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A B S T R A C T   

The exceptional mechanical properties of transition metal carbide coatings are known to be governed by the 
carbon content and its morphological distribution. Here, we verify the influence of the target peak power density 
on the chemical composition, microstructure, and mechanical properties of NbCx coatings grown by non-reactive 
high-power impulse magnetron sputtering (HiPIMS). By tuning the pulse parameters, the power density can be 
increased from 0.11 to 1.48 kW/cm2 leading to a decrease in the C/Nb ratio from 1.52 to 0.99 within the films – 
proven by combined elastic backscattering and time-of-flight elastic recoil detection analysis. This decrease in 
the C/Nb ratio is accompanied by microstructural changes from nanocomposite morphologies with an average 
grain size of 6.6 ± 2.5 nm at 0.13 kW/cm2 into more columnar structures with an average column width of 65.2 
± 18.7 nm at 1.48 kW/cm2. Independent from the C/Nb ratio, all films exhibit a single face-centered cubic 
structure. The mechanical properties correlate with the enhanced growth behavior dominated by ions at higher 
peak power densities and the varied C/Nb ratios. A maximum in hardness and fracture toughness of H = 38.7 ±
3.6 GPa and KIc = 2.78 ± 0.13 MPa∙m1/2 (at 3.2 GPa residual compressive stress), is obtained for the nearly 
stoichiometric NbC coating exhibiting C/Nb ratio of 1.06.   

1. Introduction 

Transition metal carbides (TMCs) are refractory materials possessing 
extremely high melting temperatures (TM), outstanding mechanical 
strength, excellent electrical conductivity, and good chemical stability 
[1,2]. Based on their robust thermomechanical and chemical properties, 
TMCs are technologically important and used in different applications as 
protective coatings in machining industry, wear applications [3–8] but 
also as catalytic materials [9–11]. Among the TMC family, NbC, which 
crystallizes in the face-centred cubic (fcc) NaCl-type structure, has 
attracted a lot of attention as it exhibits an interesting mix of refractory 
properties, such as TM of 3490 ◦C, highest hardness and Young's 
modulus, and a good chemical stability [12–16]. This attractive aggre
gate of properties makes NbC a promising coating material to be applied 
on diverse high-performance components such as cutting tools [16,17], 

electrical contacts [13,15], fuel cells [18], but also corrosion related 
applications [19]. 

So far, different routes have been explored to grow NbC thin films 
such as reactive sputtering [12,15,20], non-reactive sputtering using a 
single compound target [17,21], but also two elemental targets [13,22], 
filtered arc growth [23], electron beam deposition (EBD) [24], chemical 
vapor deposition (CVD) [25,26], thermo-reactive diffusion (TRD) [19], 
as well as laser cladding [27]. Among these routes, magnetron sputter
ing allows the most distinct control of the thermomechanical properties 
through varying process parameters. Typically, sputter-deposited NbC 
films exhibit a nanocomposite structure comprised of nanocrystalline 
sub-stoichiometric carbide phases (nc-NbCx) embedded in an amor
phous carbon (a-C) matrix [3,15,28]. Several studies were done to 
control the C/Nb ratio and hence the microstructure, to influence the 
mechanical properties of the coatings. Yate et al. deposited NbC films 
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with a nanocomposite morphology and C content ranging from 10 to 86 
at. % in non-reactive sputtering process using elemental targets [22]. 
The mechanical properties of the films were strongly influenced by the 
morphology as well as the free C content (amorphous C bonded as C–C), 
whereas a maximum hardness of 23 GPa was reported for the film with 
only 9 % free carbon phase [22]. Nedfors et al. deposited NbC coatings 
both reactively and non-reactively [13,15]. All their coatings consisted 
of nc-NbCx grains embedded in an amorphous C matrix. The grain size 
for the reactively sputtered coatings was in the range of 3–10 nm 
compared to 3–75 nm for the non-reactive coatings. Moreover, the 
hardness of the coatings was reduced with increasing total C content and 
a maximum hardness of 23 GPa was reported for a nearly stoichiometric 
C/Nb ratio of about 0.9 to 1 [15]. Recently, Sala et al. deposited NbC via 
reactive pulsed magnetron sputtering utilizing a relatively large pulse 
duty cycle of 28 % and frequency of 4 kHz [20]. These coatings exhibited 
hardness values of 10–11 GPa compared to 18–20 GPa for their DC 
grown counterparts. They attributed this drop in hardness to the high 
amorphous C fraction within the coatings and an under-dense 
morphology [20]. Nevertheless, the usage of pulsed growth techniques 
(especially those providing strongly ionized plasmas) constitute strong 
benefits when coming to the available energy during film growth to form 
highly crystalline structures [29]. 

