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a b s t r a c t   

During the growth of WC based thin films, carbon can be introduced by either a non-reactive or reactive 
deposition route. In this study, we compare the influence of the carbon origin on the coating properties, 
sputtering three different target materials – a ceramic WC, a ceramic WC including a conventional cobalt 
binder, and a metallic tungsten (W) target – in reactive (acetylene, C2H2) as well as non-reactive (pure Ar) 
atmospheres. The morphology changes, independently to the target type and atmosphere used, from 
crystalline (hex-W2C rich to pure fcc-WCx) to a nanocomposite (fcc-WCx nanometre sized grains embedded 
in an amorphous matrix) structure, up to amorphous coatings, only dominated by the prevalent C/W ratio. 
The cobalt binder however leads to a preferred amorphization of the coatings. The highest hardness is 
obtained for predominantly fcc structured WC0.67 (WC ceramic target), H = 40  ±  1.7 GPa, exhibiting also an 
excellent intrinsic fracture toughness of KIC = 3.3  ±  0.33 MPa·m1/2 obtained by micro-mechanical testing. 
Furthermore, the bonding nature of carbon is distinctly affected by the reactive carbon source, leading to 
more pronounced π-bonded carbon peak with increasing C2H2/Ar flow rates. 

© 2021 The Authors. Published by Elsevier B.V. 
CC_BY_4.0   

1. Introduction 

Transition metal carbide (TMC) based coating materials are 
known for their outstanding properties including high hardness, 
high thermal stability [1], excellent wear resistance, chemical in-
ertness, and low coefficients of friction [2]. Among this class of thin 
films, tungsten carbide (WC) is well-established and has attracted 
much interest in the form of WC based Diamond-like-Carbon (DLC) 
coatings [2,3]. These coatings consist of nanocrystalline WCx em-
bedded in an amorphous carbon matrix, thereby having the ad-
vantage of low compressive stresses, while providing inherently low 
friction coefficients comparable to pure DLC coatings [2]. In litera-
ture, many deposition strategies are reported for the growth of these 
WC/DLC concepts, applying different target configurations – i.e. 
combinations of W [3–7], WC [8], WC+Co [9,10], or C [11] – sputtered 
in reactive (C2H2 or CH4) and non-reactive (Ar) atmospheres. The 
different deposition approaches result in thin films consisting of 
various crystalline tungsten carbide-based phases next to a varying 
amount of additional amorphous carbon. Typically, the observed 
phases are bcc-tungsten, several modifications of W2C (SG 162, 60, 

194 [12]), metastable fcc-WCx [9], and hex-WC (SG 187, [13]). When 
attempting to deposit single-phased WCx – without an additional 
amorphous carbon phase – often a mixture of fcc-WCx and W2C is 
observed [8,11]. Recently, a study [14] highlighted the stabilization of 
fcc-WCx by C vacancies, being in good relation to other fcc structured 
TMC based coating materials and their tendency to be carbon defi-
cient [15,16]. During the sputter deposition of transition-metal (TM) 
carbides the microstructure typically transforms from a single 
phased structure – most likely a sub-stoichiometric carbide – to a 
nanocomposite microstructure with increasing carbon content, 
which eventually leads to TMCx nanoclusters embedded in amor-
phous carbon [17]. This evolution is observed independently to the 
gas mixture used during sputtering, whether a reactive or non-re-
active source provides the carbon. However, for DLC coatings it is 
reported that the carbon source (reactive gas or graphite target) 
influences the carbon hybridization, leading to tetrahedral amor-
phous carbon (ta-C), amorphous carbon (a-C), and hydrogenated 
amorphous carbon (a-C:H) DLC coatings, which differ by altered 
ratios of sp2 to sp3 hybridized CeC bonds [18]. However, a direct 
comparison between non-reactive and reactive sputter deposited 
WCx films correlating the bonding states and morphology with the 
mechanical properties is still missing. Furthermore, transition metal 
carbides typically exhibit a low fracture tolerance, being a limiting 
factor for many applications [19]. Several strategies [20] have been 
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established to enhance the fracture toughness of TMC based thin 
films, i.e. nitrogen alloying to form TM-carbonitrides [21]. This ap-
proach was experimentally found to be highly effective for the Ta-C-N  
[22,23] system and further underlined in a study on Hf-C-N, where 
the theoretically proposed [21] dependency between ductility and 
valence electron concentration (VEC) was confirmed [24]. According 
to this latter work, the fracture toughness of WC (VEC = 10) should be 
even higher compared to e.g. TaC0.64N0.36 (VEC = 9.36). Moreover, the 
influence of the film morphology on the fracture toughness and 
especially crack pathways is still a pending topic for coating materials 
in general. 

