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This research investigates the impact of peak power (from 44 to 105 kW) on the structural and tribological
properties of W-Ti-C-N(O) films. Chemical analysis of the coatings, using energy-dispersive spectroscopy and
Raman spectroscopy, indicates that increasing target power results in a rise in the oxygen (from 2.6 to 12.0 at%),
carbon (from 19.7 to 32.4 at%), and sp® (from 9.8% to 24.3%) content. Morphological and topographical

analysis reveal that an increase in target power causes a transition from a columnar structure (with nodular
grains) to a dense structure (with textured grains). The indentation and dry sliding tests demonstrate that the
maximum level of H/E2 (0.00047 GPa'l) is achieved, along with a low wear rate of 8.1 x 107 mm?3/N.m.

1. Introduction

Metallic parts used in cutters, gears, shafts, and blades across various
industries, including machining, automobile manufacturing, and tur-
bines, are often subjected to severe stresses under service conditions.
This can lead to significant damage due to wear and erosion mecha-
nisms, ultimately reducing the lifespan of the workpiece. To combat
these phenomena, it is crucial to improve the surface characteristics of
metallic components by utilizing treatments such as depositing hard
coatings, with ceramics being preferred due to their low wear rates
[1-4]. It has been extensively discussed that depositing ceram-
ic/composite thin films can significantly enhance mechanical proper-
ties, provided that the conditions for high uniformity and adhesion to
the substrate are met [5-7]. Furthermore, it is essential that the applied
thin films exhibit high hardness and thermal stability to withstand
sliding or contacting stresses, as higher hardness is necessary in
tribology to withstand high loads and stresses [8]. Additionally, due to
continuous machining and high temperatures at the contact area (also
known as thermal contact [9]), lower thermal conductivity can be
desirable to increase the lifespan of mechanical parts. Therefore,
employing ceramic materials can be the first choice to meet these re-
quirements [10,11].

Depending on the intended application of the coating (decorative or
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machining industries), there are some processes (like chemical vapor
deposition, arc evaporation and sputtering) to synthesize ceramic films
with different microstructures (like multi-layer and composite design)
and mechanical properties. For instance, in the decorative industry, a
high deposition rate is required and achieving a coating with high uni-
formity, nano-sized structure, and high toughness is not critical. Reac-
tive sputtering is often considered a promising method for producing
smooth thin films without macro-pores and agglomerated particles.
Generally, this technique is more prevalent than the aforementioned
processes because it can yield defect-free, nano-sized microstructures
[12-18]. However, due to low particle energy and diffusion, conven-
tional sputtering (such as direct current magnetron sputtering or DCMS)
typically results in a non-uniform surface, with roughness greater than
20 nm [19]. To address this issue and improve thin film uniformity, a
new setup called high power impulse magnetron sputtering (HiPIMS)
has been developed to enhance particle energy. However, it should be
noted that this mode has a significant limitation in that the deposition
rate is low [20-22]. The low deposition rate of this process can be
attributed to multiple factors. Some important factors include
self-sputtering, adatom re-evaporation, and the presence of a dense
plasma (which can impede the passage of species involved in the
deposition process). The level of target peak power, on-time pulse value
of the target and reactive gas flow rate, contribute to the occurrence of
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the abovementioned factors [23,24]. To overcome these challenges and
produce multi-element thin films simultaneously, it is suggested to use a
dual-source chamber (DCMS + HiPIMS) [25,26]. Hybrid sputtering
(DCMS + HiPIMS) can ensure a high nucleation rate, ion bombardment,
and species diffusion, making it possible to produce a dense and
ultra-smooth surface [27]. Moreover, there are deposition parameters
(like substrate temperature, substrate bias voltage, gas type/pressure
and peak power [19,28-30]) which have a great effect on the micro-
structure of thin films. Previously, the authors investigated the effect of
substrate bias voltage on the mechanical properties of ceramic coatings
[31]. However, the effect of peak power in hybrid reactive sputtering
(DCMS + HiPIMS) on tribological properties of multi-component thin
films has not been published effectively.