As shown by Lewin and Jansson [28], the strong tendency of C to 
form amorphous grain boundary phases can be suppressed by providing 
highly energetic sputter flux, whereas high power impulse magnetron 
sputtering (HiPIMS) represents a valuable tool. In HiPIMS plasmas, the 
degree of ionization is based on the high peak power densities of up to 
several kW/cm2 obtained through short pulses with small pulse duty 
cycles (<10 %) [30–33]. Consequently, a large flux of energetic ions and 
an intense bombardment of the growing film can enable the growth of 
highly dense but also metastable phases, controlling the film composi
tion, microstructure and mechanical properties via the pulse parameters 
[34–39]. In HiPIMS, the target peak power density can be controlled 
while keeping the time-averaged power constant by tuning the pulse 
duty cycle (ton/T) and pulse frequency (f) [30,33]. Bakhit et al. showed 
that the stoichiometry of TiBx films could be controlled in HiPIMS suc
cessfully by varying the B/Ti ratio in the films between 1.8 and 2.0 by 
controlling the pulse length (ton) [34]. Similarly, J.C. Sánchez-López 
et al. controlled the stoichiometry of CrNx deposited by reactive HiPIMS 
by modifying the pulse parameters at constant nitrogen flow [40]. They 
could achieve stoichiometry variation between x = 0.63 and 1.10 within 
their CrNx films by changing the pulse length at a constant pulse duty 
cycle [40]. Soucek et al. employed reactive HiPIMS to deposit TiC 
coatings with high hardness (>40 GPa) and a low fraction of a-C phase 
[41]. In their study, the utilization of HiPIMS results in nearly stoi
chiometric TiCx coatings with a low a-C fraction due to the high energy 
influx and intense ion bombardment of the growing film in HiPIMS 
promoting the incorporation of carbon into TiC grains [41]. 

Therefore, in the present study, we thoroughly describe the HiPIMS 
deposition of NbCx thin films using a NbC compound target. The main 
focus is attributed to the influence of the peak power density on the C/ 
Nb ratio, microstructure, and mechanical properties by varying the 
pulse parameters (pulse frequency, duty cycle). The chemical composi
tion, bonding nature, and microstructure of the grown films are corre
lated with their mechanical properties and fracture characteristics. 

2. Experimental details 

All NbC thin films were synthesized using a laboratory-scaled 
magnetron sputtering system [42,43] using a powder metallurgically 
fabricated 3-inch NbC (1:1) compound target (Plansee Composite Ma
terials GmbH, purity 99.8 %). The depositions were carried out in a pure 
Ar atmosphere (fAr = 21 sccm) at a working gas pressure of 0.4 Pa and 
substrate temperature of 600 ◦C. The base pressure prior to the de
positions was maintained below 10− 4 Pa. A substrate bias potential of 
− 50 V was applied in DC mode, and the substrate holder was rotated 

with a frequency of 15 rpm while mounted parallel to the target at a 
distance of 85 mm. 

The cathode was connected to a MELEC SIPP pulse generator pow
ered by an ADL DC generator (3 kW). The target peak power density was 
varied from 0.11 kW/cm2 to approximately 1.48 kW/cm2 while utilizing 
a constant time-averaged power of 400 W. This variation was achieved 
and controlled through the pulse duty cycle (ton/T), which was changed 
stepwise from 10 % to 1.5 % for frequencies of 200, 500, and 1000 Hz, 
respectively. Thus, to obtain a duty cycle of 10 % for 500 and 1000 Hz 
pulse frequencies, the pulse width was set to 200 and 100 μs, respec
tively. The deposition rate of the films varied between 14.2 and 34.6 
nm/min, and the obtained film thicknesses range between 1.7 and 3.1 
μm. All the deposition parameters are summarized in Table 1. The 
waveforms of the discharge voltage (VT) and current (IT) were recorded 
using a digital oscilloscope (PicoScope 6403C, Pico Technology) utiliz
ing a voltage (Testec TT-HV 150) and current (Tektronix TCP303) probe. 
Moreover, the discharge peak power density within a period was 
calculated as 

Ppk = max
(

UT(t)∙ID(t)
AT

)

(1)  

where (UT) and (ID) are the target peak voltage and discharge peak 
current, respectively, and (AT) is the target surface area. 

All the coatings were deposited on single crystalline Si platelets (100- 
oriented, 20 × 7 × 0.38 mm3), single-crystalline SiC (20 × 7 × 0.35 
mm3), single-crystalline Al2O3 platelets (1011-oriented, 10 × 10 × 0.53 
mm3), and polished austenitic stainless-steel platelets (20 × 7 × 0.8 
mm3). Prior to the depositions, the substrate materials were cleaned in 
an ultrasonic bath using acetone and ethyl alcohol consecutively. 
Additionally, the substrates were Ar+ etched for 10 min at 5 Pa and a 
bias voltage of − 800 V. 

The chemical composition of all coatings was investigated by ion 
beam analysis employing elastic backscattering spectroscopy (EBS) and 
time-of-flight elastic recoil detection analysis (ToF-ERDA). ToF-ERDA 
was performed with 36 and 44 MeV I8+ primary ion beams and a 
recoil detection angle of 45o using the 5MV 15-SDH2 pelletron accel
erator at Uppsala University [44]. Depth profiles of the chemical 
composition are obtained using two software packages, CONTES [45] 
and Potku [46], respectively. More details on the employed detection 
system can be found in [47]. Furthermore, EBS was carried out with a 
detection angle of 170◦ using 4.35 MeV 4He+ primary ions and 
employing the strong 12C(4He,4He)12C elastic resonance at ~4.260 
MeV [48]. The backscattering spectra were simulated using SIMNRA 
software package [49], employing the information on other light species 
from ERDA as an input parameter [50]. The film densities were esti
mated based on the EBS areal densities and the cross-sectional SEM film 
thicknesses (see Fig. S2 in the Supplementary). 

