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Abstract

Wear can be decreased by applying protective multi-element thin films on the surface of mechanical components (e.g.,
cutting tools and brake discs). The current study examines how substrate polarisation voltage affects the structural-
mechanical relationships of WTICN thin films made using a combination of HiPIMS and DCMS reactive sputtering. A
chemical and structural study of the coatings conducted using EDS and XRD reveals the development of a composite
phase structure. Additionally, the microstructure and morphology of the coating, as revealed by SEM and AFM, shows
that defect-free surfaces are possible to obtain. Then, sliding (scratch and pin-on-disk) and indentation (nano-indenta-
tion) tests are used to examine the films’ mechanical characteristics (hardness, adhesion, friction coefficient and wear
rate). It shows that substrate polarisation voltage of —60V must be used to generate surfaces that are resistant to wear.
The reason for this is the ideal levels of tungsten concentration (19 at.%), root mean square surface roughness (4.5 nm)

and hardness (29 GPa) have been reached.
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Introduction

TiN thin films, which were developed starting in the
1980s, are the first generation of hard protective coat-
ings.' Some elements, including Cr, Mo, V, Nb and
W (elements of the IVB, VB and VIB columns in the
periodic table), were added to these films to increase
their hardness and enhance the tribological perfor-
mance.*” The other qualified possibilities are Al and
Si.®? Adding carbon to TiN films, according to
experts,'®!! might be a potential option for application
in mechanical components, such as cutting tools and
brake discs. As a result, multi-element coatings may be
good choice to meet demanding mechanical require-
ments, namely high and stable coefficient of friction
(CoF) and low specific wear rate. Some attempts have
been undertaken to create tungsten nitride/carbide
coatings since tungsten-based compounds are among
the hardest materials in nature.'>”'> Considering this, it
is expected that W-Ti-C-N thin films may be among the
best options for providing appropriate tribological per-
formance. However, the use of these ceramic materials
has its own restrictions. Contrary to thin metallic films,

these materials have good hardness, yet the fracture
toughness and substrate adherence are key problems
that might diminish the tribological capabilities.'®!’
Wear-resistant coatings with adapted toughness and
adhesion can be ensured by using defect-free, compact
films with nano-sized grains and interlayers.'®2°
Physical vapour deposition (PVD) technologies are
the most effective among the vapour deposition tech-
niques (physical or chemical) to get good quality coat-
ings. Sputtering is more popular than other PVD
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Figure I. Target voltage and target current waveforms obtained during the sputtering of titanium target in Ar/N, atmosphere by

DOMS.

processes, like arc and evaporation methods, because it
can simultaneously meet industrial conditions (high
deposition rate and low temperature/energy consump-
tion) and technological aspects (high surface uniformity
without defects like macroparticles).?' 2* Direct current
magnetron sputtering (DCMS) has so far been the
common setup used for depositions. However, it has its
own limitations, like reduced plasma ionisation and
energetic particles received at the substrate surface.”**
To overcome these limitations, high power impulse
magnetron sputtering (HiPIMS), also known as iPVD
(an ionised form of PVD?®), was developed. Recently,
this technique has been preferred because of higher par-
ticle mobility at the substrate surface, and as a result,
higher coating densities (without pores and open
boundaries) are obtained. Generally, homogenous
nanostructured films are formed, and these features are
of great importance in the mechanical responses of
materials.®” Process variables that impact the quality of
the films’ structure during sputtering deposition include
the substrate polarisation voltage,”** peak power den-
sity,>*3! type and content of the reactive and plasma
gases,>>>* base pressure’ and substrate tempera-
ture.’*>°® As mentioned before, because of the higher
particle energies in HIPIMS, the rising substrate tem-
perature is seldom applied in HIPIMS.*” Furthermore,
gas properties have been extensively investigated.*->*
However, while several studies examine the mechanical
characteristics of multi-element (more than three ele-
ments) thin films made by HIPIMS,?’® few publica-
tions® have examined the tribological behaviour of
multi-element coatings when substrate polarisation vol-
tage changes (parameter crucial to control the energy
of ionised particles).

