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Protective multi-component thin films at the surface of cutting tools have been significantly developed to reduce
wear and friction. The present work investigates the effect of substrate bias voltage on the structural-tribological
relations of W-Ti-C-N thin films produced by HiPIMS and DCMS co-sputtering. Chemical analysis of the coatings
is obtained and composite phase structure is revealed. Morphology of the coatings illustrates that defectless
surfaces may be achieved. Topographical parameters are investigated by employing graphical software. Inden-

tation, scratch and pin-on-disk tests (pin is AISI 52100 steel) are applied to study mechanical behaviors of the
films. To produce a wear-resistant film, a median bias voltage (—60 V) and as a result, optimum content of
tungsten concentration (19.2 at. %), grain size (42.8 nm) and average peak interval (188 nm) is required. Finally,
a model based on the representative volume element is developed to show crack propagation and delamination.

1. Introduction

One of the first generations of hard protective coatings is TiN thin
film system developed since 1980 [1-3]. To gain higher hardness and
improved tribological performances, some elements were added to these
films. Elements such as Cr, Mo, V, Nb and W (elements of the IVB, VB
and VIB columns in the periodic table) were selected [4-7]. Also, Al and
Si are other suitable candidates to do so [8,9]. Moreover, other re-
searchers found out that adding carbon to TiN films can be a promising
choice to use in mechanical parts [10,11]. Hence, multi-component
coatings could be excellent candidates to satisfy severe mechanical
conditions. As tungsten-based compounds [12] are one of the hardest
materials in nature, some efforts have been made to produce tungsten
nitride/carbide coatings [13-16]. Consequently, it is predictable that
the W-Ti-C-N system could be one of the best choices to give a desirable
tribological performance. This kind of film produced by conventional
sputtering have been deposited since 2000 [17-22]. The mechanical and
tribological properties of these films were examined by indentation,
scratch and pin-on-disk testing. However, the exact information about
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the structural features (like surface topographical parameters) and me-
chanical properties (e.g. fracture/crack pattern) of this system have not
been reported yet.

Multielement coatings which are composed of ceramic phases, have
been extensively used in machining industries [9]. This is due to their
higher thermal stability and hardness values rather than metallic coat-
ings. However, the applications of these ceramic materials have their
own limitations. Although the hardness of these materials is high
enough, unlike metallic thin films [23], fracture toughness and adhesion
to the substrate are the main issues which can deteriorate tribological
properties [24-26]. These thin films which are submitted to severe
conditions, should withstand high constant and variable loads. There-
fore, under fixed and cyclic loads, these films must have the ability to
prevent crack initiation and propagation which can delay delamination,
peeling and brittle fracture [27-30]. Employing defectless and compact
films with nano-sized grains and interlayers can guarantee
wear-resistant coatings with desirable toughness and adhesion [31-33].
These materials with higher crack resistance [34] are the best candidates
to coat metallic components. Moreover, like the model presented by
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Fleming and Suh [35], hazardous microstructure (surface structure with
subsurface voids and pores) production must be characterized to avoid
catastrophic fracture during service conditions. Subsurface voids can
join together simply and then quick delamination may occur.

The vapor deposition methods (physical or chemical) are promising
processes to present high-quality thin films. In general, physical vapor
deposition (PVD) processes are more efficient (e.g. energy consuming
factor) in obtaining coatings with good mechanical and tribological
properties [36-39]. To satisfy industrial conditions (e.g. higher depo-
sition rate and lower temperature/energy consumption) and techno-
logical aspects (like higher surface uniformity without defects like
macroparticles) simultaneously, magnetron sputtering is employed
more than the other vacuum processes like arc and evaporation methods
[40,41]. So far, direct current magnetron sputtering (DCMS) is the usual
set-up employed for depositions. However, it has its limitations, like
lower plasma ionization and low energetic particles received at the
substrate surface [42]. Therefore, high power impulse magnetron
sputtering (HIPIMS, also called iPVD, which means ionized type of PVD
[43]) was developed to overcome these shortcomings. Recently, this
method started to be preferred due to the higher particle mobility at the
substrate surface and, as a result, higher coatings densities (without
pores and open boundaries) are obtained. Generally, uniform nano-
structured films are of great importance since these features influence
the mechanical responses of materials [44]. In the sputtering deposition,
there are process parameters affecting the structure quality of thin films
such as substrate bias voltage [45,46], peak power density [47,48],
reactive and plasma gas types and content [18,49,50], base pressure
[51] and substrate temperature [18,52]. As mentioned before, because
of higher particle energy in HIPIMS, rising substrate temperature is
seldomly applied in HIPIMS [53]. Moreover, the use of different gas
mixtures has been sufficiently studied [18,49,50], so substrate bias
voltage and peak power density are challenging topics in HIPIMS de-
positions. Anyway, although some studies [44,54] investigate the me-
chanical properties of multielement thin films (more than three
elements) produced by HIPIMS, tribological behavior of multielement
coatings when substrate bias varies has been rarely researched [55].

In the present study, the effect of substrate bias voltage on the
structural-mechanical properties of W-Ti-C-N thin films is analyzed. All
in all, it is important to introduce optimum level of substrate bias voltage
in HIPIMS processes to obtain excellent tribological properties. Hence,
the main aim of this study is to investigate the structural-mechanical
variations of W-Ti-C-N thin films prepared by combinational HiPIMS
and DCMS. Substrate bias voltage value was changed from zero up to
—80 V while other parameters were kept constant. Firstly, chemical
bonds and phase characteristics of the coatings are studied. Then
morphological and topographical features are analyzed. In addition,
indentation (with low and high loads) and sliding tests (scratch and pin-
on-disk tests) results are performed. Finally, a detailed discussion of
adhesion and wear characteristics is presented. Furthermore, a model
for a brittle fracture is proposed based on the representative volume
element.