Moreover, the structure of all coatings has been analyzed by X-ray 
diffraction (XRD) in Bragg Brentano configuration using a Panalytical 
Xpert Pro MPD system equipped with Cu-Kα radiation source operated at 
45 keV and 40 mA (wavelength λ = 1.5418 Å). Furthermore, the growth 
morphology for selected samples was further investigated by cross- 
sectional and plane-view transmission electron microscopy (TEM FEI 
TECNAI F20, field emission gun with 200 kV acceleration voltage) 
combined with selected-area electron diffraction (SAED) analysis. The 
TEM samples were prepared by mechanical polishing down to a thick
ness of 10 μm and subsequently Ar ion polishing using a PIPS II system 
(Gatan). The average grain size was evaluated by the intercept method 
from the dark-field TEM images (using the (111) and (200) reflections). 

X-ray photoelectron spectroscopy (XPS) analysis was performed 
using a custom-built SPECS XPS-spectrometer 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 60◦). The spectra 
were measured after Ar-ion etching (Ar partial pressure 2∙10− 5 Pa 
applying a voltage of 3 kV carried out in two steps for 120 and 240 s) to 
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minimize surface contaminations. The overview and detail spectra of the 
single elements were measured using pass-energies of 100 eV and 30 eV 
and an energy resolution of 1 eV and 100 meV, respectively. The spectra 
analysis was done using transmission corrections (as per manufacturer's 
specifications), Shirley-backgrounds, and sensitivity parameters after 
Scofield [51]. Furthermore, the binding energy value of adventitious 
carbon from minor surface contamination was set to 284.8 eV for charge 
correction. 

The mechanical properties of all the coatings in terms of hardness (H) 
and elastic modulus (E) were investigated on single crystalline Al2O3 
substrates by nanoindentation using an ultra-micro indentation (UMIS) 
system equipped with a Berkovich diamond tip. For each coating, 31 
indents with indentation load varied between 3 and 45 mN were per
formed in a load-controlled mode, and their load-displacement curves 
were consequently evaluated according to Oliver and Pharr's method 
[52]. The loading/unloading steps were divided into 20 increments, and 
a holding time of 1 s was used at the maximum load. Furthermore, the 
indentation depths were kept below 10 % of the film thickness in order 
to minimize substrate interference. Moreover, the elastic modulus was 
determined according to Ref. [53] after fitting the elastic modulus data 
as a function of the penetration depth (E vs. h). Hence, the E value was 
taken as the y-intercept after extrapolating the data back to the zero 
indentation depth [53]. The E values were calculated based on Poisson's 
ratio of ν = 0.22 [54]. Furthermore, the residual stresses of the coatings 
were calculated based on the modified Stoney's equation [55] and the 
curvature measurements of coated SiC substrates performed using op
tical profilometry (PS50, Nanovea). The thicknesses of the coatings used 
for stress measurements were determined from the SEM cross-section 
images. 

Furthermore, micromechanical tests were performed on micro- 
cantilevers to calculate the fracture toughness of the coatings. The 
microcantilevers were prepared using a ThermoFisher Scios2 (FIB-SEM 
dual beam system) equipped with Ga+ ion source. The cantilevers (see 
Fig. S3 in the Supplementary) were milled using a final ion beam current 
of 1 nA under an acceleration voltage of 30 kV. For each coating, six 
cantilevers were prepared. Afterwards, the prepared cantilevers were 
loaded at a loading rate of 10 nm/s using a displacement-controlled 
FemtoTools FT-NMT04, equipped with a diamond wedge tip. The 
microcantilever testing was done in a Zeiss Sigma 500 FEGSEM system, 

which was also used to measure the fracture surface geometries required 
for the calculation. 

The fracture toughness of the coatings was then calculated according 
to Matoy et al. [55]: 

KIC =
FmaxL
Bw3

2
⋅f
(a

w

)
(2)  

f
(a

w

)
= 1.46 + 24.36

(a
w

)
− 47.21

(a
w

)2
+ 75.18

(a
w

)3
(3)  

where (Fmax) is the maximum load applied, (L) is the length between the 
initial crack and the indenter tip, (B) is the width of the cantilever, (w) is 
the height of the cantilever, and a is the depth of the FIB-made notch. 
The dimensions of the cantilever were taken according to Brinckmann 
et al. [56,57]. 

