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Abstract: This study deposited CrAIN coatings from AlsoCrsg targets using high-power impulse
magnetron sputtering, with a focus on the effects of nitrogen content and substrate bias voltage on
the deposition rate, microstructure, crystal orientation, residual stress, and mechanical properties
of the coating. The nitrogen content was adjusted by varying the Ny/Ar flow ratio between 20%
and 140%. Increasing the nitrogen flow rate during deposition led to corresponding decreases in
the deposition rate and film thickness. X-ray diffractometer (XRD) analysis revealed that a low
Ny/Ar flow ratio (<40%) resulted in amorphous CrAIN, whereas a higher ratio (>40%) resulted in an
face-centered cubic (FCC) phase. Bias voltage also had considerable influence on the residual stress
and grain size. A refined grain structure and high internal stress resulted in hard CrAIN coatings.
Among the various parameter combinations evaluated in this study, the highest hardness (35.4 GPa)
and highest elastic modulus (426 GPa) were obtained using an Ny/Ar flow ratio of 100% and a bias
voltage of =120 V.
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1. Introduction

Transition metal nitride coatings are commonly used for the surface modification of cutting
tools and mold components, due to their superior wear resistance resulting from a low coefficient
of friction and high hardness [1]. Much of the research on depositing transition metal nitride
films has focused on cathode arc evaporation (CAE) and DC magnetron sputtering (DCMS) [2,3].
CAE features a high deposition rate and good coating adhesion. However, high processing
temperatures and the ejection of massive droplets from hot cathode spots limit its applicability
to specific materials that can tolerate a high heat load and specific applications that do not depend
on smooth finishes. Conventional DCMS is a low-temperature process capable of producing smooth
surfaces, however, the low rate of ionization results in low film densities. Researchers have recently
begun combining high-density plasma technology with magnetron sputtering, i.e., high-power impulse
magnetron sputtering (HiPIMS). The films produced using this method are superior to those obtained
using conventional physical vapor deposition (PVD) technologies in terms of density, hardness,
and surface roughness. Shimizu et al. [4] reported that transition metal nitride coatings deposited
via HiPIMS are superior to those deposited via DCMS in terms of microstructure, density, surface
smoothness, and hardness (2288 Hv). Paulitsch et al. [5] reported on the hardness of coatings obtained
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using both of these methods: CrNyipmvs (23 GPa) vs. CrNpewms (15 GPa) and TiNggipivs (35 GPa) vs.
TiNpcwms (15 GPa).

The flexibility of HiPIMS (using individual targets) must be balanced against the cost of operating
two DC supplies, however, this problem can been overcome through the use of alloy targets to
create ternary films. Researchers have employed independent targets of Al and Cr to deposit CrAIN
coatings with a fixed composition, such as CrggAljg [6], Cr39Alyg [7,8], Crp5Alys [8], and CrppAlgg [9,10].
It has been reported that the hardness, oxidation resistance, and the tribological properties of AICrN
coatings improve with an increase in Al-content up to 70%-75%, as long as an face-centered cubic
(FCC)-structure is predominant [11]. We obtained similar results in a previous study [12]. At present,
manufacturers prefer targets of Al;oCrzg and AlsoCrsg. Researchers have also employed CAE or DCMS
to create CrAlN films using an alloy target of CrspAlsg [13]. In this study, we used HiPIMS to create
CrAlN films using an alloy target of CrspAlsg.

The properties of CrAIN films can be altered simply by adjusting the HiPIMS processing
parameters, including pressure, gas ratio, bias, and CrAl alloy ratio. Jiang et al. [14] reported that the
microstructure and mechanical properties of AISiN thin films are strongly related to Np/Ar flow ratios
during deposition. Mahato et al. [15] reported changes in crystalline phases and grain size following
the adjustment of nitrogen content. Applying a negative bias voltage to the substrate has been shown
to increase the kinetic energy of the bombarding positive ions, which increases the adatom mobility
(ion-bombardment-enhanced diffusion), re-sputtering, and atomic peening [16]. Biswas et al. [17]
reported that higher bias voltages tend to improve the density of thin films by enhancing the intensity of
ion bombardment, however, excessively high bias voltages can compromise the mechanical properties.
Lomellon et al. [18] reported an increase in the hardness of AICrN coatings from 33 to 50 GPa after the
bias voltage was increased from 0 to =150 V.