Ceramic coatings have become increasingly prevalent in various
applications due to their inertness and stability. Transition metal-
nitride/carbide (TM-N/TM-C) films can be used in machining and
functional surfaces [32-34]. Because of ionic/covalent bonding in
ceramic materials, hardness is high, which is desirable for machining
performance. Depending on the non-metal element type (N/C/0) and its
level (minor levels can be regarded as an impurity and major levels can
be regarded as a principal component), thin film microstructure and
properties can be altered absolutely [4,35-37]. Additionally, Ti/W-N
and Ti/W-C thin films are suitable candidates for obtaining
wear-resistance surfaces [34,38-40]. Furthermore, to gain higher
hardness, toughness and thermal stability, a new class of materials
called medium/high entropy alloys (also named complex alloys which
are composed of more than three elements) has been employed recently
[11,28,41]. Studying the mechanical properties of carbonitride systems,
such as W-Ti-C-N, illustrated that this system can be a promising
candidate for protecting WC and steel surfaces [19,31,42-44]. Further,
some papers [45,46] have investigated the mechanical properties of
M1-M2-M3-C-O or M1-M2-M3-M4-M5-O-N (where Mi is a metallic
element) systems. To add to it, there are some works [47-49] that focus
on producing Ti-C-N-O thin films and one paper [50] studied the me-
chanical properties of Ti-Ca/Zr-C-N-O thin films for biological applica-
tion. Unfortunately, these old articles [47-50] did not scrutinize film
chemistry (especially the origin and role of oxygen in TM-C-N thin film
features [51,52]) and morphology to establish significant
structural-properties relationships. Nonetheless, the microstructure and
tribological characteristics of thin films based on M1-M2-C-N-O system
(especially W-Ti-C-N-O system) have not been reported yet. However,
strengthening industrial surfaces with ceramic coatings has a major
disadvantage due to their brittle nature. Thus, to gain wear-resistant thin
film, it is necessary to design the structures with maximum
substrate-coating adhesion (for example, by employing transition
layers) and toughness [53-55]. Also, there is significant interest in
synthesizing hard and frictionless coatings, such as amorphous and
diamond-like carbon (DLC) phases [49,56,57].

The main objective of this paper is to study the impact of HiPIMS
peak power levels on the chemistry and morphology of W-Ti-C-N(O) thin
films. Subsequently, the mechanical properties (hardness and tough-
ness) will be analyzed using indentation methods, and tribological
behavior (adhesion and friction) will be examined through scratch and
pin-on-disk tests. Finally, the study will also investigate the effect of a
high concentration of carbon and oxygen in thin film properties.

2. Materials and methods
2.1. Deposition conditions

To produce W-Ti-C-N(O) thin films, a titanium target (99.99%) was
attached to the HiPIMS source (Cyprium™ plasma generator, Zpulser
Inc.), while a tungsten carbide target (99.95%) was connected to the
DCMS source (Hiittinger PFG 7500 DC). Both targets had dimensions of
150 x 150 x 10 mm, and the distance between the target and substrate
was 80 mm. Silicon [100] wafers (15 x 15 mm) and AISI D2 steel
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workpieces (@ 25 x 8 mm) were used as substrates. The silicon wafers
covered by thin films were employed in XRD, Raman, SEM, EDS, AFM,
and nano-indentation tests, while the steel surfaces covered by coatings
were used in scratch and pin-on-disk tests. Prior to deposition, the
substrates were cleaned with acetone, distilled water, and ethanol ul-
trasonic baths. Throughout the deposition process, the substrates were
mounted on an aluminum holder which rotated at a speed of 23.5 rev-
olutions per minute around the central axis of the deposition chamber.
The base pressure was set at 3 x 10™ Pa before each deposition, and the
substrates were not heated. In the HiPIMS process, it is uncommon to
heat the substrates since the species involved in the process possess
sufficient energy. During the depositions, nitrogen (N3) was used as the
reactive gas, while argon (Ar) was used as the plasma gas. Then, a layer
of Ti+ TiN (Ny/Ar is 0.5) was deposited before the main runs. The
deposition time for this layer was 16 min. The nitrogen gas used had a
purity level of 99.99%, while the argon gas used had a degree of purity
of 99.999%. Unfortunately, these purity levels were not the maximum
achievable (99.9999%), and it is possible for oxygen to enter the sput-
tering chamber. The oscillation duration, maximum on-time, and
oscillation period of the voltage-current diagrams were 1800 ps, 6 s,
and 70 ps, respectively. Table 1 shows the deposition parameters. By
increasing the target power step by step, five samples were obtained
with designations of P44, P59, P89, P105, and P120. However, samples
P59 and P120 are not discussed in the following sections. Sample P59
was characterized in a previous study [31], and its characteristics are
similar to the first sample (P44). Additionally, sample P120 had a low
deposition rate, poor surface smoothness, and inferior mechanical
properties (see Fig. S1 in the supplementary file). The thickness of P59
was 1.07 ym and the thickness of P120 was 0.7 pm. To ensure consistent
conditions for each analysis, it is preferable to maintain a uniform
coating thickness across all samples. This approach helps to minimize
any potential variations that could arise from differing coating thick-
nesses. However, in this particular case, it may not be applicable to
apply the approach. On one hand, as stated in the introduction, the
deposition rate can be influenced by the peak power. On the other hand,
extending the total deposition time for certain samples (to have identical
thicknesses) can have detrimental effects. There are two main reasons
for this. Firstly, there is an increased likelihood of arcing [58], which can
occur during prolonged deposition times. Secondly, a longer deposition
time can lead to a higher influx of impurities into the chamber, resulting
in a higher level of contaminants in the coatings. Moreover, reducing the
deposition time (in order to achieve identical thicknesses) is not advis-
able since it is preferable to have coating thicknesses exceeding 0.8 pm
for tribological applications. Therefore, it is recommended to maintain a
fixed deposition time and investigate the hybrid sputtering behavior.
This approach will allow for the identification of conditions that yield
both maximum deposition rate and favorable mechanical responses
simultaneously.

