-indentation technique as a
function of coating depth for the W-C:H coatings.

Fig. 3. E-modulus measurement with nano-indentation technique as a
function of coating depth for the W-C:H coatings.

ished samples. The investigation of the micro structure
was carried out by transmission electron microscopy
(JEOL 4000 EXyII), operating at 400 kV with a
spherical aberration constantC s0.97 mm and wave-s

length ofls1.64 pm.

3. Results and discussion

3.1. Coating thickness, adhesion and coefficient of
friction

The coating thickness, adhesion and coefficient of
friction are summarized in Table 2. It can be seen that
the coefficient of friction is inversely proportional to the
flow of acetylene. With increasing flow of acetylene,
the amount of amorphous hydrocarbons(a-C:H) in the
coating is increasingw10x. This most likely results in an
easier graphitization process of the coating and an easier
formation of the transfer layer during sliding contact,
and thus a lower coefficient of friction in the pin-on-
disc test. All the different coatings vary in thickness
between 2.15 and 2.52mm. The adhesion measurements
with scratch testing show that all coatings have good
adhesion levels(050 N critical load).

3.2. Surface roughness

A small difference in surface roughness(R ) coulda

be detected between the coatings(Table 2). At low
flows of acetylene, theR value increases slightlya

compared to the original uncoated surface roughness of
the substrate. With higher flows of acetylene, the coat-
ings are very smooth and no increase inR value froma

the initial substrate roughness could be measured.

3.3. Nano-indentation

In Figs. 2 and 3 the nano-indentation results are
presented. A very clear difference in hardness and E-
modulus can be seen between the coatings with different
acetylene flows. The hardest coating was the one of 25
sccm acetylene flow with a measured peak hardness of
approximately 27.5 GPa. The second hardest coating
was 50 sccm acetylene with a peak hardness of approx-
imately 18 GPa, followed by the 100 sccm acetylene
with a peak hardness of approximately 12.5 GPa. The
softest of the four coatings was the 140 sccm acetylene
with a hardness of approximately 8 GPa. The E-modulus
for the four different coatings follows the same trend as
for the hardness. At the point of peak hardness, the
corresponding E-modulus for the sample with 25 sccm
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Fig. 4. Stress measurement on the W-C:H coatings carried out with
the bending method on Si wafers.

Fig. 5. Microstructure of polished cross-section SEM in BSE mode from(a) 25 sccm;(b) 50 sccm;(c) 100 sccm and(d) 140 sccm acetylene
flow.

acetylene is approximately 380 GPa. For the sample
with 50 sccm acetylene the corresponding E-modulus
was approximately 230 GPa and for the 100 sccm
acetylene approximately 140–150 GPa. The softest coat-
ing with 140 sccm acetylene had a corresponding E-
modulus of approximately 90–100 GPa. It is clear from
the nano-indentation measurements that it is the ratio
between the hard WC and the softer a-C:H that controls
the hardness of the W-C:H system in this investigation.
The process conditions for the W-C:H coatings are such

that it results in a very soft a-C:H matrix and the higher
the ratio of a-C:H to WC is, the softer the W-C:H
coatings become. High amount of WC in the a-C:H
matrix results thus in a harder coating.

3.4. Stress measurement

The stress measurements are presented in Fig. 4. The
highest compressive stress level was measured to bey
0.74 GPa for the coating with 25 sccm acetylene flow.
The coating with 50 sccm acetylene had a compressive
stress level ofy0.69 GPa, followed by the 100 sccm
acetylene withy0.38 GPa and 140 sccm acetylene with
y0.32 GPa. A clear trend can be seen in the compres-
sive stress level. Higher acetylene flow, which corre-
sponds to a higher amount of a-C:H in the W-C:H
coatings, show a lower compressive stress level and the
coatings with a lower acetylene flow, which corresponds
to a lower amount of a-C:H in the W-C:H coatings,
show a higher compressive stress.