To achieve superior tribological characteristics it is
crucial to determine the ideal level of substrate polarisa-
tion voltage during HIPIMS operations. Determining
the structural-mechanical changes of WTiCN thin films
produced by combining HiPIMS and DCMS is the

primary goal of this investigation. The value of the sub-
strate polarisation voltage was varied from 0 to —80V
while the other parameters remained constant. First,
the coatings’ chemical composition and structure are
discussed. Then, topographical and morphological
aspects are examined. Additionally, mechanical proper-
ties (scratch and pin-on-disk tests) are analysed. A thor-
ough description of adhesion and wear properties is
finally provided.

Experimental procedure

The WCTiN thin films were deposited in co-sputtering
using a DCMS power supply (ENI RPG50) connected
to the tungsten carbide (WC) compound target and a
HiPIMS power supply (Cypirum™ plasma generator,
Zpulser Inc) working in deep oscillation magnetron
sputtering mode (DOMS), connected to the titanium
(Ti) target.’*** Both target dimensions were
150 X 150mm with 8mm thickness. DOMS was
already proven to be reliable in producing TiN-based
coatings.*' ™ For this work, DOMS 1800 ps pulse was
subdivided in 25 oscillations of 6 ws on-time and 70 s
period (Figure 1) was used, resulting in a duty cycle of
1.8%. The WCTIN films were prepared using increas-
ing negative substrate polarisation, ranging from 0 up
to —80V, to verify their influence on the films mechan-
ical and tribology properties. M2 steel substrates with a
geometry of 25mm diameter and 8§ mm height were
used for tribological tests, and silicon wafers were used
for morphology, structure and chemical composition
analysis. The substrate distanced from both targets
80 mm, and the substrate holder rotated at 23.5 rpm.
Before the depositions, a base vacuum pressure of
1.8 X 10~*Pa was achieved and, before the film deposi-
tion, a cleaning/etching step was performed to the sub-
strates using pulse power unit (350 V at 120kHz and
1616 ns in Ar atmosphere at 0.4Pa) for 60 min. After
the cleaning step, an interlayer composed of Ti (10 min
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Table |I. Deposition parameters used for the WCTiN films.

Substrate bias (V) Ti, DOMS WC, DCMS

Frequency (Hz) Peak voltage (V) Peak current (A) Voltage (V) Current (A)
0 100 1112 55 435 1.6
—40 100 1118 54 444 1.6
—60 93 1167 55 458 1.5
—80 87 1150 55 450 1.6
Table 2. Chemical composition of the WCTiN samples obtained by EDS.
Substrate bias (V) O (at.%) Ti (at.%) W (at.%) C (at.%) N (at.%)
0 35 13.8 174 204 44.8
—40 20 13.9 18.5 19.9 45.8
—60 2.5 14.2 19.2 18.2 45.9
—80 22 16.8 17.0 16.0 48.0

in Ar atmosphere at 0.4Pa with Ti target) and a TiN
support layer (10 min with 0.4Pa Ar + 0.4Pa of N,
again with Ti target) was performed under DOMS
regime at 700 W time average power. For the deposi-
tions, both targets were operated at 700 W, with 0.8 Pa
of total pressure for 50 min, adjusting the polarisation
level according to the parameters of Table 1.

Scanning electron microscopy (SEM) (Quanta
400FEG ESEM equipment) was used to obtain the
thickness and morphology of the films using a 2keV
electron beam for both cross-section and surface micro-
graphs. The film’s composition was obtained by energy
dispersive spectroscopy (EDS) in the same equipment.
The coating’s surface morphology was acquired by
atomic force microscopy (AFM) on a Bruker Innova
system, performing the measurements in tapping mode
with a silicon tip with tip radius lower than 8 nm. The
scan size was 3 X 3 um, and the roughness measure-
ments were performed after image mean plane and
polynomial levelling. X-ray diffraction measurements
were performed on a PANalytical X’Pert PRO MPD
diffractometer with Cu Ka radiation at 45kV and
40mA. The system uses parallel beam in 6-26 geome-
try, with incident beam optics constituted by a hybrid
monochromator with a Cu W/Si mirror and a double
crystal Ge (220). In the path of the diffracted beam was
mounted a parallel plate collimator (0.7°) and a Soller
slit (0.004°). A PIXcel detector in receiving slit mode
was used for X-ray collection.