2.2. Characterization methods

The surface and cross-sectional morphology of W-Ti-C-N(O) thin
films were studied by Quanta 400FEG-SEM. The applied electron beam
was fixed at 5 keV and a secondary electron detector was employed for
imaging. Energy Dispersive Spectroscopy with ZAF (atomic number-Z-,
absorbance-A-, and fluorescence-F-) corrections was used to measure

Table 1
Deposition parameters.
Parameter Level
Total time 120 min
Substrate bias voltage 40V
N, flow rate 7 scem
Ar flow rate 14 sccm
Peak power 44, 59, 89, 105, 120 kW
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elemental compositions. To reduce errors, five different locations of thin
films were analyzed and the average is reported. Geometrical features of
coating surfaces were investigated by atomic force microscopy (Bruker
Innova). Gwyddion software (v. 2.60) was employed to analyze AFM
images and extract fractal parameters. Ra (average roughness), Rq (root
mean square roughness), Sk (skewness) and Ku (kurtosis) were intro-
duced in the previous papers [28,59]. The phase structure of the films
was investigated by X-ray diffraction (grazing incidence mode with the
angle of 1°) and Raman spectroscopy. The XRD set-up was Analytical
X’Pert PRO MPD with Cu radiation (45 kV and 40 mA-A = 1.54 }o\) and
the Raman spectroscopy was Renishaw with a He-Cd laser of 325 nm (A
is 325 nm).

Indentation is a suitable method for extracting the hardness, Young’s
modulus (based on the Oliver and Pharr method [60]), and deforma-
tion/fracture behavior [61] of various surfaces. A nano-indentation
tester (Micromaterials Nano Tester) with a Berkovich diamond tip was
used to determine the hardness and Young’s modulus of the coatings.
The load was fixed at 10 mN and the indentation process was repeated
sixteen times to take the average value. In addition, high-load in-
dentations (100 mN, 450 mN and 1000 mN with Vickers tip) were
employed to see the coating toughness and fracture behavior. A scratch
set-up (CSEM — REVETEST) with Rockwell “C” diamond-tip (& 200 pm)
was used to evaluate substrate-thin film adhesion (speed was
10 mm/min and loading was varied from O to 60 N). The wear behavior
of the layers was measured by pin-on-disk method (homemade set-up) at
room temperature (23 °C) and humidity (40%). The counterpart was
AISI 52100 ball (¢ 10 mm and the length was 40 mm). The load content
and rate were fixed at 5N and 0.1 m/s. The sliding motion was per-
formed in the absence of lubrication. The wear radius, measured from
the center, was 7.6 mm. The pin-on-disk tests were applied three times
on each sample, and the average data is presented for the friction co-
efficient and wear rate. For each sample, the wear rate was calculated
using the formula k = V / (S-L), where V represents the volume of mass
loss, S denotes the sliding distance, and L represents the constant load.
The wear rate is expressed in units of mm® /N.m. The value of V can be
determined through two methods: either by measuring the mass loss
directly or by utilizing 2D wear track profiles. Due to the drawbacks
associated with the first method (mass measurement), the second
method, which involves graphical analysis with the assistance of Auto-
desk AutoCAD (version 2022), was chosen as the preferred approach for
determining the volume of mass loss. For each sample, based on the 2D
wear track profile (Fig. 1a), the worn volume was calculated (Fig. 1b).
Additionally, it should be noted that the wear characteristics for the
2000-cycle duration are reported for each sample. In the case of the
friction coefficient graph for each sample, fluctuations may be observed
due to the fact that it represents the average of three runs. In the case of
the friction coefficient value for each sample, the initial data below 200
and 280 cycles were excluded due to the running-in phenomenon of P44
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and the others, respectively. Subsequently, the average value was
calculated from the remaining data.

3. Results
3.1. Microstructure of the coatings

3.1.1. Chemical analysis

The elemental percentages of the W-Ti-C-N(O) coatings, as deter-
mined by EDS analysis, are presented in Table 2. These data were taken
from the coating surface, and EDS data are shown in the supplementary
file (see Fig. S2 and S3). It can be observed that increasing the target
power (from 44 to 105 kW) can result in a significant decrease in the
metallic components (tungsten and titanium). Moreover, it is interesting
to note that the oxygen content in samples P89 and P105 increased
significantly (by more than 8 at%), despite the absence of an oxygen
source (the reactive gas was not oxygen, and the targets did not sinter
with oxide compounds, as described in reference [50]). Generally, ox-
ygen can enter thin films during deposition (due to dust and inadequate
vacuum conditions [6]) or after deposition (via residual gas in the
chamber and ambient air) [51,52]. It is possible that the high oxygen
percentage in P89 and P105 is related to the purity of the gases in the
chamber. As mentioned before, the purity of nitrogen and argon sources
was not as high as recommended (99.9999%). Typically, oxygen serves
as an impurity constituent during the synthesis of carbonitride thin
films, and its content is below 6 at% [19,31]. However, if the oxygen
level is high enough (as in samples P89 and P105), then this element
should be regarded as a principal component in the thin films
(W-Ti-C-N-O), unlike sample P44 (W-Ti-C-N). Similar results were re-
ported in another study [46]. Also, it must be mentioned that carbon and
carbon-to-nitrogen ratio increases considerably with increasing target
power. To study phase contributions in W-Ti-C-N(O) thin films, grazing
incidence XRDs are shown in Fig. 2. As can be seen, peak intensities in
sample P44 are low and in samples P89 and P105 are extremely low.
Hence, the phase structure has a composite mode with an amorphous
phase (which is major) and low content of crystalline phases (which are
minor). Furthermore, the peaks located at 36.§, 3§, 42.5 and 61.7 are
broad for a couple of reasons. Firstly, it must be noted that the crystalline
phases synthesized during sputtering deposition mostly tend to have a
nano-sized nature. Secondly, it may be attributed to the pattern