2. Materials and methods
2.1. Deposition conditions

W-Ti-C-N films were deposited with a HiPIMS power supply (HiPIMS
Cyprium™ plasma generator, Zpulser Inc.) connected to a titanium
(99.99%) square target and a continuous DC power source (Hiittinger
PFG 7500 DC) connected to a tungsten carbide (99.95%) square target.
For both targets, the dimensions were equal to 150 x 150 mm and 10
mm in thickness. In each deposition, silicon [100] 1.5 x 1.5 cm and steel
(AISI D2) samples were used. The AISI D2 steel substrates (25 mm
diameter and 8 mm thick) were tempered at 200 °C (60 HRC) and mirror
polished using diamond paste (Ra ~0.1 pm). Both, the steel and silicon
substrates were cleaned in acetone and ethanol ultrasonic baths for 15
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min each and glued with electric and thermal conductive glue (99.9%
purity) onto an aluminum substrate holder that revolved at 23.5 rev/
min around the central axis of the deposition chamber during the de-
positions. The substrate-to-target distance was kept at 80 mm. A base
pressure lower than 3 x 10™* Pa was achieved before the depositions
using a system constituted by a rotary and a turbomolecular pump. Prior
to all depositions, the substrate surface was etched using a pulsed DC
power source (voltage = 340 V and current = 0.12 A) for 60 min. In
order to enhance the W-Ti-C-N films adhesion to the substrates, a Ti
layer was first deposited on the substrates surface and followed by a TiN
layer. The first layer composed of Ti (10 min of deposition time in pure
Ar plasma by HiPIMS at 0.4 Pa) and TiN (6 min of deposition time with
50% Ny in the discharge gas at 0.8 Pa) was deposited prior to the main
runs.

In this work, the target peak power (Pp) is defined as the product of
peak voltage (Vp) x peak current (Ip). For all depositions, the peak
power is nearly constant (60.7 KW). For both DCMS and HiPIMS, the
average power (Pa) of deposition was kept constant at 700 W in all
depositions. In HiPIMS, both the voltage and current waveforms consist
of packets of oscillations with a duration (D) of 1800 ps. Each oscillation
consists of a gradual increase of both the voltage and the current up to a
maximum value during the on-time (to, = 6 ps), followed by a gradual
decrease down to zero before the beginning of the next oscillation. The
oscillations period (T) was kept constant at 70 ps. More details about the
oscillating current and voltage waveforms in DOMS can be found in
reference [56]. To study the microstructure features and mechanical
properties relationships, it was decided to change the substrate bias
voltage with the values listed in Table 1.

2.2. Characterization methods

2.2.1. Micro-structure tests

The microstructure of the films was studied by scanning electron
microscopy (SEM) using a Quanta 400FEG ESEM. All SEM micrographs
were acquired with a 5 keV beam. To get SEM images, secondary elec-
tron detectors were applied. The composition of the films was evaluated
by Energy Dispersive Spectroscopy (EDS). ZAF (atomic number-Z-,
absorbance-A-, and fluorescence-F-) corrections were employed for
EDS measurements. Also, for each sample, the element concentrations
were evaluated after averaging the data from five different sites. Surface
roughness was measured by AFM (Bruker Innova) in contact mode using
a SiN tip with a radius lower than 10 nm.

The phase structure of the coatings was characterized by grazing
incidence X-ray diffraction (GI-XRD) (Analytical X’Pert PRO MPD) with
Cu Ka radiation (45 kV and 40 mA-A = 1.54 ;\) using a parallel beam in
symmetrical 6-20 geometry. Applied grazing angle was 1°.

The structural investigation of the deposited films was performed by
employing UV Raman spectroscopy using a Renishaw inVia Raman
microscope equipped with a He-Cd laser of 325 nm.

2.2.2. Mechanical tests

To measure mechanical properties of thin films, indentation tech-
niques were used [57-59]. The hardness and Young Modulus of the films
were measured by nano-indentation (Micromaterials Nano Tester) using
a Berkovich diamond indenter. The values were obtained from the
load-penetration depth curves, using a method developed by Oliver and
Pharr [58]. Sixteen hardness measurements were performed for each

Table 1

Samples and parameters.
Sample code Bias value [V] Pp [KW] Ip [A] Vp [V]
SO 0 61 55 1105
40 —40 59 54 1100
S60 —60 62 54 1140
S80 —80 61 53 1150
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specimen. A 5 mN load was used in order to ensure an indentation depth
lower than 10% of the coating thickness. Also, to investigate the fracture
toughness of the coatings, different high load indents (100 mN, 450
mN-this level is the maximum value of nano-indentation tester- and
1N-with Vickers indenter-) in various sites of thin films were done.

The scratch test was used to evaluate the adhesion of the films. It was
performed using a scratch tester, CSEM — REVETEST, with a Rockwell
“C” diamond-tipped indenter with a spherical tip radius of 200 pm. A
normal load was linearly increasing from O to 60 N, and the scratch
speed was 10 mm/min and a loading rate of 100 N/min. Before testing,
all samples and the indenter were cleaned with ethanol. An optical
microscope was used to quantify the adhesive properties of the film.

The tribological behavior of the W-Ti-C-N films was evaluated by
pin-on-disk tests in an ambient atmosphere (room temperature, 40%
relative humidity and without lubrication) using 10 mm AISI 52100
balls as counterparts. Prior to the sliding wear tests, steel pins were
sonicated in acetone. Then they were washed by distilled water and
dried in hot air to remove surface contamination. All tests (three tests in
each sample) were carried out with a linear speed of 0.1 m/sand a5 N
load during 2000 cycles. Also, to study wear rate trends, 500 and 4000
cycles tests were done. Cross-section profiles of the wear tracks were
acquired using a 2D profilometer (MituToyo Surf test SV-500). The wear
rate was determined from the average area of the wear track profiles
taken from at least three profiles obtained at different locations. The
wear tracks morphology was observed by scanning electron microscopy
(SEM) using a Quanta 400FEG ESEM.