Therefore, in this study, we compare the three most commonly 
used target types to deposit tungsten carbide based thin films: (i) a 
ceramic WC target, (ii) a ceramic WC including a conventional cobalt 
binder, and (iii) a metallic tungsten (W) target, sputtered in both 
non-reactive and reactive atmospheres, respectively. The differences 
between these targets are elaborated with respect to the micro-
structure, mechanical properties, and carbon bonding states with a 
focus also on fracture behavior. 

2. Experimental details 

For the deposition of all tungsten carbide containing thin films, 
an in-house built magnetron sputtering system (FRIDA) was used. In 
the course of this study, the system was equipped with three dif-
ferent targets: (i) a ceramic WC target, (ii) a ceramic WC including a 
conventional cobalt binder, and (iii) a metallic tungsten (W) target 
(3-inch sized, Plansee Composite Materials GmbH). All coatings were 
deposited in DC mode using either a pure argon atmosphere or an 
argon/acetylene mixture, respectively. The working pressure was 
controlled by the gas flow maintained at 40 sccm in total. Depending 

on the acetylene to total gas flow ratio ( f C H
norm
[ ]2 2

= + ·100%
f
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resulted in a deposition pressure of p = 0.42–0.36 Pa. The target and 
substrate holder were aligned parallel at a distance of 73 mm using 
no substrate heating. All depositions were conducted at a target 
current of 0.75 A, while keeping the substrate bias at floating po-
tential (approx. −20 V). In the Appendix, an overview on additional 
depositions is included, where also the working gas pressure, the 
target current, and the substrate bias potential was varied, respec-
tively. 

All thin films were deposited on polished austenitic stainless- 
steel platelets (20x7x 0.8 mm3) and polished single crystalline Si 
samples (100-oriented, 20x7x 0.38 mm3). Prior to each deposition, 
the substrates were cleaned in an ultrasonic bath by means of 
acetone and ethanol for 5 min each, respectively. Furthermore, both 
the targets and the substrates were sputter-cleaned in a pure argon 
atmosphere (180 sccm, 5 Pa, 500 V) right before the deposition. 

To determine the crystalline structure of the deposited thin films, 
X-ray diffraction (XRD) was used in Bragg Brentano configuration on 
a Panalytical Empyrean diffractometer equipped with a Cu-Kα ra-
diation source (wavelength = 1.5418 Å). The mechanical properties, 
such as hardness (H) and Young’s modulus (E), were determined on 
austenitic steel substrates by means of nanoindentation. The Ultra- 
Micro-Indentation System (UMIS) was equipped with a Berkovich 
diamond tip. For every sample, 30 idents with different loads 
(3–45 mN) were performed and subsequently, the recorded load- 
displacement curves were analyzed according to Oliver and Pharr  
[1]. For the Young’s modulus, an extrapolation to zero indentation 
depth was performed to minimize the substrate influence (using the 
power-law function y = a∙(1 +x)b [25], where a is the given modulus). 

Investigations on the film morphology were realized using a 
transmission electron microscope (TEM FEI TECNAI G20, accelera-
tion voltage of 200 kV). Furthermore, electron energy-loss spectro-
scopy (EELS) was carried out to describe the bonding states of the 
deposited films. The core-loss edges were recorded with a 2 mm 

entrance aperture (dispersion 0.3 eV/pixel). The effect of plural 
scattering was removed by deconvolution with the low loss spectra. 
To exclude the influence of environmental carbon on the energy loss 
near edge structures (ELNES), all samples were He-plasma cleaned 
directly before performing the TEM analysis. 

X-ray photoelectron spectroscopy (XPS) spectra were recorded 
using a custom-built SPECS XPS-spectrometer equipped with a 
monochromatic Al-Kα X-ray source (µFocus 350, spot size = 450 µm, 
power = 70 W) and a hemispherical WAL-150 analyzer (acceptance 
angle of 60°). Overview, as well as detailed spectra of the single 
elements, were measured with pass-energies of 100 and 30 eV and 
an energy resolution of 1 eV and 100 meV, respectively. To minimize 
surface contaminations, Ar-ion etching was carried out for 100 s at a 
total pressure of 2·10-7 mbar applying a voltage of −3.0 kV. The 
spectrum analysis was conducted using transmission corrections (as 
per manufacturer’s specifications), Shirley-backgrounds, and sensi-
tivity parameters after Scofield [26]. For charge correction, the 
binding energy value of adventitious carbon, based on minor surface 
contamination, was set to 284.8 eV. 