Hardness and reduced Young’s modulus of the films
were measured in nano-indentation equipment (Micro
Materials Nano Tester) equipped with a Berkovich dia-
mond indenter. The hardness was evaluated from load-
displacement curves using the depth-sensing method,
performing 16 hardness measurements in each specimen
with SmN load, ensuring that the indentation depth is
lower than 10% of the coating’s thickness. The coeffi-
cient of friction (CoF) measurements were obtained

from a homemade pin-on-disk apparatus tested against
10mm steel balls (AISI 52100) with 5N load for 4000
cycles at 0.1 m/s. All the measurements were performed
at laboratory conditions (22°C and 40% humidity).
Specific wear rate was then calculated using a 2D profil-
ometer (Mitutoyo Surf test SJ-500) measuring the wear
on three equally distant profile points of the worn
tracks resulted from the previously mentioned pin-on-
disk test. Surface and composition analysis after pin-
on-disk tests were performed in SEM Hitachi model
SU3800 coupled with Bruker Quantax Compact EDS
detector. Scratch tester using an automatic scratch tes-
ter, CSEM — REVETEST, fitted with a Rockwell ‘C’
diamond-tipped indenter with a spherical tip radius of
100 wm was used to evaluate the adhesion of the films.
In the experiments, the normal load increased linearly
from 0 to 60N with a speed of 10 mm/min. Samples
and indenter were ethanol cleaned before testing, and
an optical microscope was used to quantify the adhesive
properties of the thin films.

Results

Table 2 presents the element concentration of the
WTICN thin films extracted from EDS analysis. As
can be seen, by increasing substrate polarisation poten-
tial, both metallic percentages (W + Ti) and nitrogen
content in the coatings rise gradually. In contrast, car-
bon content gets lower values and oxygen (usual
impurity in PVD productions®>*?) appears only in low
amounts (below 3.5at.%). Hence, the metals to nonme-
tals ratio increases with substrate polarisation voltage
increase (from 45 to 51%). It must be mentioned that
other impurities (like Ar, which can be in thin films in
extremely low amounts®) contents are lower than
0.2at.%. These trends can be explained by the parti-
cle’s energy and weight.®> At higher levels of substrate
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Figure 2. X-ray diffraction patterns of the WCTiN films
prepared by DOMS.

polarisation voltage, particles with higher weights (W
and Ti ions/atoms) diffused and deposited to the coat-
ing more efficiently and the nitrogen can substitute the
carbon in the growing layer. Nitrogen amount in the
thin films is higher than carbon, and on the other hand,
nitrogen content rises while carbon content becomes
lower. As a result, nitride compounds content can grow
gradually while carbide compounds amount reduces
significantly.

The X-ray diffraction results patterns of all the films
are shown in Figure 2. Hybrid/composite phase struc-
tures (crystalline phases plus amorphous phase) are
obtained. Adding to it, the amorphous phase is the
major phase in all the thin films, while some low-
content nano-crystalline phases can be observed. A
high content of the amorphous phase in the thin films
produced by co-sputtering in the presence of a high N
ratio (Pna/Pa, = 0.5) is usual.*!* Moreover, crystalline

phases can be attributed to WTiC (ICDD no 00-020-
1309), TiW (ICDD no 00-049-1440), WC (ICDD no
00-002-1055), WN (ICDD no 00-025-1256), TiN
(ICDD no 00-006-0642), W,C (ICDD no 00-002-1134).
Peak broadening can be assigned to overlapping the
XRD patterns of the abovementioned phases and
nanocrystalline structures. However, since the chemical
composition shows all the elements, the films formed
can be considered WCTiN.

The surface SEM micrographs, together with the
respective insets cross-section micrographs of the
WCTiN films, are shown in Figure 3. The micrographs
have similar cauliflower-like surface morphology for
the four films, without any substantial variation
between them. The cross-section micrographs also
show similar dense microstructure for the four films.
The thickness of the four films is constant at around
I pm. The thin Ti/TiN interlayer (120nm) used for
adhesion and support is also visible in cross-section
micrographs.