2.2.3. Softwares and modeling

In order to study fractal parameters, Gwyddion software (v. 2.60)
was used. In addition, to calculate wear area of 2D profiles, Autodesk
AutoCAD (v. 2022) software was applied. Moreover, to draw thin film
structure and delamination procedure, Adobe Photoshop (v. 2021) and
AutoCAD were employed. As can be seen from SEM images (Figs. 3 and
4), coatings are uniform and the average properties of one selected local
area could be an indicator of the whole micro-structure. Hence, the
structure model used as representative volume element (RVE) [60]
could represent the continuum properties of the coating mass.

3. Results
3.1. Microstructure of the coatings

3.1.1. Chemical analysis

Table 2 presents the elemental composition of W-Ti-C-N thin films
obtained from EDS analysis. As can be seen, by increasing bias potential,
both metallic percentages (W + Ti) and nitrogen content in the coatings
gradually increase. In contrast, carbon content gets lower values and
oxygen (usual impurity in PVD processes [18,33]) is presented in low
amounts (below 3.5 at%) and its content is influenced by the bias
voltage. Hence, metals to nonmetals ratio increases when bias voltage
increases (see the right column in Table 2). It must be mentioned that
other impurities (like Ar, that can be incorporated in thin films with
extremely low amounts [8]) contents are lower than 0.2 at. %. This trend
can be explained by the energy and mass of particles reaching the sub-
strate [42,46]. At higher levels of bias voltage, particles with higher
mass weights (W and Ti ions/atoms) diffused and deposited to the

Table 2

Elemental percentage of thin films based on EDS analysis.
Sample W [at. Ti [at. N [at. C [at. O [at. M/NM
code %] %] %] %] %] [%]
SO 17.4 13.7 44.8 20.4 3.5 45.26
S40 18.6 13.7 45.8 20.0 1.9 47.71
S60 19.2 13.9 46.1 18.0 2.7 49.55
S80 17.0 16.8 47.9 15.9 2.2 51.21
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coating more efficiently and nitrogen could be substituted for the carbon
in the growing layer. On the one hand, nitrogen amounts in thin films
are higher than carbon and on the other hand, nitrogen content rises
while carbon content becomes less. As a result, the content of nitride
compounds can grow gradually while the amounts of carbide com-
pounds reduced significantly.

Fig. 1 shows the grazing incidence X-ray diffractograms of the
coatings. Because of low peak intensities, it can be concluded that
hybrid/composite phase structure (crystalline phases and amorphous
phase) are obtained. To add to it, the amorphous phase is the major
phase in all thin films while some low content nano-crystalline phases
(according to the Scherer equation, maximum crystallite size is 16 nm)
can be seen. High content of the amorphous phase in the thin films
produced by co-sputtering in the presence of high nitrogen ratio (Pyn2/
Par = 0.5) is usual [4,15]. Moreover, crystalline phases can be attributed
to WN (Ref. Code = 96-153-8665), WoN (Ref. Code = 00-025-1257), WC
(Ref. Code = 01-073-0471), WCy.x (Ref. Code = 00-020-1316), TiN
(Ref. Code = 00-038-1420), TiC (Ref. Code = 96-591-0092), TiCy 2N g
(Ref. Code = 01-076-2484). Peak broadening can be assigned to over-
lapping the XRD patterns of the abovementioned phases and nano-
crystalline structure. Therefore, detecting the phase structure of
W-Ti-C-N coatings by XRD patterns alone is nonsense and it requires
more investigation.

Fig. 2 shows the Raman spectra of W-Ti-C-N thin films, illustrating
narrow and wide peaks at low and high vibrational frequencies which
are related to the acoustical and optical phonons [10]. It is worth
mentioning that exact peak locations are not constant for all samples (or
the other related works) because the phase and bond stoichiometries can
present some variations [61]. Therefore, introducing peak location by
wavenumber range is more logical. In these spectra, vibrational in-
teractions of 145-157 cm™! are attributed to the W,N bonds (like the
presentation in Ref. [15]). Peaks located at 480- 487 cm ! are related to
the WC bonds. Similar work [13] confirms this result. Low intensity
peaks at 790-810 cm ™! can be attributed to the TiCN bonds. This result is
in good agreement with the previous study [10]. Furthermore, peaks at
1350-1378 and 1550-1565 cm ™! are attributed to the D and G peaks of
amorphous carbon (like reference [62]). Interactions at 2348-2351
cm™! can be related to the CN bonds. This result and the findings pre-
sented by Chowdhury et al. [63] are alike. For carbide compounds, Ip/Ig
can be a suitable indicator to show crystallinity. Moreover, the full width
at half maximum (FWHM) of a sharp peak can be used as a crystallinity
criterion [41]. As the FWHM of the right peak (2350 cm™Y) is similar for
all the coatings, the left peak (150 cm_l) was selected. FWHM of sample
S60 is minimum (72 cm™b). Nevertheless, a criterion based on peak
intensities (including carbide and nitride phases simultaneously) could
be more reliable (given in discussion section 4.1). All things considered
(the data from Table 2, Figs. 1 and 2), it can be concluded that the WC,
W3N and TiCy 2Ny g nano-crystalline phases are present in all coatings,
whereas the amorphous carbon phase can be present since D peak in the
Raman spectra is present for all films. The formation of WC and
TiCp.2Ng.g phases was also observed in our previous work done by
conventional sputtering [18]. To add to it, the existence of
nano-crystalline tungsten nitride in the films means that the target can
be sputtered with the decomposition of WC particles by higher plasma
density (HIPIMS), and then nitrogen reacts with the species. However,
because of lower intensities in Raman spectra and decreasing the C
percentage in EDS analysis, amorphous carbon content is lower in
samples S60 and S80 rather than in SO and S40.