The fracture toughness was calculated according to Matoy 
et al. [27]: 
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Where Pmax is the maximum fracture force, w is the height of the 
cantilever, b is the width of the cantilever, and l is the length be-
tween the initial crack and the indenter tip. The depth of the in-
cipient crack is denoted as a. The dimensions of the microcantilever, 
as well as the crack initiation, were made by considering the findings 
of Brinckmann et al. [28,29]. 

The cantilevers are milled in a ThermoFisher Scios2 dual-beam 
FIB, and care was taken to correct any angles deviating from 90° by 
tilting the sample accordingly. We ensured that the device is well 
focused and shows as little astigmatism as possible when the initial 
notch is milled. The beam current for forming the cantilever was set 
to 1 nA, the initial was made with 50 pA to minimize possible in-
fluence by Ga+ ions. Before milling, the Si substrate was removed by 
SF6 plasma etching to obtain free-standing film material. 

The beam was tested with an intrinsically displacement-con-
trolled FemtoTools FT-NMT04, equipped with a diamond wedge tip, 
at a loading rate of 10 nm∙s-1. During the test, this device was placed 
in a FEI Quanta 250 FEGSEM, which was also used to measure the 
fracture surface geometries required for the calculation. 

3. Results and discussion 

To gain a detailed insight on the sputter behavior of each target 
material, the poisoning trend of all three target types was studied 
with respect to an increasing acetylene flow-rate ratio. The acetylene 
to total gas flow ratio ( f C H

norm
[ ]2 2

) was varied between 0% and 60% 
(corresponding to p = 0.42–0.3 Pa) using a constant target current of 
0.75 A at a total gas flow of 40 sccm. The ceramic WC target increases 
in power density from 7.7 (pure argon) up to 9.1 W/cm2 for f C H

norm
[ ]2 2

= 30%, followed by a decrease down to 7.9 W/cm2 for f C H
norm
[ ]2 2

= 60%. 
Moreover, a small hysteresis effect can be observed between f C H

norm
[ ]2 2

= 25% and 55%. The cobalt binder containing WC target shows a very 
similar behavior, with slightly higher power densities throughout 
the entire acetylene flow range investigated. Finally, the metallic 
tungsten target starts at a target power density of 7.0 W/cm2 for 
f C H

norm
[ ]2 2

= 5% and exhibits a maximum at f C H
norm
[ ]2 2

= 40% (corresponds to 
8.9 W/cm2). At higher values of f C H

norm
[ ]2 2

>  45% the poisoned W behaves 
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similar as its ceramic counterparts. The two ceramic based target 
materials exhibit a deposition rate of around 65 nm/min in pure 
argon atmosphere, being slightly increased to 80 nm/min at 5% 
acetylene. At higher f C H

norm
[ ]2 2

ratios the deposition rate decreases again 
down to 60 nm/min ( f C H

norm
[ ]2 2

= 25%). For the metallic tungsten target, 
the deposition rate is around 65 nm/min at f C H

norm
[ ]2 2

= 5%, and increases 
to 80 nm/min at 10%, followed by a decrease for even higher f C H

norm
[ ]2 2

. 
With a deposition time of 40 min the total thickness of the coatings 
ranged between 2.4 and 3.2 µm. 

In relation to the observed poisoning behavior, the acetylene flow- 
rate ratio was varied for all three target materials up to f C H

norm
[ ]2 2

= 25%, 
respectively. In Fig. 1, the chemical compositions determined by XPS are 
summarized for all coatings deposited. The carbon to tungsten ratio 
(C/W) is plotted as a function of the acetylene to total gas flow ratio 
( f C H

norm
[ ]2 2

) and the target type used. With increasing acetylene flow-rate 
ratio, C/W increases for all three target types even with a similar slope. 
Apart from the initial differences in carbon content the alike slopes 
suggest, that the amount of additional carbon uptake into the film 
structure, due to an increasing fraction of acetylene in the chamber, 
remains basically unaffected by the target type used. This is in good 
agreement to the study of Bewilogua et al., where the W/C ratios of both 
a metallic tungsten and a ceramic WC target were compared for high 
acetylene flow rates [2]. Simultaneously, the cobalt content within the 
coatings deposited from the ceramic target including a cobalt binder 
decreases from 7 at% in pure argon atmosphere, down to 3.5 at% for 
f C H

norm
[ ]2 2

= 25%. Interestingly, these films also exhibit a lower C/W ratio 
when sputtered in pure Argon atmosphere than thin films grown with 
the ceramic WC target under the same conditions. 