3. Results and discussions 

3.1. Discharge characteristics 

Fig. 1 shows the target voltage VT(t) and current IT(t) waveforms as a 
function of the time during NbC HiPIMS at 500 Hz in pure Ar atmo
sphere. The discharge voltage exhibits the typical rectangular shape 
following the ignition oscillations maintaining values around − 480, 
− 495, − 630, and − 645 V for pulse lengths of 200, 100, 50, and 30 μs, 
respectively. These pulse lengths correspond to duty cycles of 10 % (gray 
lines), 5 % (blue lines), 2.5 % (dark yellow lines), and 1.5 % (black 
lines). Furthermore, a delay in the range of a few tens of μs can be 
observed between the target voltage and current. This lag is related to 
the discharge initiation and vacuum breakdown [58]. Moreover, for the 
relatively short pulses up to 100 μs, the current IT(t) waveforms exhibit 
the well-known triangular shape while reaching the peak current value 
at the end of the pulse. However, the current waveform at 200 μs 
exhibited an initial increase till it reached the peak value and plateaued 
with a steady-state current value till the end of the pulse. This current 
plateau is an indication that the plasma has reached an equilibrium 
concerning density and working gas heating [59]. The target peak cur
rent increases dramatically with decreasing duty cycle and ton, ranging 
from 12 to 105 A as the pulse duration decreases from 200 to 30 μs. 

Table 1 
Deposition parameters and chemical compositions obtained by EBS and ERDA for all NbCx coatings deposited.  

Sample Deposition parameters EBS ERDAa Density [g/ 
cm3] 

Frequency 
[Hz] 

ton 

[μs] 
Duty cycle 
[%] 

Peak power density 
[kW/cm2] 

C [at. 
%] 

Nb [at. 
%] 

C/ 
Nb 

C [at. 
%] 

Nb [at. 
%] 

O [at. 
%] 

Ar [at. 
%]  

1  200  250  5  0.35  60.0  39.5  1.52 59.8 ±
3 

37.3 ± 2 0.6 ±
0.2 

1.2 ±
0.4 

5.67 ± 0.01  

2  200  125  2.5  0.77  52.9  45.7  1.16 56.3 ±
3 

39.1 ± 3 0.6 ±
0.3 

0.7 ±
0.3 

6.58 ± 0.04  

3  200  75  1.5  1.41  52.8  46.8  1.13 51.2 ±
3 

45.1 ± 2 0.5 ±
0.3 

0.3 ±
0.3 

7.57 ± 0.01  

4  500  200  10  0.13  58.1  40.5  1.43 59.0 ±
3 

35.5 ± 2 0.3 ±
0.2 

1.0 ±
0.4 

6.19 ± 0.02  

5  500  100  5  0.36  58.6  41.0  1.43 58.1 ±
3 

37.8 ± 3 0.3 ±
0.2 

0.9 ±
0.4 

6.70 ± 0.08  

6  500  50  2.5  0.76  51.0  48.1  1.06 49.6 ±
2 

43.9 ± 3 0.3 ±
0.1 

0.5 ±
0.1 

7.00 ± 0.08  

7  500  30  1.5  1.48  50.0  49.5  1.01 48.9 ±
2 

46.5 ± 4 0.2 ±
0.2 

0.4 ±
0.2 

7.01 ± 0.08  

8  1000  100  10  0.11  57.8  40.8  1.42 58.0 ±
3 

37.8 ± 3 0.6 ±
0.1 

0.9 ±
0.1 

6.25 ± 0.01  

9  1000  50  5  0.38  51.3  47.3  1.08 54.8 ±
2 

41.7 ± 3 0.4 ±
0.1 

0.8 ±
0.1 

5.99 ± 0.04  

10  1000  25  2.5  0.74  50.0  48.5  1.03 51.3 ±
3 

45.9 ± 3 0.4 ±
0.1 

0.4 ±
0.1 

6.71 ± 0.09  

11  1000  15  1.5  1.24  49.2  49.4  0.99 50.3 ±
2 

45.9 ± 3 0.4 ±
0.1 

0.8 ±
0.1 

6.76 ± 0.05  

a Low concentration elements of Ti, W and Al were detected at <1.5 at. %. 
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Consequently, the target peak power exhibits a sharp increase by 
shortening the pulse width. 

3.2. Chemical and bonding analysis 

The chemical compositions of all NbCx films were determined by ion 
beam analysis employing a combination of elastic backscattering and 
elastic recoil detection analysis. EBS was used for an effective quantifi
cation of the distribution of Nb over the whole film thickness within the 
light C matrix, while ERDA provided accurate quantifications regarding 
all light species detectable (e.g. C, Ar, or O) [50], with EBS indepen
dently confirming the obtained C/Nb ratio for the near-surface regions. 

The elemental compositions obtained by these two methods are 
summarized in Table 1. All films deposited at relatively low target power 
densities (<0.36 kW/cm2) exhibit carbon enrichment with C/Nb > 1, 
whereas the residual O content is below 0.6 at. % throughout all coatings 
investigated. In a previous study by Liao et al. [21], overstoichiometry in 
carbon has been observed for NbCx films deposited from a compound 
target by DCMS. Also, Mráz et al. reported a deviation in composition for 
Cr-Al-C thin films deposited from Cr2AlC target, where their films were 
heavy-element deficient at low pressure times distance values (<20 
Pa∙cm) [60]. This deviation in film compositions stems from the 
different angular and energy emission distributions of the sputtered 
species [60]. Moreover, the EBS spectra of NbCx indicate that the con
centrations of film constituents are uniform along the film thickness (see 
also Fig. S1 in the Supplementary). Furthermore, the film densities ob
tained from elastic backscattering spectroscopy are included in Table 1. 
The NbCx film densities exhibit a variation between 5.67 and 7.57 g/ 
cm3, (the density of stoichiometric bulk NbC is 7.8 g/cm3 [61]). In 
correspondence to the highly ionized states within HiPIMS, the film 
density correlates with the applied target power density, where a film 
densification of even 33 % is observed by increasing the target power 
density. The use of HiPIMS is known to result in film densification based 
on the employed power densities due to the high flux ion irradiation and 
enhanced re-nucleation events during film growth [32,62]. 