3.1.2. Morphology

Fig. 3a—-d shows cross-sectional SEM images of W-Ti-C-N thin films.
According to these images, it is clear that all the sample structures are
compact and without any macro-defects (like pores and macro-particles
[32]) which can be generated during sputtering. The thickness of the
first layer (Ti + TiN) as well as the total thickness of the coatings are
presented in all figures. The thickness of the first layer is slightly above
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Fig. 2. Raman spectra of thin films.

100 nm, which guarantees favorable adhesion between the coating and
substrate. It is obvious that deposition rates of samples S40 and S60 are
more than samples SO and S80. By fixing all the parameters and just
increasing substrate bias voltage, the thickness is increased from 953 nm
(S0) to 1070 nm (S40) and 1060 nm (S60) then decreased to 936 nm
(S80). Moreover, it is important to mention that samples SO and S40
illustrate fine columnar morphology while sample S60 has featureless
morphology. Clear oblique columnar morphology can be observed in
Fig. 3d for sample S80. However, at the first layer and second layer
interface of samples S40 and S60 minor columnar growth is generated.
Unlike metallic thin films [45,46], increasing bias voltage firstly en-
hances the deposition rate and then gets a considerable reduction. This
trend could be explained by the energy distribution of particles received
at the surface of the substrate/last deposited layer and the addition of
reactive gas (nitrogen) [44]. Firstly, without any bias potential (sample
S0), adatoms/ions are received and deposited on the surface in normal
mode. By increasing bias voltage level, the energies of particles increase
and growth rate gets the maximum value (samples S40 and S60). In this
study, higher bias voltages (sample S80) can facilitate directional
growth and result in columnar morphology. In contrast, a previous study
[54] demonstrated that with increasing substrate bias voltage dense and
featureless morphology takes place. The dissimilarity between the pre-
sent work and the mentioned one [54] may be related to the sputtering
parameters like temperature and pulse characteristics [56].

Fig. 4a—d shows the SEM images of W-Ti-C-N thin films (surface
morphology of the coatings). All coatings, with the exception of S60
(Fig. 4c), show unequal and large grains. The S60 film presents uniform
and ultra-small grains. The homogenous morphology of sample S60 can
be a result of compact positioning (dense structure illustrated in Fig. 3c)

of deposited particles. This similar outcome was mentioned elsewhere
[55]. Furthermore, all the grains in sample S60 (see yellow grains in
Fig. 4c) are quite small (below 100 nm) while there are macro-grains in
other samples. These macro-grains (more than 100 nm) are identified by
red arrows and boundaries in Fig. 4a, b and 4d. Grains in sample SO
(Fig. 4a) do not have a specific shape while they are nearly circular in
sample S40 (Fig. 4b) and textured in sample S80 (Fig. 4d). This textured
oblique shape of grains in sample S80 is the result of oblique columnar
growth which is characterized by red boundaries in Fig. 3d. As the
surface roughnesses of all samples are extremely low (lower than 1.59
nm, see Table 3), their image contrast and grains are not highly quali-
fied. Therefore, AFM set-up could be useful to investigate surface fea-
tures of W-Ti-C-N thin films.

To study the coatings topography, 3D-AFM images of W-Ti-C-N thin
films are shown in Fig. 5a—d. It is clear that the sample S60, with peaks at
the maximum of 20 nm and valleys at a minimum of —15 nm in Fig. 5c,
has the lower roughness amplitude in comparison to the other films see
Fig. 5a, b and 5d. It is obvious at a glance that because of the identical
process to deposit samples (utilizing HIPIMS and clean room chamber),
the height distribution and roughness values of the films are nearly
equivalent. According to Table 3, roughness and fractal dimension are
almost equal for all the coatings (1.18 nm <Ra <1.31 nm,1.49 nm <Rq
<1.59nm and 2.40 < D < 2.43). The minimum roughness data of
sample S60 could be significant for mechanical properties. Nevertheless,
the traditional explanations of surface geometry are based on average
and root mean square roughnesses (Ra and Rq), however, they cannot
describe the total features of surface topography [64]. Therefore, for a
detailed description of surface geometry, graphical analysis was
employed. To get the fractal parameters listed in Table 3, segmentation



S.A. Ataie et al.

L— . .
0.955 2 0.951pm

0.109

200 nm Mag=25.0 KX, WD=3.3 mm

0.105

200 nm Mag=30.0 KX, WD=3.0 mm

0.105

200 nm Mag=25.0 KX, WD=2.9 mm
Fig. 3. Cross-sectional SEM images of thin films; (a) SO, (b) S40, (c) S60,
(d) S80.

method and texture profiles are applied (see Figs. M1 and M2 in the
supplementary file). By increasing substrate voltage, average peak in-
terval (API) increases up to 188 nm and then decreases. For grain size (d)
in Table 3, this trend is reversed. Other parameters (grain density-GD-,
skewness-Sk- and kurtosis-Ku-) follow no obvious trend. For sample
S60, grain density (302.2 pm~2) and kurtosis (2.83) are maximum.
Among all the coatings, only S80 gets negative values of skewness. As a
consequence, some extended grains are presented with red boundaries
in Fig. M1d in the supplementary file. This result is in good agreement
with the SEM image of S80 (Fig. 4d).