Based on literature [5,6,8,17], the morphology of transition metal 
carbide based coatings strongly correlates with the carbon content 
present during film growth, starting with predominantly crystalline 
structures for sub-stoichiometric compositions changing to nano-
composites, and eventually to fully amorphous thin film materials 
with an increasing amount of carbon. Especially, when sputtering 
tungsten carbide-based coatings, also different crystal structures are 
known to compete. Hence, in the following the impact of the target 
type on these two properties – structure and morphology – will be 
discussed from the aspect of an increasing f C H

norm
[ ]2 2

. 
In Fig. 2, the crystal structure determined by XRD is shown for all 

three target types, with the individual diffractograms grouped into 
the corresponding subcategories and sorted by an increasing acet-
ylene flow rate ratio from top to bottom. With an increasing amount 

of acetylene present, the coatings for each target shift from a pre-
dominantly crystalline to an amorphous structure, where only a 
small hump in the spectrum remains. Yet, the amount of acetylene 
necessary to induce this transition is individual for each target. Thin 
films deposited from the ceramic WC target initially ( f C H

norm
[ ]2 2

= 0) ex-
hibit a mixture of fcc-WCx and hex-W2C [30,31] at a C/W ratio of 0.67. 
At only f C H

norm
[ ]2 2

= 5%, the intensity of the crystalline diffraction peaks 
decreases drastically, whereby the hex-W2C related peaks disappear 
(a similar behavior was found in Ref. [8]). Regarding the Co con-
taining WC target at f C H

norm
[ ]2 2

= 5%, the thin film has already attained a 
completely amorphous state, which remains unchanged at higher 
acetylene flow rates. In pure argon atmosphere, this target yield to 
predominantly face-centered cubic structure at a C/W ratio of 0.43. 
Coatings deposited from the metallic tungsten target change from a 
hex-W2C (C/W=0.35) rich to a fcc-WCx dominated (C/W=0.56) to a 
fully amorphous structure with an increasing amount of acetylene. 
Finally, at f C H

norm
[ ]2 2

= 25% all thin films are X-ray amorphous. Further-
more, for all coatings the (200) diffraction peak of the fcc-WCx phase 
is shifted to lower 2 theta angles compared to the reference posi-
tions obtained from [30,31]. 

Complementary, selected area electron diffraction (SAED) ana-
lysis (see Figs. 3 and 4, left column) confirm the structures observed 
by XRD. Blue dashed lines correspond to the fcc-WCx phase, whereas 
red dotted lines indicate the hex-W2C phase. Resulting from the 
minute distances between the diffraction spots of the hexagonal and 
the face-centered-cubic structures, it was not possible to determine 
the actual content of fcc-WCx and hex-W2C phases, neither by XRD 
nor by SAED. The corresponding bright field images are shown in  
Figs. 3 and 4 (see right columns) revealing the direct relation 

Fig. 1. Impact of the acetylene concentration in the working gas on the carbon to 
tungsten (C/W) ratio in the thin films determined by XPS. 

Fig. 2. (a) Structural evolution of WCx coatings prepared from three different target 
types (WC ceramic, WC ceramic including a cobalt binder, and metallic tungsten) as a 
function of f C H

norm
[ 2 2] . Diffractograms corresponding to the same target material are 

grouped accordingly, with an increasing C/W ratio from top to bottom. [30,31] (b) 
C2H2 flow rate ratios given in percent for all coatings shown in (a), corresponding data 
sets are horizontally aligned. 
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between the diffraction patterns obtained by SEAD and XRD and the 
film morphology. From these morphologies observed in TEM, three 
distinct classifications were identified for all samples: pre-
dominantly crystalline, nanocomposite, and amorphous. The crys-
talline structures (varying amount of fcc-WCx and hex-W2C) are 
obtained only when operating the ceramic targets in pure argon 
atmosphere – ceramic WC (WC0.67, see Fig. 3b) and ceramic WC + Co 
binder (WC0.43, see Fig. 3c) – as well as for f C H