As discussed above, few studies describe the use of HiPIMS in conjunction with a CrsgAlsg target.
In this study, we created CrAIN films using HiPIMS with a Crs9Als target, while focusing specifically
on the effects of No/Ar flow ratio and bias voltage on the resulting structure and mechanical properties.

2. Experimental Details

The HiPIMS system used in this work employed a simple chamber with two water-cooled
99.99% Cr and CrspAlsg targets. The Cr and CrspAls targets (49 cm X 9 cm) were connected to
two pulse power supplies (Melec, SPIK 3000A, Baden-Baden, Germany and Magpuls, MP2-HC1000,
Sinzheim, Germany). Deposition was performed in unipolar mode with a constant pulse on-time
of 150 ps (duty cycle of 3%) at a fixed frequency of 200 Hz, while maintaining a target to substrate
distance of 150 mm. The calculated ion eroded area of the CrsypAlsg target (242 cm?) was used to
calculate the peak power density. A Cr target was used to deposit metal and binary transition metal
nitride interlayers to ensure adhesion of all coating materials. SUS304 and high-speed steel (HSS: AISI
M2, 25 mm in diameter and 10 mm in thickness) substrates were cleaned in an automated cleaning
line comprising a series of alkali solutions and DI water baths followed by drying in a furnace. The Si
wafers underwent standard RCA cleaning. The chamber was evacuated to a base pressure of less than
6.7 x 107* Pa. Prior to deposition, the Cr and CrsgAlsg targets were pre-sputtered to remove surface
contaminants. The working pressure was maintained at approximately 0.4 Pa through the injection of
an Np/Ar gas mixture. An average HiPIMS power of 3 kW was maintained throughout the 40-min
deposition process and the unheated substrate was fixed (i.e., without rotation). This research was
conducted in two phases: (1) Assessing the effects of the Ny/Ar gas flow ratio (expressed in percent,
ranging from 20%-140%) and (2) assessing the effects of substrate bias voltage (=30 to —150 V) with
the Ny/Ar ratio fixed at 100%. Driving waveforms were recorded using a digital oscilloscope (GW
Instek GDS-2204E, New Taipei, Taiwan) with a high-voltage differential probe (GW Instek GDP-025,
New Taipei, Taiwan) and probe current amplifier (GW Instek GCP-020, New Taipei, Taiwan).

The morphology of the coatings was observed using a field-emission scanning electron microscope
(FE-SEM, JEOL, JSM-7000F, Tokyo, Japan). The crystalline structure of the CrAlN layers was
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characterized using a grazing incidence X-ray diffractometer (GIXRD, PANalytical, X"pert MRD,
Almelo, Netherlands) with an incident angle of 0.5°. The power of the GIXRD instrument (Cu
Ko radiation) was fixed at 45 kV/40 mA, and measurements were obtained over diffraction angles
of 20°-90°. The size of crystallites in the coating was calculated using the Scherrer equation [19]:
D = 0.94/(K cos 0), where D is the crystallite size perpendicular to the plane; A is the X-ray wavelength;
K is the full-width at half-maximum in radians; and 0 is the Bragg angle. Microstrain levels were
calculated using the Williamson-Hall method. The preferred orientation in the coating was determined
by calculating the texture coefficient Tc(hkl) for each orientation using [20]:

