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Abstract: Tungsten-modified hydrogenated amorphous carbon coatings (a-C:H:W) were
deposited on high speed steel by reactive magnetron sputtering of a tungsten carbide target
in an argon-ethine atmosphere. The deposition parameters, sputtering power, bias voltage,
argon and ethine flow rate, were varied according to a central composite design comprising
25 different parameter combinations. For comparison, a tungsten carbide coating was
deposited, as well. During coating deposition, the process variables, total pressure, sputtering
voltage and bias current, were measured as process characteristics. The thickness of the
deposited coatings was determined using the crater grinding method, and the deposition
rate was calculated. Young’s modulus E and indentation hardness HIT were characterized
by means of nanoindentation. With E = 80 − 253 GPa and HIT = 7.8 − 22.0 GPa, the
mechanical properties were found to vary strongly in between different a-C:H:W variants.
Using statistical methods, it is shown that these properties, as well as the deposition rate
significantly depend on all four varied parameters. Despite a very similar influence of the
parameters on modulus and hardness, as well as a very strong correlation of both properties,
it is pointed out statistically that the H/E ratio, which is an indicator of the wear resistance,
can be adapted in a targeted way and with some degree of independence.
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1. Introduction

Amorphous carbon coatings [1] are well-established low-friction wear-protection coatings employed
in numerous engineering applications [2]. For applications under high contact pressures, coating variants
that are alloyed with transition metals (a-C:H:Me) are generally preferred over pure amorphous carbon.
The reason is that a-C:H:Me is more tolerant to overloading [3,4] as a result of an improved effective
adhesion to the substrate due to lower residual compressive stresses [5], as well as the increased
mechanical toughness of the coating material [6,7]. Further, in highly loaded sliding contacts against
steel, a lowered adhesion tendency during the running-in phase may also play a role [8,9]. The type
of a-C:H:Me coating that is probably most widely used nowadays is tungsten-modified hydrogenated
amorphous carbon (a-C:H:W).

a-C:H:W coatings are usually deposited by reactive magnetron sputtering of tungsten [5,10,11] or
tungsten carbide [5,10,12] in an argon-hydrocarbon atmosphere. Commonly, ethine (C2H2, acetylene)
is used as the gaseous hydrocarbon precursor [5,10–12]. It is known that with increasing availability
of hydrocarbons in the deposition chamber, the carbon content of the deposited a-C:H:W films is
increased [10], allowing the adaptation of the a-C:H/WC ratio. The films often have a columnar
microstructure [5,13,14] (see also Section 3.2). Typically, a-C:H:W is composed of nanoscale tungsten
carbide grains that are homogeneously distributed in an a-C:H matrix [12,14–16]. For films that are
deposited under conditions where the kinetics generally allow for crystallite formation, exceptions are
the extreme cases with rather low or high tungsten content. In very carbon-rich a-C:H:W, the tungsten
atoms are finely distributed, and no tungsten carbide clusters can be found [14,16]. In contrast, if the
carbon content is sufficiently low, the coatings only consist of nanocrystalline tungsten carbide [16].

Neglecting these extreme cases, which are rather uncommon in industrial practice, a-C:H:W can be
considered a two-phase nanocomposite material. Whilst the intrinsic properties of the carbide particles
in a-C:H:Me coatings are likely not much influenced by a variation of the deposition parameters [17],
those of the a-C:H matrix generally are. For pure a-C:H, deposited by plasma-enhanced chemical vapor
deposition (PECVD), it is known that it can be a soft and compliant material, as well as a hard and
stiff material, depending on the plasma composition and the energy of film forming and bombarding
species [18–20]. These mechanical properties are closely linked to the characteristic chemical-structural
properties of a-C:H films, namely hydrogen content, the sp2/sp3 ratio, sp2 clustering and orientation [21].
Hence, the mechanical properties, in particular the Young’s modulus [12] and hardness [12,13,22], of
a-C:H:W should be adaptable, not only by adjusting the a-C:H/WC ratio, but also by variation of the
chemical-structural composition of the a-C:H matrix.

This is of practical interest, as the Young’s modulus and hardness of the coating decisively influence
the effective mechanical strength and wear resistance of a coating-substrate system. With regard to the
effective strength, a well-recognized parameter is the ratio of the Young’s moduli of coating and substrate
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Ec/Es (c, coating; s, substrate). Under mechanical loading during a tribological contact, the substrate
deflects, and the coating is subjected to the strain resulting from the substrate’s elastic resilience. The
magnitude of the deflection, and, hence, the strain of the coating, is decreased in the case of a stiffer
substrate material, i.e., if Es is increased. Under the given strain resulting from the deflection of the
substrate, the stress within the coating is lower in the case of a compliant coating material, i.e., if Ec is
decreased. Therefore, from a solely mechanical point of view, lowering the Ec/Es ratio generally results
in a more favorable stress state of a tribological coating under load [23,24]. As, in practice, the substrate
material, and, hence, Es, is commonly determined by external factors, like the design requirements and
costs, decreasing Ec should usually be the method of choice to lower the Ec/Es ratio.

With regard to the wear resistance, a well-recognized parameter is the ratio of hardness and Young’s
modulus H/E, which characterizes the coating material’s elastic strain to failure. A high H/E ratio
is generally associated with high wear resistance [25]. Therefore, the resistance to wear can either be
increased by increasing the hardness or by decreasing the Young’s modulus of the coating, with the
latter also being favorable with regard to the coating’s stress state under load, since the Ec/Es ratio is
lowered. Particularly, nanocomposite coating materials, as is a-C:H:W, should allow some degree of
independence in the control of their Young’s moduli and hardness values [25] by proper adjustment of
the relevant parameters of the deposition process.