norm
[ ]2 2

= 5% and 7.5% on the 
metallic tungsten target ( f C H

norm
[ ]2 2

= 5%, WC0.35, see Fig. 3a). The crys-
talline thin films exhibit dense columnar grains, with a mean grain 
size of around 30 nm for both WC0.67 and WC0.35 (see Fig. 3a and b), 
and 25 nm for WC0.43 (see Fig. 3c). Here it should be mentioned, that 
for the latter WC0.43 coating, obtained from the Co containing WC 
target, the substrate near region shows an amorphous structure, 
which transform to a more crystalline morphology during the 
growth process. We relate this effect to an increasing substrate 
temperature during the deposition process, as a result of the kinetic 
energy of the impinging Ar+ ions and the arriving film flux. Fig. 4 
shows thin films with a nanocomposite (see Fig. 4a and b) and an 
amorphous (see Fig. 4c) morphology. The nanocomposite film 
structure was observed for coatings deposited from metallic tung-
sten (WC0.77, see Fig. 4a) and the ceramic WC target (WC0.78, see  
Fig. 4b) at f C H

norm
[ ]2 2

= 10% and 5%, respectively. These thin films exhibit 
small grains (only a few nanometres in diameter) embedded in an 

amorphous matrix. Moreover, the SAED patterns present no distinct 
spots, but rather exhibit blurry but continuous diffraction rings, 
being a good indication for the very small and randomly oriented 
grains. In accordance with the XRD analysis for WC0.77 (see Figs. 2a 
and 4a), the SAED image shows slightly more pronounced diffraction 
rings (i.e. peaks in the XRD spectrum) than for the WC0.78 (see  
Fig. 4b) coating, which suggests larger grains for the WC0.77 sample.  
Fig. 4c shows the thin film deposited using the WC + Co binder target 
with an acetylene flow rate ratio of f C H

norm
[ ]2 2

= 5%. Here, the thin film 
already grows in a completely amorphous structure indicated by the 
flat/amorphous XRD pattern (see Fig. 2a) as well as the bright field 
image (see Fig. 4c, right column). Along with the observations made 
in pure argon atmosphere, this indicates that the additional cobalt in 
the target significantly affects the crystallization of tungsten carbide 
and promotes the amorphization of the thin films when compared to 
the pure ceramic WC target without any binder. 

Summarizing the evolution of structure and morphology, with 
increasing f C H

norm
[ ]2 2

and thus C/W ratio, the WCx based thin films show 
a transition from hex-W2C rich, to mixed, predominantly fcc-WCx 

structured coatings in the crystalline regime (C/W < ~0.77). With 
increasing f C H

norm
[ ]2 2

the crystalline fcc-WCx phase with a preferred 
(200)-texture transforms into a nanocomposite morphology com-
prised of nanometer sized fcc-WCx grains embedded in an amor-
phous matrix. When further increasing f C H

norm
[ ]2 2

, all thin films 
eventually obtain a completely amorphous growth. However, when 

Fig. 3. SAED (left column) and bright field images (right column) of thin films with 
crystalline morphology determined by TEM. (a) Thin film prepared from a metallic 
tungsten target sputtered with =f 5%.C H

norm
[ 2 2] Thin films synthesized from (b) a WC 

ceramic and (c) a WC ceramic + cobalt binder target, respectively, both operated in 
pure argon atmosphere. In the SAED images, blue dashed lines correspond to fcc-WCx, 

whereas red dashed lines denote hex-W2C. 

Fig. 4. SAED (left column) and bright field images (right column) of thin films with 
nanocomposite/amorphous morphology determined by TEM. (a) Thin film deposited 
using a metallic tungsten target sputtered with =f 10%.C H

norm
[ 2 2] Thin films synthesized 

with a WC ceramic (b) and WC ceramic + cobalt binder target (c) sputtered 
with =f 5%.C H

norm
[ 2 2] . 
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using the ceramic WC target including a Co binder no nanocompo-
site morphology was observed. Interestingly, the C/W ratio in-
dicating the transition from a crystalline to a nanocomposite coating 
at around 0.77 is very similar for both the metallic tungsten and 
ceramic WC target materials. In addition, this carbon content of 43 at% 
corresponds well with the content reported in Refs. [6,18,19] for the 
transition from a crystalline to a nanocomposite morphology. 