3.2. Mechanical properties of the coatings

3.2.1. Indentation characteristics

Fig. 6 presents the hardness and toughness parameters (H/E and H3/
E2) of W-Ti-C-N coatings, based on load-indentation depth graphs with a
maximum load of 5 mN (see Fig. M3 in the supplementary material).
Strong and clear pop-in cannot be observed in load-displacement
graphs. Like the discussion given in Ref. [37], this result is probably
due to the low dislocation densities at these low values of indent loads.
Increasing substrate bias voltage, firstly increases hardness and tough-
ness values up to maximum values (sample S60), but with further in-
crease in bias potential these mechanical properties decrease
significantly (sample S80). Hence, it is clear that sample S60 gets the
higher values of hardness (29.2 GPa), H/E (0.116) and H3/E2 (0.4). Tt
must be noted that sample S40 gets the high hardness of 19.7 GPa but
the toughness parameters (H/E and H3/E2) are not high enough to
withstand severe conditions. However, these high values of hardness

Wear 520-521 (2023) 204654

Fig. 4. Top-view SEM images of thin films; (a) SO with vague grain shape, (b)
S40 with circular grain shape, (c) S60 with fine grains, (d) S80 with textured
grains .

and toughness could be a sign of high stiffness values related to the
ceramic phases (WC-W3N-TiCy2Npg) plus composite structure. This
result is in good agreement with the previous works [11,22]. Moreover,
fracture toughness can be measured by high-intensity indentation forces
(crack resistance evaluation) [26]. Therefore, to investigate this feature,
100 mN, 450 mN and 1 N forces were applied to the coatings. Fig. 7a-d
shows the SEM images of the crack and spallation shapes of W-Ti-C-N
thin films with 450 mN indentations. Similarly, Fig. 7a-7d" show the
SEM images of the crack and spallation shapes of W-Ti-C-N coatings with
1 N indentations load. Since there are no cracks with 100 mN in-
dentations in the coatings, the SEM images are not presented here (see
Fig. M4 in the supplementary file). Furthermore, with 450 mN loading,
S0, S40 and S80 samples circumferential cracks can be observed and,
delamination and chipping occur which are an indicator of brittle
coatings [30]. It is important to mention that the classical equation used
for calculating fracture toughness (Kc = a x E*® x H %% x p x ¢1%
[65]) cannot be employed here, because the coating thickness is not
enough to bear these high loads (more than 250 mN) without substrate
influence [57,59]. As can be seen from Fig. 7, sample S60 (unlike the
other samples) gets no chipping or continuous crack path. By crack
bridging (shown by red arrows), crack deflection (shown by blue ar-
rows) and crack branching (shown by green arrows) sample S60 resis-
tance to the crack growth is desirable. These toughening mechanisms
(cracks bridging, deflecting and branching [24,25]) are not observed in
the other coatings, so long continuous cracks can cause fracture and
complete failure. Moreover, sample S80 shows a complete fracture
which is detrimental to use in the machining industry.
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Table 3

Fractal parameters of thin films based on AFM images.
Sample code Ra [nm] Rq [nm] API [nm] d [nm] GD [pm~?] Sk [—] Ku [-] D [-]
SO 1.26 1.51 162 44.6 285.9 0.022 2.42 2.42
S40 1.31 1.59 174 44.3 254.3 0.035 2.31 2.40
S60 1.18 1.49 188 42.8 302.2 0.005 2.83 2.41
S80 1.27 1.53 161 45.7 285.4 —0.073 2.37 2.43

23 nm

-18 nm

Fig. 5. AFM images of thin films; (a) SO, (b) S40, (c) S60, (d) S80.

3.2.2. Tribological characteristics

Excellent adhesion must be obtained at the coating-substrate inter-
face to avoid massive delamination, when the coatings are submitted to
mechanical stresses. Fig. 8 presents optical images of samples SO, S40,
S60 and S80 of the scratches performed on the steel coated samples.
According to the literature [27], there are three different critical loads to
define adhesion between coating and substrate. L¢1 (known as cohesive
failure limit) is given for the first cracking signs in the wear scar when
Lc2 (known as adhesive failure limit) is an indicator for the initiation
delamination of the coating and L¢3 belongs to the total coating
delamination. Localized/partial delamination can be seen in all thin
films while complete failure just occurred in sample S80 (L¢3, which is
illustrated by a white arrow). These explanations are presented graph-
ically in Fig. 8d. L¢1 is indicated by a red arrow and L2 is demonstrated
by a blue arrow. Table 4 presents the average data of these critical loads
for the thin films (three scratch lines were investigated; see Fig M5 in the
supplementary material). In addition, according to Zhang et al. [28], to
study the crack resistance of coatings it is useful to apply the equation of
CPR = L¢1 (L¢2-L¢l). Crack propagation resistance (CPR) is defined to
see the coating power to bear the loads after cracking (Lcl) without
delamination (Lc2). As can be seen from Table 4, CPR of S60 is
maximum while CPR is minimum in the case of S80. As a matter of fact,
because of low cohesion and adhesion, large flakes (shown by yellow
circles in Fig. 8d) and peeling can be observed in/out of the scratch line
of sample S80. It is clear that because of catastrophic fracture and
delamination, coating adhesion in sample S80 is not desirable and not
suggested to use in industry.

Fig. 9 shows the friction coefficient evolution of WC-TiN thin films
during a 2000 cycles pin-on-disk test. The related SEM images and 2D
wear profiles are presented in Figs. 10 and 11, respectively. Because of
high content of oxygen inside wear tracks (Fig. 10 4-d"), oxidative wear
[16] can be the main wear mechanism during sliding. It is clear that
sample S60, with an average friction coefficient of 0.49, has the lowest
friction values that can contribute to a good performance in many
tribological applications. A similar conclusion was presented in
Ref. [55]. Friction coefficients of the other samples show higher values
and their evolution during the tests presents significant fluctuations.