Concerning reactively-sputtered a-C:H:W coatings, other authors have mostly studied the influence
of the ethine flow rate [11,12,14] and, in less detail, the influence of the bias voltage [5,12] on the
Young’s modulus [5,11,12,14] and hardness [5,11,12,14]. Pujada and Janssen [12] suggested that the
rules of mixture, which are normally employed to calculate the Young’s modulus of fiber-reinforced
composites lengthwise and transverse to the fiber direction, also apply to estimating an upper and lower
limit of the Young’s moduli of WC particles and the a-C:H matrix. They concluded that their studied
a-C:H:W coatings deposited at different ethine flow rates (and no bias voltage), with correspondingly
differing a-C:H/WC ratios, should consist of stiff WC particles and a considerably less stiff a-C:H matrix.
Without giving further evidence, they suggested that the stated rules of mixture should apply to the
hardness of a-C:H:W coatings likewise. In other work, Corbella et al. [13,22] found an approximately
linear relationship between hardness and tungsten content, which decreases with the decreasing
W/(W + C) ratio of the coating, respectively with increasing hydrocarbon flow rate of the deposition
process. Even though this finding indicates that the hardness values of the coatings are influenced in
a similar manner as are their Young’s moduli, it is still left open for further investigation to elucidate
how firmly the two mechanical properties of nanocomposite a-C:H:W coatings are generally coupled,
respectively to what extent they can be varied independently.

Therefore, the present study uses an empirical and statistical approach to shed more light on the
influence of the deposition parameters on the hardness and Young’s modulus of a-C:H:W coatings, as
well as the interrelationship of these two material’s properties, which is represented by the H/E ratio.
Besides the two commonly-varied deposition parameters, the ethine flow rate and bias voltage, two
further parameters, namely sputtering power and argon flow rate, were varied systematically within the
scope of a central composite design. Furthermore, the relationship between the deposition parameters
and the deposition rate is considered. Additionally, the recorded process variables, total pressure,
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sputtering voltage and bias current are statistically evaluated to enable a broader understanding of the
effect of the varied parameters on the process conditions.

2. Experimental Section

2.1. Specimens and Deposition Process

In this study, polished flat disks (Ø30 × 5 mm,Ra = 0.02 µm) of high-speed steel 1.3343 (0.9 wt.% C,
4.0 wt.% Cr, 5.0 wt.% Mo, 0.9 wt.% V, 6.4 wt.% W), hardened and tempered to 62 ± 1 HRC, were used
as substrates. The a-C:H:W coatings were deposited using an industrial-scale coating machine, H-O-T
TT 300, described elsewhere [26], with a three-fold rotating charging rack. Prior to coating deposition,
the specimens were ultra-sonically cleaned in acetone and isopropanol, dried using nitrogen and plasma
etched inside the coating machine. To improve coating adhesion to the substrate, a thin chromium layer
was deposited by steered arc evaporation of a Cr target at a low arc current of 70 A. Further, prior to the
a-C:H:W functional layer, a thin inter-layer of tungsten carbide was deposited by unbalanced magnetron
(UBM) sputtering of a binder-free WC target. The WC and Cr layers were joined by a Cr/WC gradient,
produced by simultaneous operation of the arc and sputtering cathode. The a-C:H:W functional layer
was deposited by reactive UBM sputtering of the WC target in an argon-ethine atmosphere. At the
base of the functional layer, a thin gradient of increasing carbon content was realized by ramping the
ethine flow rate. The sputtering cathode was operated at bipolar pulsed DC voltage with a frequency of
40 kHz and a duration of the positive pulses of 5 µs. The voltage level of the positive pulses was set to
15 % of the voltage set point, which represents the negative pulse amplitude. In this last process step,
the four deposition parameters, sputtering power Psputter, bias voltage Ubias, argon flow rate φ(Ar) and
ethine flow rate φ(C2H2), were varied systematically from batch to batch according to the experimental
design described in Section 2.3. For all batches, all of the other parameters, including the deposition
time, were kept constant. For the deposition of the adhesive layers, the substrate temperature was about
160 ◦C. During deposition of the functional layer, the temperature was held in the range of 100 to 140 ◦C.
The deposition time of the adhesive layers was about 1 h, and that of the functional layer was 2 h. For
all produced a-C:H:W variants, a thickness typical for amorphous carbon coatings used in automotive,
aerospace and tool applications was obtained. In order to compensate for target erosion, the magnetron
unit was slightly moved backwards after each deposition process, so that the sputtering voltage during
deposition of the WC adhesive layer was kept at 460 ± 10 V. The total pressure during coating deposition
was measured using a thermal conductivity vacuum meter.

2.2. Coating Characterization

Coating thickness was assessed using the crater grinding method [27]. Per coated specimen, three
craters were evaluated with a digital optical microscope, and the mean value of the coating thickness
was calculated. The indentation hardness HIT and Young’s modulus E were measured by instrumented
indentation [28] using an MTS Nanoindenter XP with a Berkovich tip geometry in continuous stiffness
mode. The values of HIT and E were determined at a maximum indentation depth of 10 % of the
respective coating thickness, averaged over an indentation depth range of 25 nm. In order to derive E
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from the reduced modulus Er, a Poisson’s ratio of 0.3 was assumed in any case. Each specimen was
subjected to nine individual indentation measurements from which the average value was calculated. Per
series of measurements, at maximum, three significant outliers, which typically result from the indenter
hitting coating defects or other surface irregularities, were deleted. The coating cross-sections shown in
Section 3.2 were prepared with a focused ion beam (FIB) Zeiss Crossbeam 1540 EsB.

2.3. Design of Experiments and Statistical Methods

To enable the systematic evaluation of the effect of all four deposition parameters (factors) on the
measured process variables and the properties of the a-C:H:W layer (result variables), a central composite
design was chosen (Figure 1). In the definition of the set points (factor levels), a compromise between
settings covering an as large as possible area of the process window and process stability in all realized
factor combinations had to be found beforehand. The design allows assessing the main effects of the
parameters on the result variables, as well as two-factor interactions and quadratic effects.