The constant cauliflower-like surface morphology
agrees with the AFM measurements (images not
shown). Their surface height ranges from —18nm up
to 23 nm in all four samples, and the root mean square
surface roughness (Sy) values of 5.0, 5.7, 4.5 and
5.1 nm, respectively, for 0, —40, —60 and —80V of sub-
strate polarisation.

The surface morphology results have no defined ten-
dency that can be attributed to the substrate polarisa-
tion used in this work. However, the results are
characteristic of films deposited by HiPIMS (dense
films) but with some influence of shadow effects during
film growth (cauliflower surface). In general, the polari-
sation applied to the substrates does not influence their
morphology and structure.

Figure 3. SEM surface micrographs and cross-section inset micrographs of WCTiN films prepared with substrate polarisation of:

(2) OV, (b) —40V, (c) —60V and (d) —80V.
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prepared by DOMS.
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Figure 5. Scratch test photos for WCTiN done up to 60 N
with a |0 N/mm applied force.

The hardness and reduced Young’s modulus of the
films are presented in Figure 4. The graph reveals an
increase of both parameters with the increase of sub-
strate polarisation from 0 until —60V, in accordance
with the literature.** The highest value is obtained for
the sample with substrate polarisation of —60V, with a
hardness of 29 GPa, starting from 15GPa for 0V of
substrate polarisation. This high value is already super-
ior to W-C-Ti coating, which typically ranges from 15
to 17 GPa.** The Young’s Modulus values for the same
films are also increasing, starting above 200 until
250 GPa. In these films, the mechanical parameters
have a relation with the increase of bombarding energy,
i.e., the more negative substrate polarisation increases
the surface bombardment increasing the respective
compactness of the films and increasing the respective
mechanical properties. Substrate polarisation at —80V
shows a drop of both hardness and Young’s Modulus
values back to 15 and 200 GPa, respectively.

Optical images of scratch tests done for the four
samples are shown in Figure 5. For the WCTiN films
deposited with 0V substrate polarisation LC1 type fail-
ure starts at 6.6 N of load. This type of failure extends
and becomes more noticeable at 11.8 N, where visible
vertical cracks become prominent, reaching the scratch
sidewalls. At 37.4N of load, LC2 type failure begins
with delamination points of the thin film. When —40V
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Figure 6. Coefficient of friction for the WCTiN thin films. Pin-
on-disk test ran for 4000 cycles.

of substrate polarisation is used during the deposition
of the WCTIN film, the LCI1 failure starts earlier, at
3.4N, showing propagation like the 0V sample.
Likewise, the LC2 type of failure occurs earlier at
34.8 N. The WCTiN film deposited with —60 V of sub-
strate polarisation has a latter LC1 failure at 9.4N of
load but earlier LC2 failure at 17.2 N of load. Despite
this earlier LC2 failure of the film, the scratch track has
less cracks with only seemingly random LC2 type fail-
ures that do not proportionally increase in number with
increasing applied load, contrary to previous samples.

The scratch result for the WCTIN film prepared
with —80V starts with a very visible LC2 failure point
at 14.2 N of load, later developing and turning into an
LC3 type failure at 28.8 N of load. Such failure is in
conformity with adhesion failure and backs up the
hardness and Young’s Modulus drop for this sample
(Figure 4). This behaviour is attributed to a film com-
promised due to internal residual stress forces, as seen
in similar materials.*® These residual stress forces hin-
der the adhesion of the WCTiN thin film to the sub-
strate steel disk, limiting their application.

The CoF of the WCTiN films prepared in this work
appears in Figure 6. The CoF results have similar val-
ues in the steady state zone of the measurements,
between 1.0 and 1.2, after 500 cycles mark. There are
some differences during the running-in period between
the samples. For the 0V WCTIN film, after the initial
100 cycles of fast increase of CoF attributed to the
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Figure 7. SEM of 10 mm steel ball (AISI 52100) used for the 4000 cycles pin-on-disk tribology testing.

running-in period, slightly above 1.4 CoF value is mea-
sured before reaching the steady state between 500 and
2000 cycles. Another difference was obtained for the
WCTiN film prepared with —60V of substrate polari-
sation, where longer running-in occurred until 500
cycles.