I(kl) /I (hKI)
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)

where I(hkl) is the measured diffraction line intensity, Iy(hkl) is the standard diffraction line intensity
(JCPDS database), and n indicates the number of diffraction lines analyzed. Selected area electron
diffraction (SAED) patterns were collected by a field-emission transmission electron microscope
(JEOL, JEM-ARM200FTH, Tokyo, Japan). A field-emission electron probe microanalyzer (EPMA,
JEOL, JXA-8500F, Tokyo, Japan) was used to analyze the chemical composition of the CrAIN layers.
The residual stress of the coatings was evaluated using the substrate curvature method, which involved
measuring the thickness of the coatings and the curvature of the Si wafer before and after deposition.
Residual stress was calculated using Stoney’s equation. Adhesion strength was measured via scratch
tests using a Rockwell diamond stylus with the following parameters: loading speed (400 N/min),
maximum load (100 N), scratch velocity (2 mm/min), and scratch length (5 mm). The critical load
(Lc) of the coatings was based on observations of exfoliation using an optical microscope after each
scratch test. Each film was scratched four times to avoid errors. Measurements were obtained
using a nanoindentation instrument (TI-900, TriboIndenter, Hysitron, Minneapolis, MN, USA) with a
Berkovich 142.3° diamond indenter at a maximum applied load of 6 mN. The depth of indentation
was approximately 100 nm, i.e., about on tenth the thickness of the CrAIN layer. The hardness and
elastic modulus of each indent were determined using the Oliver and Pharr method [21]. The elastic
modulus, E, was derived as follows:

1-v2)  (1-v7
LR G P G o

where E; and v, respectively, indicate the reduced modulus and Poisson’s ratio in the thin film, and E;
(1140 GPa) and v; (0.07) are the parameters corresponding to the diamond indenter [22]. The quoted
hardness values are the average of at least five readings. The friction coefficients of coatings grown on
the HSS substrate were measured using a tribometer (CSM Instruments, Needham, MA, USA) with a
ball-on-disk configuration (standard HSS ball with a diameter of 6 mm) at a sliding speed of 27 cm/s
and a normal load of 1 N at room temperature under dry conditions. Note that the sliding rotational
radius of the ball was 7 mm.

3. Results and Discussion

3.1. Effects of No/Ar Flow Ratio on the CrAIN Layer

Increasing the Nj/Ar flow ratio (from 20% to 140%) was shown to increase the peak current
(from 352 to 608 A), peak voltage (from —800 to —640 V), and peak power (from 281.6 to 389.1 kW)
during HiPIMS pulses. As shown in Table 1, there was also a notable increase in the peak power
density (from 1.16 to 1.60 kW/cm?), which improved the quality of the deposited film in terms of
microstructure density and surface roughness [14]. Under all operating conditions, the peak power
density (>1 kW/cm?) met the requirements of HiPIMS and exceeded that of conventional DC-MS
systems [23]. The increase in the target power density can be attributed to the increase in peak current
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made possible by the reactive gas (N;) increasing secondary electron emissions from the target [24].
The peak power density of the Cr target is not discussed as it was used only to deposit an interlayer
under a fixed Np/Ar flow ratio.

Table 1. Ny/Ar flow ratios and corresponding effects on peak power density and concentrations of
constituent elements in CrAIN coatings.

Nao/Ar (%) Derl::ftl; f’fxféna N Amnc“: Ratml\(:t' ") AlCrRatio  AI/(Al+Cp Ratiox  N/(Al+Cr) Ratio
20 116 379 361 256 040 105 051 034
40 120 297 283 416 037 105 051 071
60 126 247 27 523 028 108 052 111
80 146 246 23 529 023 1.09 052 112
100 1.52 24.2 222 53.1 0.48 1.08 0.52 1.14
120 154 246 230 520 035 106 051 109
140 1.60 257 28 510 046 112 052 105