0.13 -0.48

L0.12 10.42

0.1 10.36

L0100 H  [o30 H?
E E2

1009 [[] 024 [GPa]

L0.08 L0.18

10.07 1012

0.06 L0.06

SO

S40 S60

Sample code

S80

Fig. 6. Hardness and toughness parameters (H/E and H%/E?) of thin films based on low-force indentation.
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Fig. 7. SEM images of toughness investigation based on high-force indentations; (a = 450 mN, & = 1 N) SO, (b = 450 mN, b" = 1 N) S40, (c = 450 mN, ¢’ = 1 N) S60
with crack deflecting-blue arrows-, crack bridging-red arrows- and crack branching-green arrows-, (d = 450 mN, d” = 1 N) S80 with delamination. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.).

Higher friction coefficients (more than 0.8) and high friction variation
amplitude (more than 0.2 from the average) in these samples are an
indicator that it is possible to more detached material. To complement,
the pin surfaces after the tests were investigated (see Fig. 12) and it is
obvious that the minimum wear occurred to the pin tested against the
sample S60. Furthermore, pin surfaces are much more worn-out when
tested against SO, S40 and S80 thin films.

To study the wear rate of the coatings, the authors calculate the worn
area (A) of the wear tracks (according to Fig. 11a—d and Figs. M6 and M7
in the supplementary file) and present the data in Fig. 11e. Number of
cycles is given by C. Because of extremely diverse data of worn area

which are extracted from 500, 2000 and 4000 wear cycles, a logarithmic
scale was applied. According to the related work [66], it is important to
classify coatings by their wear modes; mild wear or severe wear. Thin
films with mild wear mode are useful for tribological applications. Based
on the regression equations, it is obvious that sample S80 shows the
highest wear rate (sudden increase) among the samples and the others
follow the low slope linear trend. In contrast, sample S60 gets the lowest
wear rate. It shows that the steady-state/mild wear (zone II in Fig. 9) is
favorable for contact conditions in mechanical industries. Contrastingly,
severe wear occurred in the cases of SO, S40 and S80 because of higher
contact area between pin and the damaged surface.
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Scratch direction
E—(

(b)

Peeling/complete delamination

(d)

Fig. 8. Scratch images of thin films; (a) SO, (b) S40, (c) S60 and (d) S80 with large flakes presented by yellow circles. (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.).

Table 4

Critical load of thin films.
Sample code Lcl [N] Lc2 [N] CPR [N?]
S0 25.5 +3.6 49.7 +4.1 617.1
S40 30.8 £2.9 55.2 £2.6 751.5
$60 33.9 +2.7 59.0 +0.8 851.0
S80 13.9 +3.1 30.3 +3.8 227.9

4. Discussion
4.1. Effect of thin film chemistry on mechanical properties

Intrinsic mechanical properties of materials (such as yield stress,
Young’s modulus and stiffness coefficients) strongly depend on their
chemical bonds and phase structure [10,11]. Therefore, in the case of
W-Ti-C-N coatings, it is of great importance to analyze the chemistry
first and then evaluate the mechanical characteristics. Like similar
literature [18,19,22], tungsten carbide/nitride phases as well as tita-
nium carbide/nitride phases, will guarantee high hardness (H > 14.9
GPa, see Fig. 6). Briefly, Fig. 13 shows the effect of coating chemis-
try/phase structure on mechanical properties of W-Ti-C-N films. When
substrate bias voltage values increase, tungsten concentration in thin

films will increase up to the maximum value for S60 (19.2%, taken from
Table 2) and then decrease. Moreover, in composite coatings, the higher
amount of the crystalline phases in an amorphous matrix can be a
guarantee to gain higher hardness (Hcomposite = Hamorphous phase X
Vamorphous phase + Herystalline phase X Verystalline phase Provided that Hamor-
phous phase < Herystalline phases [12]). Based on XRD patterns, amorphous
phase is the major phase in the coatings and the crystalline phase
amounts play a key role in determining mechanical properties of com-
posite material. According to the Raman analysis of the spectra pre-
sented in Fig. 2, the ratio of WyN intensity to amorphous carbon
intensity (which is shown by I ax/Ia.c; as an indicator for the crystalline
amount of the coating) has nearly the same trend with increasing sub-
strate bias voltage. These trends are displayed in Fig. 13a. In addition,
because of solid solution hardening [67], higher nitrogen content in thin
film can cause higher strength by means of lattice micro-strains. Because
of these facts, it is predictable that the coating with highest amounts of
W, Imax/Ia:c and N has the highest stiffness and mechanical parameters
(sample S60). This trend is illustrated by Fig. 13b which presented the
yield strength (YS; which is obtained by the equation of YS =~ H/3 [6])
and elastic recovery (which is obtained by load-displacement data,
Fig. M3 in the supplementary file) of the samples. Some notes must be
considered in the case of the low mechanical responses of sample S80
with highest N content and high I;,ax/Ia.c ratio. Firstly, the mechanical
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Fig. 9. Friction coefficient of thin films based on pin-on-disk tests.