The SEM micrographs of the pin after pin-on-disk
tests are shown in Figure 7. The contact point of the
pins shows an accumulation of wear debris around the
edges of the worn area. There are also signs of material
inclusions from the coating in the worn area. The dif-
ference between the contact area between 0 and —40V
samples, as compared with —60 and —80V, is that the
latter two are the ones with the smaller worn area.
Moreover, the pin used for WCTiN prepared with 0V
of substrate polarisation shows a smaller amount of
material inclusion.

The SEM micrographs of the wear tracks on the
WCTIN films after the pin-on-disk tests are shown in
Figure 8. The amount of material embedded in the wear
track during the testing increases with the increase of
negative substrate polarisation. The WCTIN film pre-
pared with 0V of substrate polarisation shows the low-
est quantity of embedded debris in the coating. This is
the less hard film (compared with the rest of the sam-
ples prepared for this work), and, as a result, particles
worn from the pin must be low. The other films are sig-
nificantly harder, which results in a higher capability of
pin wear with respective particles being released and
embedded in the coatings. As seen in Figure 7, this also
results in higher quantity of material transfer to the
respective pins.

Further examination was conducted with the compo-
sition of the worn areas and debris on both pin and
coating (Tables 3 and 4, respectively), confirming that
material transfer had occurred mutually. Material
transfer from the coating to the pin is confirmed by the
composition EDS results measured in those areas,
Table 3, since W, Ti, C and N traces are obtained. The
results also show that the transferred material is oxi-
dised, that is, a higher quantity of O element is obtained
in the debris. The composition of the unused pin is also
shown in Table 3 for comparison, and only Fe, C and
Cr together with residual O is measured.

Table 4 shows the composition results of the worn
area of the WCTIN coatings after pin-on-disk testing.
The composition analysed in the coating shows similar
but inversed behaviour. In this case, in the debris area
the film composition shows a reduction of elements
quantity (W, Ti, C and N) together with signals from
the pin (Fe) and increased O element signal, resulting
from oxidation. In the worn areas, the film composi-
tion appears closer to the initial unused film without
the oxygen signal. In this last case, we can conclude
that the film maintains the composition and does not
show signs of surface oxidation resulting from the pin-
on-disk testing.

From the results already presented, two types of
wear mechanisms can be suggested. The sample pre-
pared at 0V has fewer debris embedded in the film
worn track. The hardness of this film is lower (com-
pared with the other samples studied here), and as a
result, pin debris removal and respective embedding in
the coating is not promoted. The wear occurs simply by
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Figure 8. SEM of wear tracks after the 4000 cycles pin-on-disk tribology testing.

Table 3. Composition obtained by EDS measurements in the pins worn after pin-on-disk testing of the WCTiN films with changing
substrate polarisation.

Element Pin oV —40V —60V —-80V

Transfer Worn Transfer Worn Transfer Worn Transfer Worn
w - 49 - 5.8 - 9.9 - 6.8 -
C 14.6 83 9.4 9.3 9.9 1.3 9.6 12.0 1.6
Ti - 57 - 5.8 - 9.0 - 7.1 -
N - 2.8 - 2.8 - 45 - 1.5 -
Cr 1.2 - 1.2 - 1.6 - 1.5 - 1.0
Fe 814 388 89.5 40.0 88.5 3.7 88.9 21.6 87.4
(e} 2.9 39.6 - 36.2 - 61.5 - 51.0 -

Pin represents the composition reference on the clean and unused pin; transfer to composition measured on particles in the contact point; and worn
to the worn contact point of the pin.

Table 4. Composition obtained by EDS measured in the wear track after pin-on-disk tests for WCTiN films prepared with changing
substrate polarisation.