Fig. 2 shows the C/Nb ratio in the grown films at different pulse 
frequencies as a function of the target peak power density. The C/Nb 
ratio in the films exhibits a clear dependence on the target peak power 
density, where the highest C/Nb value of 1.52 was obtained for the film 
deposited at 200 Hz with the power density of 350 W/cm2. However, the 
C/Nb ratio decreases with increasing power density for all pulse fre
quencies. At the highest applied power densities, all films achieve nearly 
stoichiometric composition with C/Nb ratios of 0.99, 1.01, and 1.13 

deposited at 1.24 kW/cm2 at 1 kHz, 1.48 kW/cm2 at 500 Hz, and 1.41 
kW/cm2 at 200 Hz, respectively. The reason for the drastic decrease of 
the carbon content by increasing power densities can be related to the 
ion-assisted film growth conditions during HiPIMS. The ionization 
fraction of the sputtered species in the HiPIMS mode strongly depends 
on the target power density, where higher ionization efficiencies can be 
achieved by increasing the target power density [31,32]. Carbon is 
known to have a much higher ionization potential of 11.26 eV compared 
to 6.75 eV for Nb [63]. Consequently, a higher ionization fraction of Nb 
is expected compared to C during HiPIMS. So, at low power densities, 
high fractions of ionized Nb are already expected in the plasma. Still, 
with predominant C flux of neutrals contributing to the film growth, and 
hence leading to a high amount of free C. By increasing the power 
density, more C species get ionized. The energetic C+ favours the 
incorporation in the NbC instead of forming free C, which leads to nearly 
stoichiometric films at the highest applied power density (Detailed ion 
mass spectroscopy measurements will be part of a follow-up study). 
Moreover, our results are consistent with a previous study by Samuels
son et al., reporting lower free carbon contents in TiCx grown by HiPIMS 
compared to DCMS coatings [3]. 

Fig. 3 shows the C1s XPS spectra obtained for two selected coatings 
deposited at the same pulse frequency of 500 Hz, but under different 
target peak power densities – Fig. 3a corresponds to the coating 
deposited at 1.48 kW/cm2 and 3b to the one at 0.13 kW/cm2. Decon
volution of the spectra yields two distinct components, one at 284.4 eV 
related to C–C bonds, whereas at 282.7 eV, Nb–C bonds are identified 
[13,15]. Both coatings contain a certain amount of free amorphous 
carbon (a-C) phase in addition to the crystalline NbCx. Estimating the 
amount of the amorphous carbon based on the XPS spectra, the a-C 
phase decreases from 37 % to 20 % when the target power density in
creases from 0.13 to 1.48 kW/cm2. The amount of free carbon in the 
films is correlated to the C/Nb ratio, and both are influenced by the 
applied target peak power density, whereas a lower content of free C is 
expected at higher peak power densities. Furthermore, it must be 
considered that during XPS measurements, not all C contamination can 
be removed by the Ar+ pre-sputtering steps, and 5–10 at. % of C can still 
be expected in the analysis. Moreover, the observation of the free a-C 
phase is in line with many previous studies on NbC and other TMCx 
coatings reporting dual-phase coatings containing sub-stoichiometric 
TMCx crystals in an amorphous carbon matrix [3,13,15,22]. 

Fig. 1. Target current IT (t) and Voltage VT (t) waveforms as a function of the 
pulse length recorded during HiPIMS of NbC. The average target power was set 
to 400 W with a 500 Hz pulse frequency. 

Fig. 2. The chemical composition of NbCx thin films in terms of the C/Nb ratio 
as a function of the target power density. The C/Nb ratio was obtained based on 
the analysis done by EBS. 
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3.3. Structural analysis 

Fig. 4 presents the structural analysis by XRD for all the NbCx coat
ings deposited at different pulse frequencies (carried out on sapphire 
substrates). The diffractograms are sorted by increasing peak power 
densities from bottom to top and additionally grouped into the coatings 
grown at pulse frequencies of 200 (black lines), 500 (dark yellow), and 
1000 Hz (blue lines), respectively. All NbCx films exhibit a single fcc NbC 
structure with no other competing crystalline phases (e.g. Nb2C or pure 
Nb). Additionally, peak shifts towards lower 2θ can be observed for 