Table 2

Elemental percentage of thin films based on EDS analysis.
Sample code W [at%] Ti [at%] N [at%] C [at%] O [at%]
P44 18.2 14.8 44.6 19.7 2.6
P89 13.6 12.8 34.6 26.9 12.0
P105 13.4 11.6 33.8 32.4 8.8
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Fig. 2. grazing incidence XRD of thin films.

overlapping of various phases in low amounts (some carbide/nitride/-
oxide peak positions are similar). These peaks can be assigned to tung-
sten carbides (WC with Ref. Code= 01-073-0471 and WC;_x with
Ref. Code= 00-020-1316), tungsten nitrides (WN with Ref. Code=
96-153-8665 and W5N with Ref. Code= 00-025-1257), titanium car-
bide (TiC with Ref. Code= 96-591-0092), titanium nitride (TiN with

a

Ref. Code= 00-038-1420), titanium oxide (TiO, with
Ref. code=96-900-4138) and titanium carbonitride (TiCg2Ngg with
Ref. Code= 01-076-2484). As a consequence, XRD results cannot
clearly analyze the phase structure of this system, and another method of
evaluation has to be involved.

According to Constable’s works [62,63], Raman analysis with
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Fig. 3. (a) Raman spectra of thin films, (b and c) high magnification of the yellow-black insets in (a) with Gaussian curves of P89 and P105, respectively (for
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
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suitable wavelengths (compared to the thin film thickness) is an efficient
way to reveal bond interactions in protective coatings. Thus, to analyze
the bond chemistries of W-Ti-C-N(O) thin films, original and deconvo-
lution curves are presented in Fig. 3. As can be seen from Fig. 3a, it is
vivid that there is a difference in the phase structure of sample P44 and
samples P89 and P105 in the range of 1000-1800 cm! (indicated by the
yellow insets in Fig. 3a). This range is devoted to free and amorphous
carbon [64]. It must be noted that intensities in Fig. 3a were normalized
(the intensity of each point divided by 400, where 400 is the difference
between the background intensity and the lowest intensity in P44) and
there are low carbon peaks in the case of P44. The Ip band can be
employed to represent the intensity of disordered carbon, while the Ig
band is used to represent graphite carbon. It can be estimated that with
increasing peak power, carbon is detached from WC and entered into
coatings enormously. The decomposition of the original curves (solid
lines of P89 and P105) into Gaussian curves (dashed lines of D and G
peaks) is illustrated in Fig. 3b and c. Therefore, it becomes evident that
the significant increase in both D-band and G-band intensity can be
attributed to the augmentation of peak power and carbon content. To
extract the carbon bond strength (sp>: sp? ratio), full width at half
maximum (FWHM) of D/G peaks and intensities (Ip/Ig) should be
accounted for [57]. In samples P89 and P105, the FWHM of the D
shoulder is 273 and 275 cm™ and the FWHM of the G shoulder is 88 and
81 cm’}, respectively. Hence, the trend is not clear. But, according to the
marker lines of D and G bands (red and green lines in Fig. 3b and ¢), it is
noteworthy to note that the value of Ip/Ig of P44, P89 and P105 is 1.42,
1.35 and 1.27, respectively. This parameter is inversely proportional to
the sp® content [65,66]. Further, it must be pointed out that increasing
peak power can cause a right shift in the D and G band positions. The
D-position of P89 is 1407 cm™}, while it is located at 1415 cm™ for P105.
Likewise, the G-position of P89 is 1581 cm™, while it is located at
1592 cm! for P105. It must be mentioned that the FWHM and G-posi-
tion of polymer-like carbon (PLC) and graphite-like carbon (GLC) are
lower than these results [67]. Therefore, it can be claimed that the phase
can be related to the diamond-like carbon (DLC) structure. In addition,
vibrational frequencies at 151 cm™ (acoustic phonon mode) and
802 cm™ (optic phonon mode) belong to WoN and TiCN bonds. These
results are in good agreement with other works [38,62]. However, it
must be noted that this phase structure (amorphous carbon + WyN
crystalline phase + TiCN crystalline phase) is not complete, and some
unknown amorphous phases may exist in the coatings.