Furthermore, we studied the influence of f C H
norm
[ ]2 2

and hence the 
structure and morphology on the hardness and Young’s modulus of 
all deposited WCx based coatings. For a better comparison of the 
results between the different target types investigated, Fig. 5a and b 
show all hardness and Young’s modulus data points plotted versus a 
common C/W ratio axis. The plot is additionally divided into 3 re-
gions depending on the morphology type of the resulting films: 
crystalline (C/W < 0.77), nanocomposite (0.77  < C/W < 0.85), and 
amorphous (C/W > 0.85). In the crystalline region, the thin films 
expectably exhibit the highest hardness with values ranging be-
tween 34 and 40 GPa. The highest hardness of 40  ±  1.7 GPa was 
obtained for WC0.67 deposited from the pure ceramic WC target. The 
hardness noticeably decreases in the nanocomposite regime and 
settles at around 20 GPa for the amorphous thin films. Furthermore, 
for a complete interpretation of the data, it is important to consider 
that the crystalline thin films exhibit different phases, being fcc-WCx, 
hex-W2C, or a mixture of both. Moreover, the different target types 
lead to individual phase compositions for the same C/W ratio, which 
restricts a direct comparison of the data presented in Fig. 5. How-
ever, when neglecting the C/W ratio and merely taking the film 
structure into account, the trend in hardness suggests that the 
hardness increases from hex-W2C rich to fcc-WCx structured coat-
ings, yet exhibiting a maximum with a low amount of hex-W2C 
phase, and then decreases with increasing amorphous fractions. The 
Young’s modulus follows a similar trend line as the hardness starting 

at values between 450 and 500 GPa for the crystalline states, and 
subsequently decreases to around 200 GPa for the fully amorphous 
coatings. Overall, these trends in film hardness fit very well to trends 
from previous studies [6,32,33] where metallic tungsten or ceramic 
WC targets were utilized. Additional deposition parameter variations 
conducted for the WC ceramic target showed that both the structure 
and the mechanical properties are quite stable throughout variations 
in pure argon atmosphere. However, for f C H

norm
[ ]2 2

= 5%, with the mor-
phology situated inside the nanocomposite range, the mechanical 
properties are increasingly sensitive towards changes in deposition 
conditions. Further details are shown in the Appendix. We, therefore, 
conclude that the nanocomposite morphology is quite sensitive to 
parameter variations – hence changing of the growth conditions e.g. 
adatom mobility at the surface – and can lead to considerable 
changes of the mechanical properties. In addition, adhesion test after  
[34] highlighted, that crystalline coatings obtaining a dual phase 
structure tend to have worse adhesion to the used steel substrates 
compared to the amorphous and nano-composite coatings. 

Apart from hardness and Young’s modulus, the fracture tough-
ness is an important mechanical property for TM-carbides, since a 
low tolerance against crack propagation can be a major limiting 
factor for the applicability of such coatings. The fracture toughness 
was determined by microcantilever beam-bending tests of the thin 
films deposited using the pure WC ceramic target. The three tested 
coatings, WC0.67, WC0.78, and WC3.38, comprise distinctly different 
morphologies from the three regimes identified, crystalline, nano-
composite, and amorphous respectively – see also Figs. 3,4, and 5.  
Fig. 6 shows representative load-displacement curves and the frac-
ture cross-sections of all samples tested, including a microcantilever 
beam in the as-prepared state. The determined fracture toughness 

Fig. 5. (a) Hardness and (b) Young’s modulus evolution as a function of an increasing 
C/W ratio for all WCx coatings prepared from the three different target types. The 
three morphological coating regimes, i.e. crystalline, nanocomposite, and amorphous, 
are additionally indicated. Values from Ref. [6] (metallic tungsten target and acetylene 
containing working gas) are indicated as grey stars. 