coatings by increasing the peak power density, which is related to ion 
bombardment induced compressive stresses at high peak power den
sities. Furthermore, the preferred growth orientations in the coatings 
change from (111) to (200) with increasing peak power densities for 
coatings grown at 500 Hz and 1 kHz. As illustrated in Fig. 5 (see blue 
data points and axis, right-hand side), the texture coefficient for the 
(200) plane shows higher values for coatings deposited at 500 Hz with 
power density ≥ 0.75 W/cm2. Moreover, the FWHM estimated for (111) 
and (200) peaks is plotted as a function of the peak power density for the 
coatings deposited at 500 Hz (see Fig. 5, left axis). The FWHM shows a 
decreasing trend with increasing the target peak power density. The 
FWHM is known to be indicative of the crystallite size, where the smaller 
the FWHM, the larger the crystallite size [64]. The FWHM shows a 
similar decreasing trend as C/Nb with increasing the target power 
density, indicating a correlation between the C/Nb ratio and hence the 
carbon content. This is in line with previous studies, highlighting the 
dependency of the NbC grain/crystallite size on the carbon content 
within the coating [13,15]. The grain size of the carbide phase correlates 
with the amount of carbon, whereby the grain size decreases with 
increasing amount of (free) carbon. This is attributed to the agglomer
ation of carbon at grain boundaries suppressing the growth of highly 
crystalline domains [15,28]. Therefore, the peak power density and 
hence C/Nb ratio is used as the most dominating parameter for the 
correlation with other properties in the following discussions, i.e. 
microstructure and mechanical properties. 

Two coatings were chosen for detailed cross-sectional TEM in
vestigations to describe the influence of the target peak power density on 
the morphology (see Fig. 6). The first NbC1.43 coating was deposited at 
500 Hz with 0.13 kW/cm2 peak power density (see Fig. 6a–c). The 
bright-field, in addition to the HR-TEM images (Fig. 6a–b), clearly show 
that this coating exhibits a nanocrystalline morphology with relatively 
small grains embedded in an amorphous matrix. Furthermore, the 
selected area electron diffraction (SAED) pattern (see Fig. 6c) verifies 
the XRD analysis with only crystalline fcc NbC prevalent. Additionally, 
the SAED pattern shows continuous rings with no distinct spots, indi
cating the nanocrystalline nature of the microstructure with no domi
nant orientations. The evaluated grain size from the dark field image 
(based on (111) and (200) diffraction rings) was found to be 6.6 ± 2.5 
nm. 

The second investigated coating (NbC1.01) was also grown at 500 Hz 
but under a drastically increased peak power density of 1.48 kW/cm2. 
The influence of the increased peak power density on the microstructure 
is clearly visible in the BF-image of the coating cross-section (see 

Fig. 3. Deconvoluted C1s XP spectra of two selected NbC coatings deposited at 
500 Hz under different peak power densities. (a) NbC coating deposited by 
HiPIMS at 1.48 kW/cm2 with 1.5 % pulse duty cycle. (b) NbC coating deposited 
by HiPIMS at 0.13 kW/cm2 with 10 % pulse duty cycle. 

Fig. 4. X-ray diffractograms of NbCx thin films. Diffractograms are grouped 
with three different colours of black, yellow, and blue, corresponding to coat
ings deposited at HiPIMS pulse frequencies of 200, 500, and 1000 Hz, respec
tively. The diffractograms are labelled with the target peak power density 
(increasing from bottom to top). (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. Full width half maximum (FWHM) of the (111) and (200) peaks, and 
the textural coefficient TC(200) of (200) plane as a function of target peak power 
density for NbCx coatings deposited at 500 Hz pulse frequency. 
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Fig. 6d). The coating exhibits a columnar morphology with large crys
talline grains elongated in the growth direction. The average column 
width evaluated from the DF-image using the (111) and (200) re
flections (see Fig. 6e) was found to be 65.2 ± 18.7 nm, which is much 
larger compared to the 6.6 ± 2.5 nm for the coating deposited at 0.13 
kW/cm2. Moreover, the SAED pattern (see Fig. 6f) confirms the single- 
phase cubic NbC structure in accordance with the XRD analysis. In 
addition, the SAED image exhibits distinct spots due to the larger grain 
size of this columnar crystalline coating compared to the nanocomposite 
coating at 0.13 kW/cm2 having much smaller NbCx grains captured in 
the used aperture. 

Previous studies showed that sputtered NbC films typically exhibit a 
nanocomposite structure comprised of a nanocrystalline carbide phase 
(nc-NbCx) embedded in an amorphous carbon (a-C) matrix [13,15,22]. 
These literature findings are confirmed by our TEM investigations. As 
already mentioned, the C/Nb ratio in our films correlates with the target 
peak power density and reaches a C/Nb ratio of unity at 1.48 kW/cm2. 
Consequently, the microstructure of the coating changes from a nano
composite to a columnar structure as the peak power density increases 
due to the drastic reduction of C content available, which acts as an 
inhibitor to the columnar grain growth. The clear influence of the target 
peak power density on the films' composition and microstructure results 
in a variation of the mechanical properties of the NbCx thin films, as 
shown in the next section. 