Figure 1. Schema of a central composite design with three factors, A, B and C. It consists
of a full factorial design (cube points), which is extended by a center point and star points.

A
B

C

cube points
star points
center point

factors

Table 1 shows the realized combinations of the factor levels. In addition to the a-C:H:W coatings, a
pure WC coating was deposited as a reference. The deposition parameters were identical to those of the
center point of the experimental design, except of the ethine flow rate, which was zero. The actual order
of the batches was randomized to avoid a systematic impact of not completely controllable influencing
factors, like erosion of the sputtering target or cleanness of the deposition chamber. The center point was
realized seven times, allowing the assessment of the general magnitude of the scatter of the results.

To visualize the effect of the individual factors on the result variables depending on the respective
factor levels, main effect plots were used. In these plots, each data point represents the mean value of
the result variable under consideration of those occurrences that correspond to a parameter combination
with the level of the respective factor (e.g., the mean value of the hardness of all a-C:H:W variants that
were deposited at a bias voltage of 57 V, regardless of the set points of the other factors). Further, for
each result variable, a regression model, which describes the contribution of the individual effects to the
value of the result variable depending on the set points of the factors, was determined. For this purpose,
the statistics software, Minitab 16, was used. Due to the chosen design, the regression coefficients in
the applied mathematical models are proportional to the absolute effect size. Based on significance
tests, an adapted regression model for each result variable was established. According to Occam’s razor
adage [29] that “the simplest model that explains the data is the best model”, all terms corresponding to
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effects with a significance level α > 0.05 were neglected. In other words, only effects that were found
to be statistically significant (α ≤ 0.05), highly significant (α ≤ 0.01) or even extremely significant
(α ≤ 0.001) were considered. For example, α ≤ 0.01 means that the effect of the respective factor or
factor interaction on a specific result variable exists with a probability of at least 0.99 (confidence level).
As a measure of the standardized effect size, the t ratio was used. The t ratio of an effect is equivalent
to the corresponding normalized regression coefficient, which is proportional to the absolute effect size,
divided by the standard deviation that is associated with this coefficient. These standardized effect sizes
were plotted as Pareto charts. Correlation diagrams and contour line plots were used as further intuitively
comprehensible ways of visualizing the statistical data.

Table 1. Set points of the deposition parameters (factors), which were systematically
varied for the deposition of different a-C:H:W coatings according to the central
composite design. Each of the individual parameters was varied in five factor levels.

ID Point type A: Psputter (W) B: Ubias (V) C: φ(Ar) (sccm) D: φ(C2H2) (sccm)

V01 cube 1,042 57 128 16

V02 cube 1,358 57 128 16

V03 cube 1,042 203 128 16

V04 cube 1,358 203 128 16

V05 cube 1,042 57 232 16

V06 cube 1,358 57 232 16

V07 cube 1,042 203 232 16

V08 cube 1,358 203 232 16

V09 cube 1,042 57 128 40

V10 cube 1,358 57 128 40

V11 cube 1,042 203 128 40

V12 cube 1,358 203 128 40

V13 cube 1,042 57 232 40

V14 cube 1,358 57 232 40

V15 cube 1,042 203 232 40

V16 cube 1,358 203 232 40

V17 star 920 130 180 28

V18 star 1,480 130 180 28

V19 star 1,200 1* 180 28

V20 star 1,200 259 180 28

V21 star 1,200 130 88 28

V22 star 1,200 130 272 28

V23 star 1,200 130 180 7

V24 star 1,200 130 180 49

V25 center 1,200 130 180 28

WC reference 1,200 130 180 0

* To represent a parameter set with a non-floating bias potential of zero, Ubias = 1V had to be set
instead for technical reasons.
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3. Results

3.1. Measured Process Variables

During coating deposition, total pressure p, sputtering voltage Usputter and bias current Ibias were
recorded. In each of the batches, the process conditions during (non-reactive) sputtering of the
WC inter-layer could be kept very constant with p = 0.74 ± 0.06 Pa, Usputter = 461 ± 6 V and
Ibias = 0.28 ± 0.02 A. In the last process step for the reactive sputter deposition of the functional
a-C:H:W layer, rather, different values of the process variables were measured depending on the
respective set of deposition parameters: p = 0.53−1.2 Pa, Usputter = 505−705 V and Ibias = 0−0.59 A.
For the WC reference coating, the values of the measured process variables were p = 0.64 Pa,
Usputter = 470 V and Ibias = 0.38 A.

3.2. Architecture and Microstructure of the Coatings

Figure 2 shows the architecture and the microstructure of three selected a-C:H:W variants that were
deposited at different ethine flow rates of φ(C2H2) = 7, 28 and 49 sccm.

Figure 2. Focused ion beam (FIB) cross-sections of three a-C:H:W coating variants that
were deposited at different ethine flow rates and otherwise identical set points of the
deposition parameters (with the schematic overlay to the left).

500 nm

a) V23: Φ(C2H2) = 7 sccm b) V25: Φ(C2H2) = 28 sccm c) V24: Φ(C2H2) = 49 sccm

a-C:H:W (tc ≈ 750 nm)
C gradient
WC (tc ≈ 80 nm)
Cr/WC (tc ≈ 40 nm)
Cr (tc ≈ 30 nm)
HSS 1.3343 (substrate)

Δtc ≈ 350 nm

Δtc ≈ 350 nm

In each case, the other parameters were adjusted to identical set points corresponding to the respective
medium factor level. As can be seen, the overall thickness of the adhesive layers (Cr, Cr/WC, WC) is
only about 150 nm and approximately equal for each of the coatings. The thickness of the deposited
a-C:H:W layers increases by about 350 nm as the ethine flow rate is increased by ∆φ(C2H2) = 21 sccm.
In accordance with [10], this supposes a proportional increase of the volume fraction of the a-C:H
matrix. The corresponding increase of the carbon content is evident by the decreasing secondary electron
intensity of the a-C:H:W functional layer in the SEM images (the contrast and brightness of the depicted
SEM images were closely matched under consideration of the appearance of the adhesive layers). In
each case, the functional layer exhibits a columnar microstructure, which is typical for a-C:H:W (see
Section 1). Columnar growth already starts within the WC adhesive layer. The microstructure of
a-C:H:W obviously becomes less pronounced as the ethine flow rate, respectively the volume fraction
of the a-C:H matrix, increases. It is noteworthy that none of the depicted a-C:H:W variants shows
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nanolayers of a periodically alternating W/C ratio, as they can result from the discontinuous contribution
of the sputtering process to coating growth due to substrate rotation [10,30,31]. Hence, it can be
concluded that, for the a-C:H:W coatings deposited within the scope of this study, the frequency of
substrate rotation was sufficiently high, so as to obtain a homogeneous coating composition, which is an
optimal prerequisite for the assessment of representative mechanical properties by nanoindentation.