Table 1 also lists the concentration of constituent elements in the CrAIN layers produced under
various Ny/Ar flow ratios. An increase in N,/Ar flow ratios was shown to reduce the atomic ratios of
Cr and Al. Note that under a low Ny/Ar flow ratio (<60%), the atomic ratio of N was higher, due to the
availability of N molecules and N* ions in gaseous phase, which increased the collision frequency in
the plasma and in so doing lowered the sputtering yield of Al and Cr [1]. An increase in the N,/Ar flow
ratio was also shown to increase the Al/Cr ratio, due to the fact that the sputtering threshold energy of
Al (13 eV) is lower than that of Cr (22 eV) [25]. Finally, the CrAIN films still contained a relatively small
number of nitrogen atoms (N/(Al+Cr) < 1); i.e., the material properties of the CrAIN films were similar
to those of a metal (or metal-rich nitride). Increasing the Ny/Ar flow ratio to beyond 60% did not lead
to a further increase in N content. At that point, the CrAIN films became saturated (N/(Al+Cr) > 1);
i.e., the material properties of the CrAIN films were similar to those of a fully nitride-coated film. The
Al/(Al+Cr) ratio was maintained at a constant ~0.5, which prevented the formation of h-AIN phase in
the CrAlN films. Note that the oxygen content in all of the films was less than 0.5 at.%.

Figure 1 presents XRD patterns of CrAIN layers deposited under various Ny/Ar flow ratios. A low
Ny/Ar flow ratio (<40%) resulted in an amorphous CrAIN layer, due to the fact that the number of
Me—-N bonds in the film was insufficient to form crystalline structures. Note that the crystalline
structure was confirmed by selected area electron diffraction (SAED) analysis. An intermediate Np/Ar
flow ratio (40%—80%) resulted in CrAIN layers with FCC structures showing (111), (200), and (220)
diffraction peaks indicative of CrN phase. When the N,/Ar flow ratio exceeded 80%, the observed
20 values for (111), (200), and (220) reflections were below standard 26 values, due to the effects of
internal stress in the coatings. Changes in the preferred orientation as a function of Ny/Ar flow ratio
were estimated qualitatively in terms of texture coefficients. Note that when the Ny/Ar flow ratio was
increased from 60% to 140%, the preferred orientation changed from (111) to (200). Paulitsch et al.
reported the preferential growth of crystals with a (200) orientation following an increase in ion
density [5]. Researchers have also reported that increases in bombardment levels gradually induce
a preferential orientation change from (111) to (200) or (220) [26]. In the current study, increasing
the Ny/Ar flow ratio produced an increase in peak power density, which provided the bombarding
species with additional energy. When the nitrogen content was increased from 60% to 140%, the lattice
parameter of the CrAIN layer increased from 0.4128 nm to 0.4187 nm and the microstrain increased
from 3.57 x 1072 to0 5.33 X 1073. When Cr was mixed into the AIN, larger Cr atoms occupied some of
the Al sites to form a CrAIN solid solution, thereby altering the lattice parameters, as follows: CrN
(0.41480 nm) and AIN (0.4045 nm) [20,25]. Table 2 summarizes the computed lattice parameters, texture
coefficients, and microstrain values of the various coatings. Note that the hexagonal wurtzite structure
characteristic of AIN crystals did not appear in any of the films, due to the low Al/(Al+Cr) ratio; i.e.,
below the critical point at which AIN would form. Previous studies reported a phase transformation
from an FCC to a hexagonal close packed (HCP) structure under high Al concentrations (Al/(Al+Cr)
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ratio > 66%) [12]. Figure 2 presents the SAED images obtained using a transmission electron microscope
(TEM) from CrAlIN layers formed under Ny/Ar flow ratios of 20%, 60%, and 100%. The SAED patterns
clearly indicate the amorphous structure of the CrAIN layers formed under an Ny/Ar flow ratio of 20%.
Increasing the nitrogen content beyond that point caused a structural transformation from amorphous
to crystalline. Note that these results are in good agreement with our GIXRD results.
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Figure 1. Grazing incidence X-ray diffractometer (GIXRD) profiles of CrAIN layers as a function of
N, /Ar flow ratio.

Table 2. Lattice parameters and texture coefficient of CrAIN layer under various N,/Ar flow ratios.