3.1.2. Morphology

Fig. 4 shows SEM images of the cross-sectional morphology of W-Ti-
C-N(O) thin films. As the deposition time is equal for three samples and
the thicknesses decrease continuously, it can be concluded that
increasing target power can cause a remarkable decrease in the depo-
sition rate. This result is in accordance with other works [22,30]. The
lower deposition rates observed at high peak powers (P89 and P105) can
be attributed to the self-sputtering phenomenon [68]. Moreover, it can
be seen that the first sample (P44) gets a columnar feature (highlighted
with random yellow pillars in Fig. 4a). As previous studies have indi-
cated [25,26], micro-voids exist abundantly within these pillars (high-
lighted by a red ellipse). Increasing peak power results in a peculiar rise
in oxygen content in the other samples (P89 and P105), which can be
detected in Fig. 4b and c. It is evident that the top sections of these
coatings are featureless (in the amorphous state) and the bottom sec-
tions take the small columns (as they are interlayers). Fig. 5 displays the
surface feature of the coatings with top-view SEM images. It is apparent
that samples P44 and P89 have nodular grains with minimal size (Fig. 5a
and b), while P105 shows textured and larger grains (see Fig. 5c¢). It is
important to note that there are no macro-defects (like macro-voids and
agglomerated particles [6]) on the top surface of the films, and unifor-
mity is well achieved. However, to accurately assess the uniformity, the
height distribution should be studied carefully.

Fig. 6 indicates the AFM results (segmented mask on 2D AFM picture
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Fig. 4. Cross-sectional SEM images of thin films, respectively; (a) P44 with
large yellow columns and micro-voids between columns (red ellipse), (b) P89,
(c) P105 (for interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.).

+ height profile) from the surface of each coating. According to Fig. 6a,
b and c, it can be seen that surface grains in P44 and P89 are smaller than
those in P105. Further, it is quite clear that grains in P44 and P89 are
nearly circular but they are elongated in P105 (see red cells in Fig. 6¢).
This result is consistent with the findings from the electron microscopy
images (Fig. 5). The height profiles of W-Ti-C-N(O) films are presented
in Fig. 6a’, b” and c¢’. To explain more, Gwyddion analyzed AFM images.
Thus, the average grain size (d) at the surface of the samples are listed in
Table 3. Further, the grain size trend exhibits an extremum. Besides,
Gwyddion analyzed the height profiles to investigate roughness
numbers (Ra, Rq, Sk, Ku) and the results are written in Table 3.
Apparently, one can recognize that with increasing target power,
roughness (average or root mean square value) and Kurtosis increase.
The increase in surface roughness observed with increasing target power
can be attributed to the phenomena of adatom re-evaporation and
shadowing [24]. Skewness behaves inversely, and the interesting aspect
is that textured grains get a high negative value, which is similar to the
previous work of the authors [31].

3.2. Mechanical properties of the coatings
The hardness (H) and elastic (Young’s modulus/E) properties of W-

Ti-C-N(O) layers based on low load indentation (10 mN) are summarized
in Table 4. Higher hardness values are achieved compared to the
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Fig. 5. Top-view SEM images of thin films, respectively; (a) P44, (b) P89,
(c) P105.

reported data (18.5 GPa) in Ref. [34]. Also, the toughness parameters of
the coatings (H/E, H%/E2 and H/E? [69]) are presented in Table 4
(load-displacement curves of the samples are presented in Fig. S4 in the
supplementary file). In general, like most of the related publications [10,
16,36,46,55], it is necessary to trace the trend of H/E and H3/E? to check
the deformation-resistance value of the surface material. As can be seen
from Table 4, when the target power increases, the hardness and
toughness parameters (H/E and H3/E%) will elevate. However, resis-
tance to plastic deformation (H/Ez) [70] is more important in ceramic
materials because it elucidates the homogenous character of deforma-
tion during depth-sensing indentation experiments. Hence, unlike the
trends observed for H, H/E and H/E?, the trends for elastic modulus and
H/E? show extremums, and P89 represents the minimum Young’s
modulus and maximum H/EZ,

It is suggested that higher loads should be employed to study crack
propagation/resistance behavior. Therefore, high load indentations
(with 100 mN, 450 mN and 1000 mN) were applied to the W-Ti-C-N(O)
thin films. The first thing that can be detected is that under 100 mN
loading, there is no signs of cracks and failure (see Fig. S5 in the sup-
plementary file). It is fascinating because some related ceramic coatings
[26] cannot bear 50 mN loading, and cracks propagate. By increasing
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the load (450 mN), some circumferential and radial cracks appear. The
deformation area is calculated and written in the center of the contact
area in Fig. 7. The second point is that higher loads (1000 mN) can cause
buckling and fracture. Crack densities and inhomogeneous deformations
are presented in Fig. 8 (for P105) and Fig. S6 (shear bands in P44 and
P105) in the supplementary material. These characteristics are listed in
Table 5. The created cracks may be attributed to the common mecha-
nisms of shearing and tearing in ceramic films [15]. High load in-
dentations (performed using either the Berkovich or Vickers tip) were
conducted five times, and they exhibited similar behavior (e. g., 3 in-
dents in Fig. 8a). Furthermore, the indentations were performed at
distances exceeding 30 um from each other to minimize the influence of
neighboring effect. By repeating the indentations at different locations
on the sample, the errors associated with indentation measurements can
be reduced.