3.3. Deposition Rate

For the different a-C:H:W variants, the coating thicknesses t ranged from 0.83 µm to 1.77 µm,
corresponding to deposition rates ṫ between 0.42 µm h−1 and 0.89 µm h−1. With respect to the average
value of the center points V25 (ṫ = 0.66 ± 0.03 µm h−1), this constitutes a variation of the deposition
rate of up to 35 %. With t = 0.77 µm and ṫ = 0.39 µm h−1, coating thickness, respectively the deposition
rate, of the WC reference coating are lower, as in the case of any a-C:H:W variant. The results are
graphically summarized in Figure 3.

Figure 3. Coating thickness t and deposition rate ṫ of the a-C:H:W variants and the WC
coating. Due to the constant deposition time, t and ṫ are directly proportional.
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3.4. Mechanical Properties

The Young’s modulusE and indentation hardnessHIT of the a-C:H:W coatings and the WC reference
coating are graphically summarized in Figure 4. With the modulus between 80 GPa (V13) and 253 GPa
(V23), Young’s moduli of the a-C:H:W coatings have a considerable range of variation. With respect to
the average value of the center points V25 (E = 122 ± 4 GPa), this means a variation in the elasticity of
up to 107 %. Nevertheless, all a-C:H:W variants have a lower stiffness than the WC coating, which has
E = 270 GPa.

The indentation hardness of the a-C:H:W coatings is in the range of 7.8 GPa (V14) to 22.0 GPa (V23).
With up to 85 %, the variation of the hardness with respect to the average value of the center points V25
(HIT = 11.9 ± 0.7 GPa) is not as strong as that of E. Six of the 25 different a-C:H:W variants exhibit
a hardness of less than 10 GPa. According to the generic classification of thin solid films given in [2],
these can be regarded as rather soft coatings. With HIT = 19.9 GPa, the WC coating is comparatively
hard. However, for two a-C:H:W variants (V04, V23) the mean value of the hardness is even about
10 % higher.
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Figure 4. Young’s modulus E and indentation hardness HIT of the a-C:H:W variants and
the WC coating. Both mechanical properties vary strongly depending on the respective set
of deposition parameters.
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TheH/E ratio of the a-C:H:W coatings is in the range of 0.084 (V05) to 0.112 (V24), and the average
value of all a-C:H:W variants is H/E = 0.096±0.008. Despite the additional WC, which is presumably
present in the form of nanoparticles [12,14–16], this is rather close to the relationship H/E ≈ 0.1 that is
commonly assumed for pure amorphous carbon coatings if no precise value is known [32]. In contrast,
with H/E = 0.070, the WC coating has a notably lower ratio of hardness to Young’s modulus.

4. Statistical Evaluation and Discussion

4.1. Measured Process Variables

4.1.1. Total Pressure

The results of the statistical evaluation concerning the total pressure p during reactive sputter
deposition of a-C:H:W are shown in Figure 5a. As can be seen, the absolute effect of the argon flow
rate (C) on p is stronger than that of the ethine flow rate (D) for the chosen parameter ranges. The slight
two-factor interaction of the gas flows might result from the fact that the measurement reading of the
thermal conductivity vacuum meter is not fully independent of the gas species and their respective partial
pressures. The positive effect of the sputtering power (A), which should result from an increased release
of sputtered atoms, and the negative effect of the bias voltage (B), which might result from increased
absorption of gas species at the charging rack due to elevated plasma-enhanced chemical reactivity, are
not sufficiently strong and not clearly pronounced to be significant. The fact that the resulting total
pressure is not fully explained by the significant effects of the two gas flows can likely be ascribed to the
non-significant effects and interactions of the other two factors, sputtering power and bias voltage, as well
as disturbance variables, like the release rate of residual gases from the walls of the vacuum chamber,
which always hold small amounts of unintentionally deposited more or less porous coating material.
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Figure 5. Main effect plots and Pareto charts of standardized effects showing the relationship
between the varied deposition parameters and the measured process variables: Total
pressure (a), sputtering voltage (b) and bias current (c).
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4.1.2. Sputtering Voltage

Even for power-regulated sputtering processes, the actual sputtering voltage Usputter is an important
process variable. The reason is that it decisively influences the impact energy of the argon ions on
the target. Hence, besides the chemical composition of the target’s near-surface region, it is a strong
influential factor affecting the sputtering yield, as well as the kinetic energy of the sputtered atoms
and molecules [33]. Since between the different batches, there is a considerable variation of Usputter,
correspondingly, a variation of the energy of the film forming atoms and molecules and, thus, an influence
on the micro- and nanostructure of the deposited coating can be anticipated. Additionally, there should
also be a non-negligible interaction with the total pressure that determines the mean free path length of
the transport phase.