properties of a film depend strongly on chemical bonds/phases and its
morphology and structure. In the case of sample S80, although it has the
highest N, however its columnar morphology (shown in Fig. 3d; which is
the mark of zonel/T in thin films [7]) generated some micro-voids
(between the columns) resulting in low values of the mechanical prop-
erties (YS and elastic recovery). This topic will be discussed in more
detail in the next section. Secondly, the maximum values of mechanical
properties, the conditions with maximum values of W, Ijn.x/Is.c and N
were obtained simultaneously. In the case of sample S80, W content in
sample S80 is the lowest, so the low amount of 6y and elastic recovery in
this film is reasonable. The evolution of H, H/E and H3/E? with this bias
voltage shown in Fig. 6 is similar to the trends that are observed in
Fig. 13a which also shows the maximum value for S60. The sample S60
has the highest YS (9.7 GPa), elastic recovery (53.5%), H/E (0.116) and
H3/E2 (0.40). Therefore, it is expected that the resistance to crack
initiation and propagation of S60 either under static load (indentation
tests) or under dynamic load (sliding tests) has the best behavior.
Fracture observations (Figs. 7 and 8), confirm this prediction since no
spalling or continuous cracks were generated in sample S60. Unlike S60,
the other ones show a different mechanical behavior. With 450 mN
static loading, circumferential cracks at one side of the contact area join
each other and then result in buckling and partial delamination and
chipping/spalling (see Fig. 7a, b and 7d). During 1 N loading of samples
SO and S40, cracks nucleation and growth increased so radial cracks
connect to circumferential cracks and failure occurs. This behavior
increased in the case of sample S80, probably due to the coating
morphology (columnar structure, see Fig. 3d) with minor voids existing
in subsurface that facilitate crack propagation, so the catastrophic
delamination all over the indented area has occurred. These samples are
not resilient enough to carry high loads and fracture takes place exten-
sively. These observations match well with other related works [26,29],
that studied the fracture phenomenon of coatings. When two surfaces
are in contact, the chemistry is important to avoid sticking/welding two
contacting bodies [66]. Besides, it is important to resist high complex
stresses applied during sliding. Since the coatings could have a behavior
similar to ceramic composite materials, the first mechanism can be
neglected. Therefore, the second mode is crucial to study. The plasticity
indexes (¥ = E/H (Rq/li)o'5 [64]; whereas Eis Young’s modulus of
indenter and the coating and R is the radius of indenter) of coatings-pin
set-up are lower than 0.6, so the contact mode is elastic. Moreover, there
is no sign of pile-up in the vicinity of indentations for all of the thin films,
so this is another evidence that there is no plastic deformation [23].
Hence, in the case of samples SO, S40 and S80, because of its brittleness

(H/E < 0.1, H3/E? < 0.3 and elastic recovery <50%) and high coeffi-
cient of friction (friction coefficient >0.8) cracks expand quickly and
spalling will happen in the vicinity of wear scar. With higher loads and
distances, as in the scratch tests or with periodic testing in pin-on-disk,
delamination and failure will occur. Figs. 8 and 11 can support this
behavior with chipping and peeling on the wear track.

4.2. Effect of thin film topography on mechanical properties

Extrinsic coatings characteristics like adhesion or tribological per-
formance (like Lc, friction coefficient and wear rate) are strongly
dependent on the test conditions (e.g., temperature, humidity/lubrica-
tion, counterpart type, diameter, velocity, normal force and contact
area) [18,26]. Since the test conditions were kept constant during
sliding, the main point is to study the influence of contact geometry
between the surfaces involved. As a consequence, studying surface
topographical parameters of W-Ti-C-N thin films is necessary to analyze
mechanical properties. As it can be seen in section 3.1.2., the morpho-
logical and topological characteristics of thin films were described there.
It is worth noting that no major defects like macro-particles, buckling or
macro-voids at the coating-substrate interface [32] can be detected in
the films. This leads to have fine interfacial adhesion. Just because of the
bigger columnar morphology of sample S80, some minor voids can exist
between lamellar structures. Nevertheless, there is no surprise to see that
general topographical factors (Ra, Rq and D) of coatings have nearly the
same results because most of the deposition parameters were kept
constant (only substrate bias voltage was changed). Interestingly by
looking at Table 3, there are major differences in the other fractal fea-
tures (APIL, d, GD, Sk and Ku). Fig. 14a illustrates the effect of bias
voltage on d and API. Because of homogenous morphology, it can be
predictable that sample S60 gets the optimum values of grain size and
peak interval. According to Hall-Petch theory [31], hardness and
toughness will be increased simultaneously with decreasing grain size.
Fig. 14b shows that yield stress follows this rule. Grain size (d) of S60 is
minimum while this value is maximum in S80. Moreover, it should be
noted that although the average grain size of the films is below 46 nm
(see Table 3), the larger grains (see Fig. 4) exist in SO, S40 and S80.
Probably this addresses why sample S60 gains the best and sample S80
shows the worst mechanical behavior. In the case of samples SO and S40,
although the average grain size is almost identical, the point is the dif-
ference in grain shape. SO grains have no specific shape so they can
degrade surface symmetry. In the case of sample S40 grains represent
the spherical shape while oblique extended grains can be seen in Fig. 4d
for sample S80. This is because of the oblique growth of columnar
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Fig. 10. Top-view wear track and oxygen EDS line of thin films after 2000 cycles pin-on-disk tests; (a, ) SO, (b, b") S40, (c, ¢") S60, (d, d") S80.

morphology in sample S80 (like the schematic presented in Ref. [7]).
Fig. 14c exhibits the effect of grain size on crack resistance and worn
area of the coatings. Like yield stress, CPR increases when smaller grains
are available. In case of worn area content, although minimum wear rate
is achieved by minimum grain size (S60) but the overall trend is not the
expected one (highest wear rate for maximum grain size). Further, the
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regression line cannot be plotted with a high correlation coefficient. This
may be due to the wear mechanisms. For example, if oxide tribo-layers
(that can improve sliding situation) create [36], the wear loss of S80 can
be lower than SO and S40. To study the top surface quality/uniformity of
coating grain density, average peak interval and roughness must be
regarded. At first, the effect of peak distance level on crack resistance
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Fig. 11. 2D wear profiles of thin films after 2000 cycles pin-on-disk tests for (a) SO, (b) S40, (c) S60, (d) S80 and wear rate trend for each sample(e).