Element WCTiN film oV —40V —60V —-80V
Debris Worn Debris Worn Debris Worn Debris Worn

w 15.5 12.5 13.7 10.9 16.5 12.1 15.6 12.4 13.4
C 28.5 16.2 20.7 1.2 20.1 17.5 25.8 20.5 23.0
Ti 1.2 15.7 18.2 1.6 17.8 9.1 13.1 1.7 16.8
N 39.2 24.6 40.8 10.1 40.2 16.4 40.6 32.1 41.9
Fe 1.9 2.5 33 7.7 2.3 1.2 29 1.5 2.1

(@] 3.8 28.5 33 485 3.2 437 2.1 21.7 29

WCTIN film represents the composition reference on clean and unused WCTiN coating; debris corresponds to composition measured on particles in
the wear track; and worn to the wear track of the coating.

pin and coating erosion during testing. The less hard amount of embedded pin debris in the worn area of the
film withstands higher surface wear during testing. The track. The wear mechanism in these samples corre-
samples prepared at —40, —60 and —80V have a higher sponds to hard coating wearing the pin and respective
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Figure 9. Specific wear rate for the WCTiN thin films after 4000 cycles for (a) pin and (b) WCTiN coating.

released pin debris embedded into the coating. This fur-
ther promotes the wear of these coatings.

Graphs of specific wear rates calculated for the pin
and for the coating are displayed in Figure 9. The
results confirm the two types of wear mechanisms. In
the samples with substrate polarisation of 0 and —40V,
both pin and coating present higher specific wear rates.
The samples with substrate polarisation of —60 and
—80V have lower specific wear rates. The pin specific
wear rate, Figure 9(a), on the other hand, for WCTIN
prepared with —80V of substrate polarisation confirms
the coating instability, presenting higher specific wear
values due to its poor adhesion on the substrate and
faster degradation.

In this work, the WCTIN films with —60V of sub-
strate polarisation are the most stable and with the best
properties for further investigation. The results show
that the wear mechanism consists in coating and pin
wear with the formation of debris that add to the pin
(material transfer) and get embedded into the coatings.
This process shows faster coating degradation and
higher pin wear.

The increase of the negative substrate polarisation,
together with the HiPIMS/DOMS sputtering deposi-
tion process, leads to an increase of the bombarding
energy during film growth up to the point of adhesion
failure. From the deposition conditions used in this
work, —80V was the point where the film peeling off
started to occur, limiting the testing and film
performance.

Conclusion

Thin WCTiN films were successfully deposited via co-
sputtering of tungsten carbide target with DCMS and
titanium with HiPIMS in a reactive nitrogen environ-
ment. According to chemical composition investiga-
tion, the coatings’ metallic percentages (W + Ti) and
nitrogen content steadily increase as substrate polarisa-
tion potential rises. In contrast, the carbon

concentration is decreased, and the oxygen content is
low (less than 3.5at.%). As a result, the ratio of metals
to nonmetals rises as substrate polarisation voltage
raises (from 45 to 51%). The XRD analyses reveal the
formation of hybrid/composite phase structures (crys-
talline phases plus amorphous phase), regardless of
substrate polarisation voltage. Furthermore, the film
microstructure is also not affected by the rising of the
substrate polarisation voltage. The developed WCTIN
films in this work present a very dense microstructure.

The mechanical and tribological properties of the
WCTiN films are clearly influenced by the change in
the substrate polarisation voltage. Less negative sub-
strate polarisation has the lowest hardness and Young’s
modulus. The worse performing sample is the —40V,
with lower adhesion (earlier failure seen in Figure 5)
and high specific wear rate (the highest values, Figure
9), even if it is 33% harder than the 0V sample. The
0V sample claims the lowest harness compared to all
others. The —80 V sample has the most unstable results.
The adhesion is the worst, with complete early delami-
nation, and hardness is also strongly reduced. Still,
CoF maintains similar values and has the lowest spe-
cific wear rate (on par with the —60V sample).

The best-performing film was the one prepared with
—60V of substrate polarisation. This film has the high-
est hardness of 29 GPa (Figure 4), surpassing other W—
C-Ti based coatings, which are typically around 15—
17 GPa. The sample has good adhesion and low specific
wear rate (around 6 X 10~ m?/N.m), together with
high and very stable CoF (around 1.14) throughout the
entire test. These interesting properties make these
WCTIiN films good candidates to be used in demanding
applications, that is, cutting tools and brake discs.
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