As expected, the statistical evaluation (Figure 5b) shows that Usputter does not only depend on Psputter,
but also on the flow rates φ(Ar) and φ(C2H2), as well as the interactions of these three factors. Not
surprisingly, Usputter is proven to be independent of the bias voltage applied to the charging rack. The
strong negative effect of the argon flow rate (C) can be explained by the increase in the argon-partial
pressure going along with an increased electrical conductivity of the glow discharge plasma. The positive
effect of Psputter can be trivially reduced to the fact that an increase in the discharge current requires an
increased voltage as its cause. In contrast to the argon flow rate, the ethine flow rate has a quadratic
effect (D2) on Usputter, whereby, for φ(C2H2) = 28 sccm, on average, a maximum of Usputter is reached.
A qualitatively similar dependence of Usputter on the precursor flow rate in reactive magnetron sputtering
of a WC target in argon-ethine atmosphere, at a comparable voltage level (Usputter = 490 − 660 V), was
also reported by Bewilogua and Dimigen [15]. They explained the initially observed rise in the voltage
with increasing ethine flow rate and at constant power through a decreased secondary electron emission
due to the target being increasingly covered with carbon. According to them, the drop in the voltage after
the maximum is reached can be attributed to the increasing contribution of ethine to the plasma density
and the correspondingly increased electrical conductivity. Additionally, it can be assumed that, after
the voltage maximum is reached, the thickness of the carbon-rich reaction layer, forming on the target
surface, grows increasingly weaker with further increasing discharge power. This should result in the
secondary electron emission decreasing less and less. The observed significant two-factor interactions
could also be related to the varying reactivity and conductivity of the glow discharge plasma. In this
context, it should be added that, in preparatory work, ethine flow rates of φ(C2H2) > 70 sccm were
found to result in the formation of powder due to an obviously excessive chemical reactivity at the
sputtering cathode. Summing up, it can be said that a high sputtering voltage and hence a high initial
kinetic energy of the sputtered species can be reached by:

• a low argon flow rate φ(Ar),

• a high sputtering power Psputter and/or

• a medium value of the ethine flow rate φ(C2H2),

insofar as the corresponding parameter settings do not affect the process stability.
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4.1.3. Bias Current

The negative bias voltage Ubias applied to the substrates is an important control parameter in
unbalanced magnetron sputtering, as it causes an increased ion bombardment of the growing film,
promoting a denser microstructure. Further, in reactive unbalanced magnetron sputtering, a sufficiently
high bias voltage can enhance the reactivity of the precursor at the substrate surfaces. The bias current
Ibias can be regarded as an easy to measure approximate quantity describing the flux of incident ions,
which are usually single positive charged. However, besides the actual ion current, Ibias also comprises a
superimposed current due to the emission of secondary electrons [34]. As is to be expected, the statistical
evaluation (Figure 5c) proves that, in the first place, Ibias depends on a positive effect of its cause, Ubias

(B). The linear effect has a superimposed quadratic proportion (B2), which is due to a saturation of Ibias
at Ubias ≥ 130 V. This is similar to the ion saturation current of a Langmuir probe within a low-density
plasma [35,36]. Hence, it can be assumed that, at Ubias ≈ 130 V, most of the available ions are extracted
from the Debye sheath at the substrates, respectively the charging rack. Therefore, the further slight
increase in the bias current might be due to the emission of secondary ions increasing with increased
energy of the incident ions. The sputtering power also has a positive, but less pronounced, effect (A).
This is explained by the fact that, with increasing discharge power, ionization within the glow discharge
zone, which, due to the unbalanced magnetron configuration, extends from the cathode to the substrates,
is increased, resulting in an elevated ion current that can be extracted at the charging rack.

4.2. Deposition Rate

Figure 6 shows that all four factors significantly and also independently influence the deposition rate
of the a-C:H:W coatings. The ethine flow rate has the strongest effect (D). With ascending ethine flow
rate, the deposition rate approximately linearly increases. A comparison between the deposition rate at
the lowest and at the highest factor level of φ(C2H2) shows that, within this parameter range, ṫ almost
doubles (see also Figure 2). A similarly strong increase in the deposition rate with increasing ethine flow
rate, whilst other parameters are kept constant, is also reported in [11] and [15]. As already mentioned in
Section 1, the reason is that, with the increasing availability of the precursor, the reactive component of
the film deposition process is enhanced, resulting in an increased carbon content of a-C:H:W [10,12,37]
and a decreased film density [12].

The results of the present study show that, besides the ethine flow rate, also the argon flow rate (C)
and the sputtering power (A) have an extremely significant effect on the deposition rate. These positive
effects of the two factors should generally be related to an increased sputtering rate due to a greater
availability, respectively an increased energy, of argon ions. At raised sputtering power, the stronger
reactivity of the hydrocarbon precursor due to the enhanced excitation of the glow discharge plasma and
the contained precursor molecules should also contribute to an increased deposition rate. Further, for
elevated argon flow rates, the reduction of the mean free path length of the transport phase, which leads
to a decreased energy of the film-forming species, resulting in a less dense micro- and nanostructure of
the coating, should also increase the apparent deposition rate.

In comparison to the other main effects, the effect of the bias voltage (B) is rather weak. This indicates
that neither resputtering [38] nor compaction mechanisms caused by energetic ions play an important
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role, nor are being compensated by enhanced reactive film growth at the substrates. This is in general
agreement with the findings of Pujada and Janssen [12] that, depending on the ethine flow rate, the
density of reactively-sputtered a-C:H:W is not or only weakly increased if the bias voltage is elevated
from 0 to 140 V.

The quadratic proportions of the effects of the argon (C2) and the ethine flow rate (D2) are significant,
but comparatively weak. The high coefficient of determination R2 = 0.97 indicates that a regression
model, which can be associated with the significant effects shown in Figure 6, almost completely
describes the relationship between the four varied deposition parameters and the deposition rate of the
a-C:H:W films.