Texture Coefficient Tc

Ny/Ar (%) Lattice Parameter (nm) Microstrain ¢
(111) (200) (220)
60 0.4128 357 x 1073 1.39 0.37 1.23
80 0.4143 407 x 1073 1.26 0.52 1.22
100 0.4156 5.01 x 1073 1.01 0.96 1.03
120 0.4170 5.33 x 1073 0.87 1.03 1.09
140 0.4187 480 %1073 0.98 1.12 0.89

N,/Ar:60% . N,/Ar:100%

N,/Ar:20%

e

2/1nm 2/1nm = 2/1nm

Figure 2. Selected area electron diffraction (SAED) patterns of CrAIN layers formed under Ny/Ar flow
ratios of 20%, 60%, and 100%.

Figure 3 presents cross-sectional SEM images of coatings deposited under various Np/Ar
flow ratios. The red-dotted line demarcates the CrAIN top layer. Under an Ny/Ar flow ratio of
<40%, no columnar-type structures were observed in the CrAIN. Under an Ny/Ar flow ratio >40%, all of
the CrAIN layers exhibited columnar-type structures. When the nitrogen content was increased (from
20% to 140%), the thickness of the CrAIN layer decreased from 2.86 to 0.97 um and the deposition rate
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decreased from 71.5 to 24.3 nm/min. This was partly due to the fact that the sputtering rate of nitrided
compounds is lower than that of metals [27]. Furthermore, the Me-N layers produced secondary
electron emission yields higher than the metal targets, which further lower the sputtering yield of the
targets [28].

N,/Ar: 20% N,/Ar: 40%

A CoN.

Figure 3. Cross-sectional scanning electron microscope (SEM) images of coatings deposited under
various Ny,/Ar flow ratios.

Figure 4 presents the hardness and Young’'s modulus of CrAlN layers formed under various Np/Ar
flow ratios. The highest hardness value (29.3 + 0.6 GPa) and Young’s modulus (406.1 + 15 GPa) were
obtained when the Ny/Ar flow ratio was 100%. The hardness values of all of the samples presented
characteristic slopes in the linear fitting plot. There was a strong positive correlation between N,/Ar
flow ratios (from 20% to 80%) with hardness values (from 11.5 + 0.5 to 21.7 + 1.3 GPa) and with
Young’s modulus (from 207.9 + 7 to 383.7 + 14 GPa), due to the replacement of a large number of
Me—Me bonds with Me—N bonds in the CrAIN film. At Ny/Ar flow ratios exceeding 100%, the samples
became saturated with nitrogen, such that the composition, crystal structure, and corresponding
hardness and Young’s modulus of the CrAIN film did not change significantly. When the Ny/Ar flow
ratio was increased from 20% to 140%, the residual stress decreased from —0.5 to —2.8 GPa. Note
that residual stress value is strongly related to film hardness. To assess the suitability of coatings for
tribological applications, we calculated the deformation relative to yielding (H/E) and resistance to
plastic indentation (H3/E?) ratios based on the nanoindentation results. Generally, the H/E and H3/E?
ratios are proportional to plastic deformation resistance [29]. The average H/E and H3/E? ratios are
summarized in Table 3.

Table 3. Mechanical properties of CrAIN coatings under various Ny/Ar flow ratios.

Hardness  Elastic Modulus Residual Stress
Ny/Ar (o) oo Py H/E  HYE2 LA(N) COF (ml":gf]_ﬁf‘::_l) et
20 115+ 0.5 208 +7 0.055 0.035 54.6 0.79 9.40 x 107 -0.5
40 135+ 0.6 265 + 10 0.050 0.035 51.2 0.73 8.07 x 107° -0.5
60 17.7 £ 1.6 356 + 34 0.049 0.043 50.7 0.78 353 x 107® -1.5
80 21.7+1.3 383+ 14 0.056 0.069 48.1 0.88 3.11x 107 -1.7
100 29.3 £ 0.6 406 + 15 0.072 0.152 46.6 0.71 2.71 %1070 -23
120 28.7 £ 0.7 397 + 16 0.072 0.149 454 0.86 224 x 107 24
140 289 +1.3 392 +20 0.073 0.157 41.8 0.73 245 % 1070 -2.8