Fig. 6. Microcantilever beam-bending test of coatings deposited using a pure ceramic 
WC target. (a) Representative SEM image of a microcantilever beam in the as-pre-
pared state, indicating the position of the pre-notch as well as the nanoindenter 
wedge tip. Post-mortem SEM fracture cross-sectional image of the (b) crystalline 
WC0.67, (c) nanocomposite structured WC0.78, and (d) amorphous structured WC3.38 

cantilever beam samples. Representative load-displacement curves corresponding to 
the WCx coatings are shown in (e). 
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values KIC are 3.3  ±  0.33 MPa·m1/2 for WC0.67, 3.2  ±  0.24 MPa·m1/2 

for WC0.78, and 1.9  ±  0.24 MPa·m1/2 for WC3.38 (4 beams tested for 
each coating). The high KIC value observed for the crystalline WC0.67 

is a further confirmation of the direct correlation between the VEC 
and the fracture toughness of TM-carbides and nitrides, as already 
proposed theoretically and experimentally [21,23,24,35]. In com-
parison, the KIC values of group IV and V TM-carbides such as Hf-C 
and Ta-C are below 2 MPa·m1/2 [23,24]. Furthermore, it is astonishing 
that WC0.67 and WC0.78 exhibit very similar KIC values despite having 
a drastically different morphology, which in turn suggest that the 
film growth characteristics only have a minor influence on the 
overall fracture resistance of these films. This is in line with Ref. [36] 
where the measured fracture toughness of Cr2AlC coatings was only 
moderately affected by the microstructure. However, that study on 
the other hand reports an increased fracture toughness for amor-
phous Cr2AlC. Therefore, the fact that the amorphous WC3.38 coating 
in this study exhibits a much lower KIC value might be an indication 
that the type of atomic bonds is of vital importance. Therefore, we 
wanted to gain a closer insight into the bonding nature, especially on 
carbon in the different morphologies obtained from the three target 
types and f C H

norm
[ ]2 2

, respectively. 
Fig. 7 shows selected C1s spectra obtained by XPS of thin films 

deposited from the ceramic WC and metallic tungsten target, re-
spectively. In the spectra, carbon bonded to tungsten results in a 
peak at 283.5 eV [37], whereas CeC bonds result in a peak at 
284.8 eV, as indicated by the vertical reference lines. For all targets 
the content of amorphous carbon (i.e. the amount of CeC bonds) 
increases with increasing f C H

norm
[ ]2 2

– hence also C/W ratio – starting at 
around 15% at the lowest C/W ratio for each target. Fig. 7a and b 
compares thin films deposited using the ceramic WC target ( =f C H

norm
[ ]2 2

5%, see Fig. 7a) to thin films deposited from the metallic tungsten 
target ( =f C H

norm
[ ]2 2

10%, see Fig. 7b) with a similar C/W-ratio. Both ex-
hibit a nanocomposite morphology but the ceramic WC target yields 
a much lower amount of amorphous carbon, with 15 versus 41% for 
the metallic tungsten target. Furthermore, the amount of amorphous 
carbon for a predominantly crystalline WC0.67 and nanocomposite 
WC0.78 (deposited using the WC ceramic target) coating is similar 
with, 21% and 15% CeC respectively. This suggests that the amor-
phous matrix in the nanocomposite morphology is not only 
comprised of amorphous carbon as proposed in literature [17] for TM- 
carbides in general, but also of amorphous WC. When increasing the 
acetylene concentration during deposition (e.g. for the WC3.4 coating 
deposited with the ceramic WC target see Fig. 7c), the C1s spectra of 
all targets exhibits a peak being located close to the CeC reference 
position. However, it was not possible to do a satisfactory fit with a 
CeC and WeC peak hence no content of amorphous carbon is given. 

Carbon exhibits different hybridization states, sp2 and sp3, which 
is known to alter the properties of DLC coatings, resulting in various 
types such as ta-C- and a-C(:H)-type DLC [18]. A way to determine 
the carbon hybridization is detailed EELS analysis via TEM, in-
vestigating the energy loss near edge structure (ELNES) at the C1s (K 
edge) position at 285 eV and beyond. The main features observed in 
this fine structure are an intensity peak at 285 eV due to excitation of 
the π* antibonding orbital as well as a step at 290 eV due to ex-
citation of the σ* states [18,38,39]. Eventually, these two features can 
then be used to determine the sp2 fraction of the sample [18]. In 
general, ELNES mirrors the unoccupied Density Of States (DOS) of a 
compound above the Fermi level [40]. However, in the thin films 
prepared for this study, a mixture of tungsten carbide and amor-
phous carbon prevails, leading to an overlap of the DOS of WC [23] 
and sp2 (graphite) as well as sp3 (diamond) [41] hybridized amor-
phous carbon. Therefore, only a qualitative comparison of the ELNES 
results at the C1s (K edge) position, for coatings prepared from the 
three different target types, are considered within this study. The 
results for the different target types at various values of f C H

norm
[ ]2 2

(top to 
bottom) are shown in Fig. 8. 