3.4. Mechanical properties 

In Fig. 7, the residual stresses measured in the NbCx films as a 
function of the target peak power density is plotted. All coatings exhibit 
compressive stresses, obtaining more compressed states with increasing 

peak power densities. The stress value in the coatings deposited at a 
pulse frequency of 200 Hz increased slightly from − 1.1 to − 2.0 GPa as 
the power density increased from 0.35 to 1.41 kW/cm2. Similarly, the 
stress value in the coatings deposited at 500 Hz increased from − 0.75 to 

Fig. 6. Cross-sectional TEM images in bight- and dark-field modes and corresponding SAED patterns of two selected NbC coatings deposited at 500 Hz. (a), (b) and 
(c) present the BF-TEM micrograph, HR-TEM and SAED of NbC coating deposited by HiPIMS at 0.13 kW/cm2 with 10 % pulse duty cycle. (d), (e) and (f) present the 
TEM micrographs and SAED of NbC coating deposited by HiPIMS at 1.48 kW/cm2 with 1.5 % pulse duty cycle. The DF images were obtained using (111) and (200) 
diffractions. The dashed circle (f) represents the selected area for the diffraction pattern. 

Fig. 7. Stress evolution of all NbCx coatings deposited at different pulse fre
quencies as a function of target power density. The error bars are relatively 
small compared to the symbols. 
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− 3.2 GPa as the power density increased from 0.13 kW/cm2 to the 
maximum value of 1.48 kW/cm2. Furthermore, the highest compressive 
stress values were recorded for the coatings deposited under 1 kHz with 
values ranging between − 1.1 to − 3.7 GPa. The increase in compressive 
residual stress with rising peak power density results from the enhanced 
collision cascades during the ion-assisted film growth. In addition, this 
process is accompanied by the introduction of point defects in the 
structure due to the intense ion bombardment of the growing film 
directly related to the utilized power density [65,66]. 

Fig. 8a shows the influence of the pulse frequency and target peak 
power density on the hardness of all deposited NbCx films. As illustrated, 
the hardness values show an increasing trend with increased peak power 
densities before plateauing around a maximum value in dependence on 
the pulse frequency. The hardness of the HiPIMS coatings deposited at 
200 Hz increased from 27 ± 2.8 to 35.5 ± 4.3 GPa as the peak power 
density increased from 0.35 to 1.41 kW/cm2. Moreover, the coatings 
grown at 500 Hz show a drastic increase in hardness from 28 ± 3.4 to 
38.7 ± 3.6 GPa as the target peak power density raised from 0.13 to 
0.76 kW/cm2. After this substantial jump, the hardness plateaus till it 
reaches 37.5 ± 3 GPa at 1.48 kW/cm2. At the highest pulse frequency of 
1 kHz, the hardness of the coatings changed from 31.4 ± 2.8 to 37 ± 3.8 
GPa as the power density increased from 0.11 to 0.38 kW/cm2. Subse
quently, it plateaued around this value and reached 35.5 ± 3.9 GPa at 
the highest peak power density of 1.24 kW/cm2. The maximum recorded 
mean hardness value of 38.7 GPa was obtained for the NbC coating 
deposited under 0.76 kW/cm2 at 500 Hz, obtaining a relatively low C/ 

Nb ratio of 1.06. The obtained hardness values exceeded those reported 
in the literature for reactive and non-reactive sputtered NbCx 
[13,15,17,20,22]. The maximum hardness for a NbC coating was re
ported by Mesquita et al. was 37 GPa for a film deposited using non- 
reactive DCMS and exhibiting an extreme residual compressive stress 
of 10 GPa [17]. Most of the previous studies showed that the C/Nb ratio 
and the amount of free carbon dramatically affect the microstructure 
and, consequently the hardness of the NbCx films. For example, Nedfors 
et al. reported a variation in the hardness from 16 to 23 GPa as the C/Nb 
ratio decreased from 1.59 to 0.95, while they reported lower hardness 
values for the non-reactively sputtered coatings due to the higher 
amount of amorphous carbon [15]. 

Nevertheless, in the present study, we observed a variation in 
hardness between 27 and 38 GPa strongly correlating to the C/Nb ratio 
and the related microstructural changes. The coating with the high C/Nb 
of 1.43 exhibiting a nanocomposite microstructure (see Fig. 6a) has only 
a hardness value of 28 GPa. However, the hardness value drastically 
increased to a value of 37 GPa as the microstructure changed into more 
columnar structures (see Fig. 6d). Glechner et al. reported in a recent 
study on WCx thin films the strong relation between microstructure and 
mechanical properties, whereas a hardness variation from 27 GPa for 
nanocrystalline coatings to 39 GPa for columnar crystalline coatings was 
observed [42]. Furthermore, the obtained hardness for the NbCx films is 
higher than those of bulk NbC, exhibiting 24.5 GPa, which is related to 
the grain size and Hall-Petch effect [67]. However, this effect is reversed 
below a certain grain size, and the plastic deformation occurs by grain 
boundary rotation and sliding (reverse Hall-Petch effect), where the 
reduction in grain size leads to material softening [68]. The reverse Hall- 
Petch effect can explain the hardness reduction in our coatings as the 
microstructure in the coatings changes from columnar to nanocomposite 
(including a-C on the grain boundaries). 