Lc1 is commonly defined as the load required to peel a film off of a given substrate, as determined
by the analysis of scratch morphology. As shown in Table 3, increasing the Ny/Ar flow ratio from 20%
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to 140% decreased the Lc1 value from 54.6 to 41.8 N. This weak correlation between Lcl values and
N,/Ar flow ratios can be attributed to the modulation of the interlayer structure and an increase in
residual stress in the coatings following an increase in the Ny/Ar flow ratio.
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Figure 4. Hardness and Young’s modulus of CrAIN layers deposited under various Np/Ar flow ratios.

The tribological properties of the coatings depend on multiple parameters including,
the microstructure, grain size, density, surface quality, and residual stress in the coatings. Table 3
lists the coefficient of friction (COF) and average wear rates of each coating. Increasing the Ny/Ar
flow ratio from 20% to 140% increased the average COF from 0.7 to 0.8. The highest wear rates
(9.4 x 107 mm3-N~1-m™1) were observed in samples formed under Ny/Ar flow ratios of less than 40%,
due to the lowest hardness (11.5 GPa) and larger grain size of those films. As shown in Figure 5,
the grains in the CrAIN layer formed under an Ny/Ar flow ratio of 40% were larger than those formed
under an Np/Ar flow ratio of 120%. Wasekar et al. [30] reported a continuous decrease in the wear rate
with a decrease in grain size. Increasing the N»/Ar flow ratio beyond 50% decreased the wear rate from
3.53 x 1070 t0 2.45 x 107 mm3-N~1m~!, due to improvements in film hardness and tribo-chemical
reactions at friction interfaces [31]. The coatings with the highest nitrogen composition presented good
wear resistance as well as the highest H/E and H3/E? ratios [32]. In this section, we observed the effects
of Ny/Ar flow ratio on the composition, crystal structure, and mechanical properties of CrAIN layers
prepared via HiPIMS. The best mechanical properties were obtained with the N,/Ar ratio fixed at 100%.
Note however, that the interpretation of these results may be best achieved using previously reported
data. Wang et al. [31] reported that sharp increases in H values (from 14.0 to 22.0 GPa) and E values
(from 149.9 to 198.3 GPa) occurred independently from the Ny/Ar flow ratio. Greczynski et al. [33] and
Hurkmans et al. [34] reported similar changes in hardness with increases in the nitrogen content in the
CrNy films.

Figure 5. SEM images of CrAIN layers formed under Ny/Ar flow ratios of 40% and 120%.
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3.2. Effects of Bias Voltage on CrAIN Layers

In this section, we examine the effects of bias voltage on the structure and mechanical properties
of CrAIN layers. Table 4 lists the chemical composition of CrAIN layers formed under various bias
voltages. Increasing the negative bias voltage from —30 to —150 V slightly increased the Al content
(from 23.8 to 25.6 at.%) and the Al/Cr ratio (from 1.09 to 1.22). These findings are in line with those in
previous reports [18]. Previous studies have reported that increasing the bias voltage could decrease
the Al content in the coating, due to the fact that relatively light Al atoms are more susceptible to
re-sputtering by impinging ions than are Cr atoms. The discrepancy between the results in that study
and the current study can be attributed to the Al/Cr ratio of the target. Note that when using AlCr
alloy targets with a higher Al content, the number of discharged Al ions/atoms exceeds the number of
Cr ions/atoms [35]. In contrast, using an AlCr alloy target with lower Al content under a moderate bias
voltage promotes the mobility and diffusion of the Al atoms on the film surface [36]. No significant
differences in terms of N/(Al+Cr) ratio was observed, which indicates that the nitrogen content was
unaffected by bias voltage.

Table 4. Concentration of CrAIN coatings under various bias voltages.