Figure 6. Main effect plot and Pareto chart of standardized effects showing the relationship
between the varied deposition parameters and the deposition rate. It is most strongly
influenced by the ethine and argon flows, as well as the sputtering power.
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4.3. Young’s Modulus and Indentation Hardness

The range of measured values of the Young’s modulus of the a-C:H:W variants of E = 80− 253 GPa
is in good agreement with those published by other authors (E = 92 − 143 GPa [11]; E = 140 −
240 GPa [5]). The same applies to the measured values of the indentation hardness in the range of
HIT = 7.8 − 22.0 GPa. Hardness values documented in the literature are almost entirely covered
(HIT = 8− 17 GPa [13]; HIT = 8− 18 GPa [5];HIT = 11− 14 GPa [11]; HIT = 16− 23 GPa [12]). As
shown in Figure 7, there is a very strong correlation between E and HIT. This is in agreement with the
typical assumption that the H/E ratio of pure amorphous carbon coatings is close to 0.1 [32]. At first
glance, this suggests that there is generally not too much scope for independently adapting the Young’s
modulus and hardness of a-C:H:W coatings.
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Figure 7. Correlation diagram of Young’s modulus versus indentation hardness of the
a-C:H:W coatings. E and HIT correlate very strongly. This is in accordance with
H/E ≈ 0.1, which is a typically-assumed ratio for pure amorphous carbon coatings.
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The results of the statistical evaluation in Figure 8a,b show that the Young’s modulus and hardness of
the a-C:H:W coatings are significantly influenced by all four factors. With respect to each of these two
mechanical properties, a non-linear negative effect of the ethine flow (D + D2) has the greatest absolute
effect size. Both its linear and its quadratic term are extremely significant. A positive linear effect of the
bias voltage (B) and a negative linear effect of the argon flow rate (C) are also of extreme significance,
having the second and the third largest absolute effect sizes. Further, there is a positive linear effect of
the sputtering power (A). However, its absolute effect size is comparably small.

The effects of ethine flow rate and bias voltage are in agreement with the results of other authors
having studied a-C:H:W. In contrast, the further effects have not received much attention yet.

Within the scope of smaller studies, an increase in hardness with increasing bias voltage is also
described in [5,12,39]. A general decrease in hardness with increasing ethine flow rate is shown
in [12,39]. Furthermore, [12] describes a relationship between the deposition parameters, ethine flow and
bias voltage, and the mechanical properties, reduced Young’s modulus and hardness, which is similar to
that observed in the present study. Nevertheless, these two effects are not equally pronounced within all
areas of the process window of the present study, being defined by four factors. This is indicated by the
observed interactions AD and BC, which will be discussed later. In each case, the high coefficient of
determination R2 = 0.96 proves that the established effects largely explain the relationship between the
deposition parameters and E, respectively HIT.

4.3.1. Effect of the Ethine Flow Rate

According to Pujada and Janssen [12], the observed effect of the ethine flow rate can be attributed to
a-C:H:W being a nanocomposite material, which consists of WC nanoparticles within an a-C:H matrix.
With increasing ethine flow rate, the W/C ratio is altered in favor of the matrix going along with a change
of the mechanical properties. As already mentioned in Section 1, Pujada and Janssen used the so-called
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rules of mixture in order to estimate an upper and lower limit of Young’s modulus of particles and matrix,
assuming that a lowered W/C ratio is equivalent to a correspondingly increased volume fraction of the
coating’s a-C:H matrix. They concluded that, with E ≈ 350 GPa, the WC particles of their a-C:H:W
coatings should have a considerably higher Young’s modulus than the a-C:H matrix, which should have
E ≈ 147 GPa, however mentioning that their estimated modulus of the WC particles is only half that
of bulk hexagonal WC. Nevertheless, their estimation is in general agreement with the fact that the WC
coating (E = 283 GPa) investigated in the present study is about 12 % stiffer than the stiffest a-C:H:W
coating V23 (E = 253 GPa), which, at the same time, is the variant deposited at the lowest ethine flow
rate φ(C2H2) = 7 sccm. On the other side of this argument, this means that the a-C:H:W variants with
a low Young’s modulus, like V13 and V14 (E ≈ 80 GPa), should have an a-C:H matrix of very low
stiffness. However, this is also plausible, since it is known that pure a-C:H coatings can be produced
with Young’s moduli down to 25 GPa [1].

Pujada and Janssen [12] stress that the rules of mixture can also be used to explain the
corresponding effect on the hardness of a-C:H:W coatings. This is in agreement with the findings of
Corbella et al. [13,22], who observed an approximately linear relationship between the hardness and the
tungsten content of their studied a-C:H:W coatings, which decreases with increasing ethine flow rate.
The general trend in the relationship between hardness and ethine flow rate found here also agrees with
these findings. However, a-C:H:W variants with relatively low hardness, like V13 and V14, and relatively
high hardness, like V04 and V23, indicate that the above-mentioned rules and relationships cannot be
entirely generalized. On the one hand, in view of the high hardness of the WC coating (HIT ≈ 20 GPa),
which gives a lower estimate of the hardness of WC particles, unrestricted validity of the rules of mixture
should require a-C:H:W variants with HIT ≈ 8 GPa to have a matrix of rather soft a-C:H [18–20], as
was mentioned in Section 1. On the other hand, an exclusive dependence of the hardness on the tungsten
content is also in contradiction to the fact that there are two a-C:H:W variants with an about 10 % higher
hardness than that of the WC coating. In these cases, the variants might have a matrix with a hardness of
more than 20 GPa, as is typical for pure a-C:H coatings used in industrial applications [1]. Thus, these
are indications that the actual mechanical properties of the a-C:H matrix and WC particles, as well as
the chemical and nanostructural features, are more diversified as assumed by simple models.