Briefly, static loads alone cannot reveal all the mechanical properties
of the surfaces, so dynamic loads (like scratch tests) are useful to inspect
coating-substrate adhesion and crack propagation resistance strength
[5]. Consequently, three scratch tests were applied on the coatings (see
Fig. S7 in the supplementary file). Then two critical loads which indicate
the first crack appearance (Lcl), delamination starting point (L¢2) and
crack propagation resistance (CPR as defined by Eq. 1 [54]) are
extracted and summarized in Table 5. It is transparent that sample P44
shows the minimum adhesion and CPR. So, to look carefully, a higher
magnification of the first stage of its delamination and failure is pre-
sented in Fig. 9. Firstly, cracks appeared (red scars in Fig. 9b), and then
with increasing loads/stresses buckling, spallation and minor delami-
nation on the scratch sides are created (green and blue insets in Fig. 9b).
These observations are in line with older discoveries [5,56]. However,
total delamination occurred inside the scratch track (purple arrow in
Fig. 9a). It should be noted that increasing peak power can improve
adhesion and CPR significantly.

The friction results obtained from pin-on-disk sliding tests on the W-
Ti-C-N(O) layers are presented in Fig. 10. The average friction coeffi-
cient is nearly the same (0.46+0.05) for all samples. By comparing with
previous study [31], it can be inferred that the friction coefficients of the
current samples are lower, which can be attributed to the higher
amorphous carbon content (which can cause graphitization during
sliding) [49]. It should be noted that the friction behavior of the first
sample (P44) is not clear because the CoF fluctuation is high (0.18). This
behavior (sudden increase and sudden decrease under friction) can lead
to significant damage. As a result, the wear width and depth of P44 are
high, while they are minimal for P89 (see 2D-wear profiles in Fig. S8 in
the supplementary file). Fig. 11 displays the SEM image and oxygen
line-EDS analysis of the wear track for each sample. It is evident from the
observation that higher oxygen levels within the wear track can be
attributed to the oxidative wear mechanism. This finding aligns well
with a previous study [31], providing further support and agreement
with the obtained results. Furthermore, based on the 2D-wear profiles
(Fig. S8 in the supplementary file), it is evident that the wear tracks
exhibit a nearly V-shaped morphology. From this result, it can be
inferred that ploughing/abrasive wear mechanism may also be domi-
nant in the wear process. Indeed, the columnar morphology and low
hardness/toughness parameters of P44 can contribute to a higher wear
rate (2.7 x 10> mm3/N.m) compared to other samples. On the other
hand, P89, with its smooth surface and minimum grain size, tends to
exhibit minimum wear rate (8.1 x 107 mm?3/N .m). A smooth surface
can reduce friction and minimize abrasive interactions between the
material and pin, resulting in less wear.

CPR=LCI(LC2-LCI) (€]
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Table 3

Fractal parameters of thin films based on AFM images.
Sample code Ra [nm] Rq [nm] d [nm] Sk [-] Ku [-]
P44 1.61 1.79 36.9 0.32 2.63
P89 1.82 2.04 35.0 -0.01 3.11
P105 2.10 2.55 46.7 -0.26 3.70

Table 4

Hardness and toughness parameters of thin films.
Sample H [GPa] E [GPa] H/E[-] H%/E? H/E? [GPa®
code [GPa] B
P44 19.3+2.0 209.0+9.2 0.092 0.164 0.00044
P89 19.9+0.8 204.9+4.6 0.097 0.187 0.00047
P105 23.1+0.9 233.1+6.7 0.099 0.226 0.00042

4. Discussion

To the best of our knowledge, the effect of thin film morphology on
its hardness has not been investigated effectively. Therefore, the top-
surface and cross-sectional morphology should be analyzed simulta-
neously. Because of contact area at the top-surface, the size and shape of
surface grains are significant. Hence, according to Hall-Petch theory
[711, grain size is inversely proportional to the hardness and toughness
of materials. Furthermore, unlike the other study [72], grain size will
have an effect on toughness (H/E2) directly and may not always change
hardness linearly (see Fig. 12). Based on Fig. 12, in the case of ceramic
film toughness, it can be concluded that H/E? data are more reliable
rather than the trends of H, H/E and H%/E2. In addition, the effect of
cross-sectional morphology on hardness is significant. Hardness varia-
tion in P44 is high (£2 GPa), which means that various locations have
different strengths. It is probably due to its columnar structure, so some
dense sites have high strengths but some open boundary sites (as
mentioned in previous studies [19,26]) have low strengths. Inversely,
the hardness fluctuations of P89 and P105 are lower than 1 GPa because
of the dense and featureless structure at the top-surface (like the
mechanism discussed in [4] that oxygen incorporation can create an
amorph layer at the top-surface of thin films).