Atomic Ratio (at.%)

Bias Voltage (V) Al/Cr Ratio Al/(A1+Cr) Ratio, x N/(A1+Cr) Ratio
Al Cr N o
=30 23.8 21.7 54.1 0.37 1.09 0.52 1.19
—60 242 222 53.1 0.48 1.08 0.52 1.14
-90 25.8 21.0 529 0.27 1.22 0.55 1.12
-120 25.6 21.7 52.4 0.34 1.18 0.54 1.10
—-150 25.6 21.1 52.7 0.30 1.22 0.55 1.12

Figure 6 presents XRD patterns of CrAIN layers deposited under various bias voltages. Asexpected,
the crystalline microstructure matched the NaCl-B1 structure (FCC) of chromium nitride. Increasing
the bias voltage from —30 to —90 V initially led to an increase and then a subsequent decrease in
the ratio of I(111)/I(200), which can be attributed to the thickness of the CrAIN coating [37]. Pelleg
et al. [38] reported that the tendency toward a specific orientation can be explained by strain and
surface energy. Coatings of greater thicknesses tend toward a (111) orientation, due to the effects of
strain energy, whereas thinner coatings tend toward a (200) orientation. Increasing the bias voltage
from —120 to —150 V decreased the ratio of I(111)/1(200). This is an indication that the strain energy
increased rapidly to become the dominant factor (i.e., exceeding surface energy). This can be attributed
to the higher intrinsic residual stress under higher bias voltages, which can have a direct effect on
200 texture [18]. As shown in Table 5, increasing the bias voltage from —30 to =150 V increased the
lattice parameter of the CrAIN layer from 0.4143 to 0.4195 nm as well as the microstrain values from
5.06 x 1073 to 6.78 x 1073. XRD data revealed left shift in the diffraction peaks indicating the presence
of residual tensile stress. A further increase in the negative bias provoked a broadening of the peaks
(due to presence of inhomogeneous residual stress) and a pronounced decrease in intensities [28,39].

Table 5. Structural parameter values and texture coefficients in CrAIN layers created under various
bias voltages.

Texture Coefficient Tc

Bias Voltage (V) Lattice Parameter (nm)  Microstrain ¢
(111) (200) (220)
-30 0.4143 5.06 x 1073 0.51 1.51 0.97
—-60 0.4156 5.01 x 1073 1.01 0.96 1.03
-90 0.4162 6.57 x 1073 0.92 1.29 0.78
-120 0.4186 7.10 x 1073 1.07 1.01 0.92

-150 0.4195 6.78 x 1073 1.04 1.06 0.88
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Figure 6. GIXRD profiles of CrAIN layers formed under various bias voltages.

Figure 7 presents cross-sectional SEM images of coatings deposited under various bias voltages.
Increasing the bias voltage from —30 to —90 V increased the deposition rate of the coating layer
(from 29.2 to 30.3 nm/min) as well as the ultimate thickness (from 1.17 to 1.21 um). Further increasing
the bias voltage to =150 V led to a decrease not only in the deposition rate of the coating layer to
28.2 nm/min but also in the ultimate thickness to 1.13 pm. Under lower bias voltages, the atoms were
at lower energy levels, which facilitated their deposition on the growing surface. Increasing the bias
voltage to =90 V increased the kinetic energy of the highly ionized Cr and Al atoms arriving at the
substrate, resulting in the re-sputtering of a larger number of atoms, which suppressed the growth of
the film (i.e., a lower overall rate of deposition) [40].

Bias: —30V 1as : 0V

Bias: — 120V

Figure 7. Cross-sectional SEM images of coatings deposited under various bias voltages.

Figure 8 presents the hardness and Young’s modulus of CrAIN films obtained under various bias
voltages. Increasing the bias voltage to beyond —90 V led to an increase in hardness (=35 GPa) and
Young’s modulus, due to the effects of grain size and residual stress in the coating. The crystallite
sizes listed in Table 6 were calculated from the (111) and (200) planes. Increasing the bias voltage
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(from —30 to —150 V) decreased the crystallite sizes from 16.8 to 10.6 nm on the (111) plane and from
13.9 to 7.4 nm on the (200) plane. It has previously been reported that increasing the energy of incident
ions generates a larger number of defects on the surface of growing films, which provide a larger
number of nucleation sites and a corresponding increase in the number of grains (i.e., more grains
of smaller size) [41]. Increasing the bias voltage was shown to increase the residual stresses in the
coatings from —1.3 to —3.1 GPa, due to high defect densities induced by ion bombardment [42].