4.3.2. Effects of the Bias Voltage and the Argon Flow Rate

Even though the observed positive effect of the bias voltage on E and HIT was also reported by
other authors [5,12,39], no full explanation has been provided yet. With respect to a-C:H:W coatings,
the negative effect of the argon flow (C) on E an HIT has not yet been described in the literature.
Both effects have in common that they influence the energy flux towards the substrates [40]. Increasing
the bias voltage intensifies the argon ion bombardment of the growing film [40]. The argon flow rate
primarily influences the energy of the film forming neutral species, as the latter not only depends on
the sputtering voltage Usputter, but also on the mean free path length, which is proportional to the total
pressure p. In Sections 4.1.1 and 4.1.2, it was shown that the argon flow rate φ(Ar) is the factor with the
strongest effect on these two process variables. Thereby, with decreasing φ(Ar), Usputter increases and p
decreases. Consequently, the energy at which the sputtered atoms arrive at the substrates is increased by
two complementary physical effects. On the one hand, the energy of the incident argon ions increases
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directly proportional with Usputter, which, in turn, leads to a raised mean energy of the sputtered species,
which is particularly due to a greater statistical frequency of very energetic ions having a kinetic energy
of more than 100 eV [41]. On the other hand, at the same time, the increase of the mean free path length
with the reduction in pressure leads to a reduced probability that energetic species loose much of their
kinetic energy in the transport phase due to collisions.

According to the structure zone models of Thornton [42] and Messier et al. [43], a higher energy of the
film-forming species, caused by a decreased argon flow rate, as well as an intensified ion bombardment
of the growing film due to increased bias voltage should result in the transition to a denser columnar
microstructure of a sputtered coating. Further, in the case of a-C:H:W coatings, the raised energy of the
film-forming and bombarding species should result in a decreased hydrogen content and an increased
number of sp3-hybridized C–C bonds, analogous to the mechanisms that are known for pure a-C:H [44].
Increased density and cross-linking of the a-C:H matrix, in turn, should enhance the stiffness and yield
strength of the nanocomposite. In contrast, the properties of WC particles within the matrix are likely not
much influenced by an increase of the bias voltage. In the case of a-C:H:Ti coatings, which are similar
to a-C:H:W, Galvan et al. [17] showed that the size of TiC particles does not vary strongly as a function
of the bias voltage. It is further assumed that the mechanical properties of the carbide particles do not
vary strongly either. Following this line of argument, it can be concluded that the effects of bias voltage
and argon flow rate on E and HIT of the a-C:H:W coatings should be much more closely linked to the
mentioned structural changes of the a-C:H matrix.

Concerning the effects of bias voltage and argon flow rate on E and HIT, there is also a significant,
respectively highly significant, two-factor interaction BC. It can be traced back to the fact that the
effect of Ubias is more pronounced for φ(Ar) = 128 sccm than for φ(Ar) = 232 sccm. The cause is
presumably that the kinetic energy of the argon ions, which are accelerated towards the substrate surface,
is reduced due to the shortened mean free path length at a higher argon flow rate, whilst, as discussed in
Section 4.1.3, the ion current is almost independent of the argon partial pressure.

4.3.3. Effect of the Sputtering Power

The positive effect of the sputtering power (A) on hardness and Young’s modulus should be related
to an elevated sputtering rate and/or increased kinetic energy of the sputtered species. In principle,
this should result in a slightly raised tungsten content and/or density and cross-linking of the a-C:H:W
coatings, depending on the level of target poisoning. In comparison to the other main effects, the effect of
Psputter has a rather small absolute effect size. In statistical terms, this is due to a significant two-factor
interaction with the ethine flow rate (AD). The effect of Psputter is only pronounced at the low factor
level of the ethine flow rate φ(C2H2) = 16 sccm, whilst at high φ(C2H2) = 40 sccm, it is close to zero.
Therefore, in terms of the deposition process, the small effect size is related to the changed characteristic
of the reactive sputtering process at φ(C2H2) > 28 sccm, which was already discussed in Section 4.1.2.
At sufficiently low values of φ(C2H2), carbon-rich reaction products forming on the target surface are
sputtered promptly. Hence, the sputtering rate of WC increases with Psputter, resulting in the increased
hardness and Young’s modulus of the a-C:H:W coatings due to a higher volume fraction of hard and stiff
WC particles. In contrast, at high ethine flow rates, the intense formation of a carbon-rich reaction layer
on the target surface limits the sputtering of tungsten carbide more strongly than at low precursor flow
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rates. Hence, the tungsten content, which, due to the high availability of hydrocarbon species, should
already be reduced in favor of the softer and more elastic a-C:H matrix, does likely not change much
at altered sputtering power. Further, it is to be assumed that, under these conditions, the chemical and
structural composition of the matrix is also largely independent of Psputter.

Figure 8. Main effect plots and Pareto charts of standardized effects showing the relationship
between the varied deposition parameters and the mechanical properties of the a-C:H:W
coatings: Young’s modulus (a), indentation hardness (b) and H/E ratio (c).
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4.4. H/E Ratio

Despite the very strong correlation between Young’s modulus and hardness (Figure 7), the H/E
ratio of the different a-C:H:W variants is not exactly identical, but actually varies in the range of
0.084 to 0.112. Further, detailed comparison of Figure 8a,b shows that the influence of the deposition
parameters on modulus and hardness differs slightly in the relative effect size and the significance level
of the identified effects. The cause with regard to process control is revealed by dedicated statistical
analysis of the relationship between the deposition parameters and the H/E ratio. According to
Figure 8c, especially the ethine flow rate (D) has an extremely significant effect on H/E. Therefore, the
obvious slight scatter in the correlation diagram (Figure 7) is definitely not primarily caused by random
influences. Additionally, the results of the present study indicate that this effect of φ(C2H2), which was
also reported by Czyżniewski [39], is more pronounced at low sputtering power (two-factor interaction
AD). An increase in the ethine flow rate results in an increased and, hence, more favorable H/E ratio.
However, for φ(C2H2) = 16− 28 sccm, it goes along with a noticeable decrease of the average hardness
(Figure 8b). Since the H/E ratio of the WC coating is lower than that of any a-C:H:W variant, the effect
of φ(C2H2) should basically be connected with the volume fraction of the a-C:H matrix. In contrast,
the weaker effects of the bias voltage (B) and the argon flow rate (C) improve the H/E ratio through a
disproportionate decrease of E compared to HIT. Both of these effects might be related to the chemical
and structural composition of the a-C:H matrix, namely the sp2/sp3 ratio and hydrogen content.