As well as morphology, hardness is affected by surface chemistry like
bonding structure and defect densities [7,11]. As can be seen from
Section 3.1.1., it can be concluded that the origin of the ascending trend
of hardness is due to the rising trend of oxygen and carbon content (see
Table 2). In the case of oxygen, it can increase configurational entropy
(the data obtained by Eq. 2 are presented in Table 6) and hardness is
increased by alloying strengthening mechanism [12,43]. As a result, the
first sample (P44) shows a W-Ti-C-N thin film, but the others present
different chemistry (W-Ti-C-N-O). In the case of carbon, it may be
related to the sp® content in the DLC phase, so some parameters should
be brought up. Hence, the I, G-position (see Fig. 3), sp> content and
residual stress values are listed in Table 6. The FWHM is not used
because it shows no clear trend neither in this project nor in the other
study [67]. The intensity of the D-shoulder in Raman spectra shows an
important enhancement with increasing peak power and carbon con-
tent. This increment may be related to structural defects and can
enhance hardness. This assumption is well matched with Ref. [32].
Moreover, according to Eq. 4 (where the reference G-position of pure
DLC or Pos. G is 1568.3 and A is 514 nm [56]) [73], shifting the
G-position to higher wavenumbers can increase the sp: sp? ratio and the
bond strength will improve. The calculated sp® contents in Table 6
confirm this idea. To add to it, residual stress in the sputtering process is
of great importance because it influences mechanical properties [39,63].
There is a promising method to measure residual stress in thin films by
band position in Raman spectra. On the basis of Eq. 5 (v is 0.25 [19])
[56], the compressive residual stresses are listed in Table 6 for the
samples. It is clear that increasing target power can raise sp° content and
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Fig. 7. Top-view SEM images of deformation area after 450 mN indentation;
(a) P44, (b) P89, (c) P105 (for interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.).

residual stress levels notably (from P89 to P105). Thus, these factors can
be the main reasons explaining the extraordinary behavior of the
hardness augmentation (from 19.9 to 23.1 GPa). In addition, the
Young’s modulus of coatings is important because it has two major ef-
fects. The first and foremost is that the lower the Young’s modulus, the
higher the toughness and ductility parameters can gain (toughness of
ceramic coatings is defined by H/E, H3/E? and H/E? [10,55,69]). Last
but not least is that lower Young’s modulus of thin films can reduce the
“Ec-Es” parameter (Ec is the Young’s modulus of coating and Es is the
Young’s modulus of substrate/D2 steel-196.1 GPa-) and this can
decrease misfit stresses at the substrate-coating interfaces [16]. The
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Mag=372 X

Fig. 8. Top-view SEM images of deformation area of sample P105 after 1 N indentation; (a) low magnification (b) high magnification of the white inset in (a).

Table 5

Adhesion parameters of thin films.
Sample Lcl [N] Lc2 [N] CPR Shear Crack Buckling
code [N?] bands density
P44 11.5+3.1 25.2+4.6 157 Yes High Yes
P89 23.7+2.2 42.6+2.5 448 No Low No
P105 21.4+1.9 40.1+2.3 400 Yes High Yes

earlier reason is the main proof for the lowest crack length (collecting
crack lengths in each coating based on Fig. 7) and deformation area of
sample P89 (see Fig. 13). Employing crack length (like Ref. [74]) and
deformation area (like Ref. [75]) is advisable because the equation of
fracture toughness (Ke=a x E*® xH® xP x ¢ [54]) is not appli-
cable in this case (coating thickness may have a great effect on results
[61] in high load indentations). The trends of crack length and residual
deformation area of the coatings are inversely proportional to H/E?
values. This finding shows that the trend of deformation in ceramic films

(when the content of C+N + O > 60 at%) does not follow the trend of H,
H/E and H%/E? parameters (see Table 4), unlike metallic films
(>"Mi>45 at%) [36,46]. The second reason is the major proof of lower
substrate-coating adhesion behavior. Because ruptures, shear bands and
buckling phenomena in samples P44 and P105 are created substantially
(see Figs. 8, 9 and Fig. S6 in the supplementary file). In the case of
sample P89, the lowest value of Ec is attributed to the high percentages
of oxygen (when nitrogen is replaced by oxygen, the bonding strength
gets weaker [76]).