and wear rate of the coatings is presented in Fig. 14d. It would be pre-
dictable that because of the highest compactness of sample S60 (GD is
maximum; see Table 3), the maximum peak interval belongs to S60. At
the second step, Ra and Rq data of sample S60 are minimums. At last,
except S80, others show low positive skewness and Ku is maximum for
S60 while the others represent lower amounts. Therefore, it can be
concluded that S60 has the lowest peak density and the highest surface
symmetry, that makes the coating homogenous and causing less contact
with the pin during sliding tests. The important note is that because
fractal parameters just investigate the geometry of top atomic layers
(near the surface of the coatings) of the coatings, they are unable to
explain long-term cyclic tests which are related to deeper materials.
Thus, like the grain size effect, the regression line is not given in
Fig. 14d. In the case of non-uniform surfaces (S0, S40 and S80) friction
fluctuates and coefficient of friction is not stable. This description can be
seen in Fig. 9, whereas the running-in period (stage I in Fig. 9) continued
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for more than 500 cycles for SO, S40 and S80 and lasted nearly 120
cycles in the case of S60. This means that steady state wear (stage II in
Fig. 9) occurs in sample S60 while for others high unstable wear de-
velops. Moreover, the high levels of friction coefficient can lead to se-
vere wear which can be seen in Fig. 11. As S60 shows the minimum
contact area (minimum pin worn area which shows in Fig. 12) and
maximum adhesion strength (maximum CPR value), minimum wear
rate is rational and can be a superior candidate to apply in machining
industries (e. g. die machining).

At the end, it is important to analyze the differences between the
optimum sample (S60) and the worst one (S80). Nano-composite
coating with the highest content of W and uniform featureless
morphology (S60) can deflect, bridge and branch cracks during loading.
Previous papers [24,25] proved that these toughening mechanisms for
ceramics can enhance work durability, so S60 can bear scratch and wear
conditions without delamination. In contrast, nano-composite coating
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Fig. 12. Surface images of pins after 2000 cycles wear tests with contact diameter; (a) slid along SO, (b) slid along S40, (c) slid along S60 and (d) slid along S80.

with lowest content of W and textured asymmetric morphology (S80)
may facilitate crack initiation and propagation. Thus, it is noteworthy to
study the quick delamination procedure of sample S80 to see the effect
of thin film structure on failure behavior and to avoid unfavorable
design during manufacturing process. Based on the representative vol-
ume element (RVE) method [60], Fig. 15 shows a model of catastrophic
fracture graphically. Applying HIPIMS-DCMS with fine surface cleaning
before the deposition, makes it real and significant to assume that the
morphology of sample S80 in various sites follows the characteristics of
the cross-sectional SEM image presented in Figs. 3d and 4d. Hence, the
assumption that physical properties of one element (SEM image)
represent properties of the total system is sensible. Therefore, using
Figs. 3d and 4d, a representative volume element is introduced for
further modeling (Fig. 15a). Because of columnar growth (Fig. 3d) and
textured grains (Fig. 4d and Fig. M1d in the supplementary file), it is
logical that some sharp valleys (blue circles in Fig. M2d in the supple-
mentary material) in the stress field can act like a crack facilitator (blue
boundaries in Fig. 15b). This idea (subsurface voids in elastoplastic
contact are best locations for crack growth) is in good agreement with
delamination wear theory suggested by Fleming and Suh [35]. As it can
be seen in Fig. 15c¢, during loading some cracks will nucleate and
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develop in special paths. Based on the work done by Meindlhumer et al.
[40], the paths are columnar boundaries because these boundaries have
low cohesive energy. Increasing load (or cyclic motion) can cause
quick/sudden crack propagation and join each other until approaching
the coating-substrate interface (red boundaries in Fig. 15d). This
river-like propagation pattern may be related to two distinct mecha-
nisms which occurred at the same time. First and foremost, the path is
quite suitable for crack expansion because linear micro-voids existed in
the lamellar/columnar morphology of S80. Last but not least, because of
lower toughness values (H/E < 0.09 and H3/E2 < 0.12), toughening
mechanisms cannot be activated and not only the crack tips will not be
arrested (the concept of crack tip opening displacement was presented
elsewhere [34]) but also, they propagate rapidly. Moreover, cracks
simply extend and materials detach from the coatings. Hence, large
flakes (brown pieces in Fig. 15e) and peeling will be generated as soon as
possible and complete delamination and brittle fracture occur.

5. Conclusions

Structural characterization of W-Ti-C-N thin films was done by
several complementary methods. Moreover, the mechanical properties
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Fig. 13. (a) effect of substrate bias voltage on tungsten percentage and crystallinity of thin films, (b) effect of tungsten percentage on elastic recovery and yield
strength of thin films, (c) effect of tungsten percentage on crack resistance and wear rate of thin films, (d) effect of crystallinity on crack resistance and wear rate of

thin films.

of the coatings are comprehensively studied. Hence, it can be concluded

that:

1 Increasing substrate bias voltage affects the chemical composition of

thin films. Up to —60 V tungsten content of the coatings increased,
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then a significant decrease was observed. Moreover, all the coatings
show nano-composite phase structure.

2 Based on the fractal analysis data, in order to gain uniform and

symmetrical surfaces, grain density (302.2 ym-2) and kurtosis should
be maximum (2.83) while grain size (42.8 nm) and roughness (1.18
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Fig. 15. Schematic of crack growth model for sudden and catastrophic delamination occurred in sample S80 based on cross-sectional SEM image morphology; (a)
before loading, (b) initial stage of loading-sensitive sites for crack nucleation, (c) crack nucleation and growth, (d) cracks joining and approaching the substrate-
coating interface, (e) complete delamination and fracture .

nm) should get the minimum levels. Furthermore, it is of great 4 Worst wear characteristics reported for the case of sample S80. The
importance to avoid negative skewness and textured grains. river model was introduced to indicate the material cut-off. Because

3 SEM observations before and after mechanical testing show that the of voids located in columnar morphology, crack growth remarkably
coating with higher compactness and H/E ratios can withstand high extended like a river pattern and after higher loads/cycles this
loads/cycles without sudden delamination and fracture. As a result, network of minor cracks meet each other and make the material
crack propagation resistance quantity of this sample (S60) is detached from the surface.

maximum and the wear rate is minimum.
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