5. Graphical Summary of the Empirical-Statistical Relationships by Contour Line Plots

To give a graphical summary, Figure 9 shows contour line plots of the statistical relationship between
the studied mechanical properties and the three most influential deposition parameters, ethine flow rate
φ(C2H2), bias voltage Ubias and argon flow rate φ(Ar). The least influential parameter, sputtering power
Psputter, is held constant at the medium factor level of 1.200 W. As can be seen in Figure 9a,b, a-C:H:W
variants of equal Young’s modulus, respectively hardness, are located on parabolas with respect to the
plot’s coordinate axes, Ubias and φ(C2H2). These relationships are similar to those described in [45,46]
for pure a-C:H coatings. With increasing φ(Ar) (plots from left to right), parabolas of equal modulus,
respectively hardness, are shifted towards higher values of Ubias, and pulled apart, i.e., the increment
in Ubias that is required to cause a certain increase in hardness and stiffness is elevated. The parabola
shape of the contour lines means that, for any given set points of the bias voltage and the argon flow
rate, a-C:H:W coatings with a defined value of hardness, respectively Young’s modulus, can generally
be obtained by two substantially different set points of the ethine flow rate.

Figure 9c shows that a-C:H:W variants with an equal H/E ratio are located on oblique straight lines
of a positive slope with respect to the two process parameters, argon and ethine flow rate, which have
the strongest influence on this derived coating property. With increasing bias voltage, lines of an equal
H/E ratio are shifted towards lower values of φ(C2H2), respectively higher values of φ(Ar). a-C:H:W
coatings with an as high as possible H/E ratio, which should be favorable in terms of wear resistance,
can be obtained at high ethine flow rates and, at the same time, low argon flow rates and a high level of the
bias voltage. Even though chemical-structural properties of the a-C:H:W variants were not investigated,
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it can generally be said that such a parameter set should result in a-C:H:W coatings with a pronounced
a-C:H matrix that has a comparatively strong cross-linking and a comparatively low hydrogen content.

Figure 9. Contour line plots showing the statistical relationship between the three most
influential deposition parameters, ethine flow rate, bias voltage and argon flow rate, at
constant sputtering power and E (a), HIT (b), as well as H/E (c) of the a-C:H:W coatings.
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6. Conclusions

Twenty five different tungsten-modified hydrogenated amorphous carbon coatings (a-C:H:W) and
a tungsten carbide coating (WC) were deposited by reactive unbalanced magnetron sputtering. The
deposition parameters (factors), sputtering power, bias voltage, argon and ethine flow rate, were varied
according to a central composite design. The process variables, total pressure, sputtering voltage
and bias current, were measured and statistically evaluated, revealing a process characteristic typical
for the employed type of reactive sputtering process. Deposition rate ṫ, Young’s modulus E and
indentation hardness HIT of the coatings were determined, in each case showing very different values
(ṫ = 0.42− 0.89 µm h−1; E = 80− 253 GPa; HIT = 7.8− 22.0 GPa; H/E = 0.084− 0.112), depending
on the respective parameter set (factor level combination) applied for the deposition of the functional
coating layer.

By statistical evaluation, all four factors were found to influence the deposition rate significantly and
independently of each other, with the effect size of the ethine flow rate being the largest, that of the
argon flow rate and sputtering power being medium and that of the bias voltage being the smallest.
Due to its high coefficient of determination, an associated regression model should allow the reliable
prediction of the coating thickness, respectively the deposition time required to obtain a-C:H:W coatings
of a predefined thickness, in further work.

With regard to Young’s modulus and indentation hardness, it was found that both of these properties
depend on the factors in a very similar way. In each case, ethine flow rate and bias voltage have the
strongest effect, whilst the argon flow rate has a medium effect, and the sputtering power has the smallest.
The effect of the ethine flow rate is non-linear and becomes less pronounced at increased levels of the
ethine flow rate. Further, there are also two-factor interactions indicating that the detailed characteristic
of these relationships differs in different parts of the process window. Under consideration of the relevant
literature, it is to be assumed that the considerable changes in the mechanical properties that are observed
on the variation of the four deposition parameters are not only related to changes in the W/C ratio of the
a-C:H:W coatings, but also to changes in the chemical-structural properties of the a-C:H matrix.

Despite a generally very strong correlation of Young’s modulus and indentation hardness, it could
be revealed that this derived property, which is often related to the wear resistance, is extremely
significantly influenced by the ethine flow rate. Additionally, significant effects of the other three
deposition parameters could be shown, with these, however, having a comparatively small effect size.
Due to WC having a less favorableH/E ratio as compared to presumably carbon-rich a-C:H:W variants,
the major effect of the ethine flow rate is very likely related to the W/C ratio of the a-C:H:W coatings.
In contrast, the smaller effects of the other deposition parameters should be the result of the changes
in the sp2/sp3 ratio and hydrogen content of the a-C:H matrix. As individual effects of the deposition
parameters could be identified statistically, it can be concluded that Young’s modulus and indentation
hardness of a-C:H:W coatings can generally be adapted independently. This allows tailoring of the
H/E ratio and, hence, should, in principle, enable a targeted enhancement of the wear resistance of
such coatings.
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7. Outlook

Another point of interest to enhance the coating’s performance under tribological load is whether
and to what extent the magnitude of the residual stresses of the a-C:H:W coatings can be adapted
independently from their mechanical properties by targeted variation of selected process parameters.
The first investigations concerning the residual stress state of the coatings as a function of the ethine
flow rate and bias voltage have already been performed [47] and will be carried out in the future. For
this purpose, a method based on combined FIB milling and digital image correlation was employed to
measure the residual stress of the thin amorphous coatings deposited on steel substrates.
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