40 550
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Figure 8. Hardness and Young’s modulus of CrAIN layers deposited under various bias voltages.

Table 6. Mechanical properties of CrAIN coatings under various bias voltages.

Crystallite Size

Bias Hardness Elastic Wear Rate Residual Stress

Voltage (V) (GPa)  Modulus (Gpay WE  HY/E M L) COF sy (GPa)
(111) (200)

=30 241+0.5 364 + 6 0.066 0.105 16.8 13.9 39.3 0.74 3.02 %107 -13

-60 29.3+0.6 406 £ 5 0.072 0.152 141 11.0 46.6 0.71 2.71 %107 -23

-90 30.1+0.7 400+ 7 0.076 0.170 121 10.9 441 0.80 2.12x107° =25

-120 354+ 1.1 426 + 18 0.083 0.244 12.0 8.0 43.6 0.72 2.11x107° -29

-150 341+14 423 +15 0.081 0.221 10.6 74 42.8 0.73 2.89 x 107 -3.1

As shown in Table 6, increasing the bias voltage from —30 to =150 V increased the Lc1 values
(from 39.3 to 42.8 N) as well as the residual stress. Yang et al. [43] reported that the adhesion properties
of coatings are closely related to the density of the film and residual compressive stress. Low bias
voltages (30 V) inevitably lead to weak adhesion strength, due to the resulting low density of the
coating. Note that adhesion performance can be undermined by excessive residual stress under higher
bias voltages (exceeding —60 V). When the bias voltage was —60 V, the film exhibited a maximum Lcl
value of 46.6 N.

Table 6 also lists the COFs and average wear rates of each coating under various bias voltages. Note
that the average COF values remained constant (~0.74) despite variations in bias voltage. Iram et al. [44]
reported that wear rates are inversely proportional to hardness values and the formation of metal
oxides. In this study, increasing the bias voltage from —30 V up to —120 V was shown to decrease the
wear rate from 3.02 X 107 t0 2.11 X 107 mm3-N~!1-m~!. Note that increasing the bias voltage to =150 V
led to increases in the H/E and H3/E? ratios. Increasing the bias voltage was also shown to decrease the
rate of wear to 2.89x107® mm3-N~!-m~!, under the effects of increased residual stress in the coating.
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4. Conclusions

Our primary objective in this study was to elucidate the effects of Ny/Ar flow ratios and bias
voltages on the properties of CrAIN layers deposited using HiPIMS. The conclusions are outlined in
the following:

1. Increasing the Ny/Ar flow ratio beyond 40% transformed the coatings from amorphous to
crystalline. Increasing the Ny/Ar flow ratio was also shown to decrease the deposition rate, which led
to structural densification and a decrease in coating thickness, due to the fact that the sputtering rate
of nitrided compounds is lower than that of metals. The hardness of the coatings ranged from 11.5
to 29.3 GPa, depending on the nitrogen concentration. This can be attributed to the stoichiometric
composition and microstructure (decreased crystallite size) of the coatings.

2. Increasing the bias voltage decreased the deposition rate and the size of crystallites in the
CrAlN layer, which led to a corresponding increase in hardness and residual stress. The maximum
hardness achieved in this study was 35.4 GPa.

3. Increasing the Nj/Ar flow ratio from 0% to 100% and the bias voltage from —30 to =120 V led
to a decrease in the wear rate of the coatings from 9.4 x 107 to 2.11 X 107® mm?N~!-m~!. This can
be attributed to increases in hardness, H/E ratio, and H3/EZ ratio as well as a reduction in grain size.
The adhesion of the coatings to the substrate was relatively high, withstanding critical loads (in scratch
testing) of 40-50 N.
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