Fig. 8b shows the elastic moduli as a function of the target peak 
power density. The elastic moduli of the NbCx films follow a similar 
trend as the hardness, increasing from 300 ± 5 to 402 ± 9.5 GPa with 
rising power density from 0.35 to 1.41 kW/cm2 at 200 Hz. The E values 
for the coatings at 500 Hz started from 303 ± 10 GPa at 0.13 kW/cm2 

and peaked at 426 ± 17 GPa as the power density increased to 0.76 kW/ 
cm2. Furthermore, the coatings deposited at 1 kHz showed a drastic 
increase in the E values from 343 ± 12 to 433 ± 29 GPa as the power 
density slightly increased from 0.11 to 0.38 kW/cm2. Then, the E value 
slightly increased with further increase in the power density till it 
reached 441 ± 22 GPa at the highest power density of 1.24 kW/cm2. The 
obtained elastic moduli for the films deposited at high power densities 
with relatively low C/Nb ratio align with the reported elastic modulus 
for bulk NbC of 406 GPa [67]. This indicates the high crystallinity and 
homogeneity of these coatings since the elastic modulus is an intrinsic 
material property strongly dependent on the prevalent atomic bonding. 
However, the reported elastic modulus values for sputtered NbC coat
ings in the literature are in the range of 200–350 GPa [17,20,22], being 
comparable to the coatings with high C/Nb ratios. 

Moreover, the fracture toughness of some selected coatings was 
determined by micro-cantilever beam bending tests. Fig. 9 presents the 
fracture toughness data as a function of the target peak power density for 
the NbCx coatings deposited at 500 Hz pulse frequency. The KIC value 
increased from 1.8 ± 0.08 to 2.5 ± 0.11 MPa∙m1/2 as the peak power 
density increased from 0.13 to 0.35 kW/cm2, and it reached the 
maximum value of 2.78 ± 0.13 MPa∙m1/2 at 0.76 kW/cm2 for the 
coating with the C/Nb ratio of 1.06. However, the minimum KIC value 
was obtained for the coating with the nanocomposite structure and, 
consequently highest C/Nb ratio of 1.43. The obtained low KIC value for 
the nanocomposite NbC1.43 is related to the high fraction of free amor
phous carbon phase at the grain boundaries, which features a weak 
bonding nature compared to the crystalline NbC phase. Moreover, the 
observed decrease in fracture toughness with the increasing amount of 
free carbon at the grain boundaries is in good agreement with the results 
reported in [8]. Furthermore, the KIC values are consistent with previous 

Fig. 8. (a) Hardness and (b) Elastic modulus of all NbCx coatings deposited at 
different pulse frequencies as a function of target power density. 
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studies on TM-Carbides correlating the fracture toughness of TMC with 
the valence electron concentration (VEC) [8,69–71]. By increasing VEC, 
the bonding character changes from a more directional covalent 
bonding to a more metallic bonding character, resulting in enhanced 
ductility and fracture characteristics. It was previously reported that HfC 
(VEC = 8) exhibits KIC value of 1.89 MPa∙m1/2 [70], while WC (VEC =
10) reaches 3.3 MPa∙m1/2 [8]. In consequence, NbC fits this trend with 
2.78 ± 0.13 MPa∙m1/2 for NbC1.06, obtaining a VEC of 9. 

4. Conclusions 

Within this study, we have demonstrated that the chemical compo
sition, microstructure, and mechanical properties of NbCx thin films 
grown by HiPIMS can be controlled by the applied target peak power 
density. Three series of NbCx coatings have been deposited at pulse 
frequencies of 200, 500, and 1000 Hz. By decreasing the HiPIMS pulse 
duty cycle from 10 to 1.5 %, while maintaining all other parameters 
constant, the peak power density varied from 0.11 to 1.48 kW/cm2. This 
ion-assisted change of the growth conditions leads to a drastic reduction 
of the C/Nb (from 1.52 to 0.99) within the fcc-structured films. 
Concurrently, the microstructure of the coatings changed from a nano
composite morphology with an estimated NbCx grain size of 6.6 ± 2.5 
nm at 0.13 kW/cm2 (NbC1.43) into a columnar structure with an average 
column width of 65.2 ± 18.7 nm at 1.48 kW/cm2 (NbC1.01). The drastic 
change of the C/Nb ratio and subsequently the microstructure with 
increasing peak power density is based on the enhanced growth condi
tions, dominated by ions rather than neutrals. The related changes in 
chemical composition and microstructure also strongly influence the 
mechanical properties of the NbCx films. The maximum hardness values 
of around 38 GPa were obtained for the nearly stoichiometric films. The 
fracture toughness also correlates with the C/Nb ratio, whereas a high 
amount of free carbon – a prerequisite for a nanocrystalline morphology 
with a C-rich amorphous grain boundary phase – leads to lower KIC 
values, i.e. 1.8 ± 0.08 MPa∙m1/2 for NbC1.43 at 0.13 kW/cm2 compared 
to 2.78 ± 0.13 MPa∙m1/2 for the highly columnar NbC1.06 coating (0.76 
kW/cm2). 

In summary, this study highlights the versatile possibilities in non- 
reactive HiPIMS deposition of NbCx coatings, allowing for a distinct 
control of the film stoichiometry, microstructure, and mechanical 
properties, by simply tuning the HiPIMS pulse parameters. 
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[40] J.C. Sánchez-López, A. Caro, G. Alcalá, T.C. Rojas, Tailoring CrNx stoichiometry 
and functionality by means of reactive HiPIMS, Surf. Coat. Technol. 401 (2020), 
126235. 
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