Thin films deposited from the ceramic WC target and Co con-
taining one, show a transition from a spectrum with a single, con-
tinuous step at about 285 eV, to spectra with a clear peak separation 
and lowering of the π* peak at increasing C/W ratio, i.e. acetylene 
flow rate. A similar transition was observed for TiC by J.C. Sánchez- 
López et al. [42], where the additional carbon was provided through 
co-sputtering a graphite target. In contrast to that, thin films de-
posited from the metallic tungsten target show this separation al-
ready at the lowest C/W ratio (WC0.35) realized for all depositions. 
These results suggest that carbon originating from a reactive gas 
source results in a change of the ELNES, and hence different bonding 
and/or valence states of the carbon atoms. Furthermore, J. Schwan 
et al. [43] report that the ratio of energetic ions to neutral species 
influences the amount of sp3 hybridization when depositing DLC 
thin films. In our case, this ratio could be influenced by the addition 
of acetylene to the gaseous environment. Due to the high ionisation 
energy of carbon and the use of DC magnetron sputtering we expect 
no ionized carbon atoms originating from the ceramic targets. On 
the other hand, carbon atoms originating from the acetylene mole-
cules in the plasma are more likely to be ionized and hence could be 
responsible for the change of the ELNES. Furthermore, C2H2 might 
not be completely split up into H and C ions and arrive as C-H 
clusters at the substrate surface and hence the additional hydrogen 
can affect the bonding. This might be the reason why more amor-
phous carbon is found in the coatings using the metallic tungsten 
target. However, no further experiments were conducted to 

Fig. 7. Selected XPS spectra of WCx coatings deposited with the WC ceramic (a,c) and metallic tungsten target (b). The vertical reference lines indicate the peak positions of carbon 
that is bonded to tungsten (283.5 eV) and to another carbon atom (284.8 eV). 
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underline this explanation. Although the reason could not be fully 
answered within this study, we can conclude that the carbon bonds 
are significantly affected by the carbon source. Furthermore, no 
noticeable differences in the carbon bonding state of crystalline 
WC0.67 and nanocomposite WC0.78 could be observed applying XPS 
and ELNES. This promotes the interpretation stated above, that the 
similar KIC values of these two coatings (WC0.67, WC0.78) are mainly 
determined by the bonding nature and not the morphology. How-
ever, if the amorphous phase is predominated by CeC bonds, e.g. for 
the WC3.38, a direct correlation between the fracture characteristics 
and the VEC is not valid any more. 

4. Conclusion 

In this study, we compare the influence of the carbon origin on 
the composition, structure, morphology, mechanical properties, as 

well as bonding nature of sputter deposited WCx coatings using 
three different target materials in reactive and non-reactive atmo-
spheres. For the depositions a ceramic WC, a ceramic WC including a 
cobalt binder, as well as a metallic tungsten (W) target were utilized. 
Regardless to the target type used, the addition of acetylene in-
creases the C/W ratio in all coatings linearly. Furthermore, the film 
structure and morphology changes from a crystalline structure (i.e. 
hex-W2C rich or pure fcc-WCx) to a nanocomposite (i.e. phase-pure 
fcc-WCx nanometre sized grains in an amorphous matrix) up to a 
fully amorphous thin film, with increasing C/W ratio. However, the 
cobalt binder within the ceramic WC target material accelerates the 
amorphization of the coating morphology. The maximum hardness 
of H = 40  ±  1.7 GPa was determined for predominantly fcc structured 
WC0.67 containing also minor fractions of hex-W2C. An increase of 
the C/W ratio lead for all target types to fully amorphous films ob-
taining hardness values around 20 GPa. The crystalline WC0.67 

coating exhibits a high fracture toughness (KIC = 3.3  ±  0.33 MPa·m1/2) 
being in good agreement with the predicted VEC dependency of the 
fracture characteristics – suggesting VEC up to 10 being highly 
beneficial for crystalline coating materials. The bonding nature of 
carbon is distinctly affected by reactive carbon supply leading to more 
pronounced π-bonded carbon peak with increasing acetylene flow 
rates, especially when entering the amorphous regime. 

In summary, the combination of different target materials in 
reactive and non-reactive atmospheres allows for a broad variation 
of the morphology and bonding nature, hence being a versatile tool 
to tune the mechanical properties of WCx based coatings. 
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Fig. 8. Energy loss near edge structure (ELNES) at the C1s (K edge) position for 
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