3.5. Cross-section SEM and TEM

The morphology of the coatings can be seen in the
cross-sectional SEM micrographs in Fig. 5a–d. A pro-
nounced multilayered coating structure with alternating



292 C. Strondl et al. / Surface and Coatings Technology 162 (2003) 288–293

Fig. 6. Overview with cross-section TEM from(a) 25 sccm and(b) 140 sccm acetylene flow.

WC rich and carbon rich separate layers is clearly
visible. The periodicity of the multilayer for the four
different coatings werels50.7 nm for the coating with
25 sccm acetylene,ls65.4 nm for the 50 sccm acety-
lene,ls83 nm for the 100 sccm acetylene andls104
nm for the 140 sccm acetylene. The origin of the
multilayer is from the substrate table rotation(one-fold)
when the test pieces are moving in and out of the WC
target area. When the test pieces are passing the target
area, metal rich Me-DLC is deposited and outside the
target area, carbon rich coating is deposited. This means
that the period of the multilayer is strongly influenced
by the PA-CVD directly from hydrocarbon(acetylene)
gas phase. The higher the partial pressure of acetylene,
the more contribution of PA-CVD a-C:H. The measured
trend in the multilayer period from the investigated W-
C:H coatings, with the 25 sccm acetylene flow having
the shortest period and the 140 sccm the longest period,
verifies this clearly. All the coatings have a columnar
structure. Details of the multilayered structure for the
coatings with 25 and 140 sccm acetylene were also
studied in high resolution cross-section TEM(Fig. 6a,b).
The darker ribbons in the micrographs represent WC
rich layers and the brighter bands represent carbon rich

layers within the multilayered coating structure. It can
now be observed that there is a multilayer structure of
higher spatial resolution present in the coatings, than
could be detected with SEM. The periodicity varies
between roughly 5 and 15 nm. This variation in the
multilayer period is a result from the two-fold planetary
rotation of the substrate table, when the spindle with the
test pieces itself is rotating around its axis. Because of
the gearing ratio in the substrate table, the twofold
rotation is faster than the onefold substrate rotation, thus
resulting in a multilayer structure with a higher spatial
resolution. The coating with 140 sccm acetylene is in
general brighter than the coating with 25 sccm acetylene,
indicating that the carbon content is higher. There are
no indication of uniformly dispersed nano-WC crystal-
lites in the WC rich layers, like discovered in previous
work w11x with W-C:H layers deposited with W targets.
The distribution of WC in the WC rich layers, in the
case of W-C:H deposited with WC targets, is more like
areas or ribbons, rather than uniformly dispersed 2–3
nm sized WC crystallites like in previous work, see Fig.
7a,b. The reason for this behavior is not yet fully
understood and will be subject to further investigation.
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Fig. 7. High resolution cross-section TEM images with comparison
of WC crystallite formation of W-C:H coatings made with(a) WC
targets and(b) W targets.

4. Conclusions

● The coefficient of friction was significantly lowered
by incorporating more a-C:H into the W-C:H coatings
by using a higher flow of acetylene during the
deposition process. The coefficient of friction could
be varied between 0.129 and 0.312 under dry sliding
conditions.

● By using a low flow of acetylene, a very hard W-
C:H coating could be deposited. With a higher flow
of acetylene, the W-C:H coating became softer. The
hardness of the W-C:H coatings could be varied
between 8 and 27.5 GPa.

● The stress measurement showed that the stress level
in the W-C:H coatings was lowered with a higher
flow of acetylene.

● Investigation of the microstructure of the W-C:H
coating by cross-section SEM showed that the coat-
ings have a pronounced multilayered structure with a
l between 50.7 and 104 nm, depending on acetylene
flow.

● With cross-section TEM, a finer multilayered struc-
ture of the coatings could be observed. The multilayer
period varied between 5 and 15 nm.

● With high resolution cross-section TEM it was
observed that the WC was distributed homogeneously
in WC rich layers, rather than uniformly dispersed
2–3 nm sized WC crystallites.
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