In machining industries, it is necessary to have higher surface uni-
formity and substrate-coating adhesion. Therefore, lower mass loss and
wear rate under service conditions can be achieved [3,40]. Depositing
by hybrid sputtering (DCMS and HiPIMS), coatings with uniform and
defectless surfaces (no macro-defects were detected) are synthesized.
The abovementioned conditions (maximum degree of smoothness and
adhesion) are satisfied, provided that the bias voltage and peak power
are fixed at the median levels (see the topographic characteristics of P89
in Table 3). In this case, the roughness is lower than 2.04 nm, skewness
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interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
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Fig. 10. Friction coefficient of thin films based on pin-on-disk tests.

is almost zero and kurtosis is near the value of three. Thus, according to
the hypothesis explained in Ref. [59], the surface smoothness of this
sample is maximum. In the case of sample P44, the top-surface features
are acceptable but its major issue is the columnar nature (see its
cross-section image in Fig. 4a). This can facilitate crack propagation
[31] and deteriorate mechanical properties significantly. Although the
other sample (P105) has a uniform surface (roughness is lower than
2.55 nm, and there is no columnar morphology at the top-surface), the
level of Sk and Ku is not desirable. A higher kurtosis (which can create
sharp peaks and valleys-see Fig. 6¢’-) and negative skewness (which can
generate textured grains-see Fig. 6¢-) can cause a lower degree of
smoothness. These topographical parameters will definitely influence
material detachments and wear rate. The columnar character in P44 can
cause a high wear rate (2.7 x 10 mmS/N.m), while the negative Sk (at
a high level) and high Ku in P105 can cause mild wear (5.9 x 107
mm?3/N.m), and the near zero skewness and kurtosis of 3.1 can cause
minimum wear rate (8.1 x 107 rnmg/N.m). These wear modes are
illustrated in Fig. 14, where the green rhomboid shows ultra-mild wear

10

(P89), the orange rhomboid indicates mild wear (P105) and the red
rhomboid demonstrates severe wear (P44). In fact, on the basis of sliding
test results (scratch and pin-on-disk tests), this figure is a kind of wear
map (like the ones defined in Adachi’s articles [1,2]) that helps me-
chanical engineers detect the safe zone. This shows that in order to gain
an applicable coating, it is necessary to achieve higher values of CPR as
well as minimum wear rate. Because if the CPR of a ceramic film is low,
detached ceramic particles (which can be a source to make third bodies)
can be located in the wear track and cause more abrasive conditions.

ASpix=-RY" Ci Ln (Ci) (2)
Disp-(G)= I(Pos-G-Pos-G )/ A M)l 3)
sp® content= (—0-07+ 2-5x Disp-(G)) + 0-06x 100 @
6=2 Gx(14+0)/(1-v) X (Pos-G-Pos-G )/ (Pos-G ) 5
G =E/2(1+v) (6)

Where ASpix is the configurational entropy, R is the gas constant, Ci
is the atomic percentage of element “i”. In addition, Disp. (G) denotes G-
band variation (with dimensions of c¢cm™/nm). E, G and o (in GPa)
indicate the Young’s modulus, shear modulus and residual stress of the
coatings, respectively.

5. Conclusions

Chemical, topographical and mechanical data of W-Ti-C-N(O) thin
films have been studied by means of various tests. The composite
microstructure (the major phase is amorphous and low amounts of
crystalline phases are embedded in this matrix) varies greatly by altering
peak power. Therefore, it can be summarized that:

1. Increasing target power in HiPIMS can cause a significant lift of
oxygen content in the coatings. Oxygen can be entered into thin films
not only as an impurity, but also can be regarded as a principal
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Table 6
4.8 23 Hardness and brittleness origins of thin films.
5
H/E2 I 2 H Sample AS [J/K. Ip [a. Pos. G sp® content ¢ Ec-Es
[x10'4 GPa‘I] 4-‘;‘ 21 [GPa] code mol] u.] [em™] [%] [GPa] [GPa]
4.2 v 20 P44 1.26 R 314 1581 9.8 -2.3 129
4.0 v 19 P89 1.51R 2063 1583 12.4 2.6 8.8
30 70 30 P105 1.47R 2166 1592 24.3 -4.7 37
d [nm]

Fig. 12. Effect of grain size on hardness and toughness parameter of thin films.

element (if O > 8 at%). Hence, this variation can cause a trans-
formation from W-Ti-C-N thin film to W-Ti-C-N-O coatings.

2. Hardness increases with increasing target power. This behavior can
be interpreted by higher carbon content, sp> bond and compressive
residual stress content (extracted from Raman spectra).

11



S.A. Ataie et al.

35 40
28 38
Lerack 21 36 Adeform.
- - 2
(am] |, 4y [am?]
7 32

4.0 44 48
H/E? [x104 GPal]

Fig. 13. Effect of toughness parameter on fracture and deformation behavior

of coatings.

500 .
400
CPR | @
[Nz] 300
200
100 ¢

107 10 107
Wear rate [mm3/N.m]

Fig. 14. Wear map of thin films based on scratch and pin-on-disk tests; Green
color denotes ultra-mild wear, orange color denotes mild wear and red color
denotes severe wear (for interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.).

3. The Young’s modulus of the coating has a great effect on the
toughness (H/Ez) and adhesion (Ec-Es). If this parameter increases
(as in the values in P44 and P105), then buckling, shear bands and
delamination can take place.

4. According to scratch and pin-on-disk results (CPR and wear rate
data), a new wear map is introduced to analyze wear modes. It is
indicated that not only minimum wear rate is essential but also
maximum CPR is vital to gain a desirable coating (P89).
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