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Abstract
This study produces (AlCrNbSiTiV-W)N films onto soda-lime glass and SUS 304 stainless steel substrates using reactive 
co-sputtering. The target materials are high-entropy alloys (HEAs, AlCrNbSiTiV, 2 inches in diameter) and tungsten (W, 3 
inches in diameter). The deposition time is 15 min, the sputtering power for targets of W and (AlCrNbSiTiV) is 200 W, the 
substrate temperature is 150 °C and the properties of (AlCrNbSiTiV-W)N films for various N2/(Ar + N2) flow ratios (0, 5, 10, 
15, and 20%) are determined the mechanical properties (such as surface morphology, film hardness, wear, surface roughness, 
and corrosion resistance) and microstructure (such as grain size, lattice structure, and elemental content). The XRD results 
show that (AlCrNbSiTiV-W)N film has a W (110) diffraction peak at 2θ∼40°. The microstructure of (AlCrNbSiTiV-W)N 
film is uniform, dense structure, and there is no peeling or cracking. As the N2/(Ar + N2) flow ratio increases to 20%, the 
highest hardness is 37.52 GPa, Young’s modulus is 210.4 GPa, the lowest friction coefficient is 0.516, and the best corrosion 
resistance is –221.6 mV.
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Introduction

Surface modification using electroplating [1], electroless 
coating [2], atomic layer deposition (ALD) [3], chemical 
vapor deposition (CVD) [4], or physical vapor deposition 
(PVD) [5] is the most effective method to increase the cost 
performance ratio for surface quality. PVD magnetron 
sputtering produces films with a dense structure and supe-
rior properties. Nitride films (such as TiN, ZrWN, CrWN, 
TiAlN, and TiCN) are transition metal films and have high 
hardness, good wear resistance, and excellent thermal resist-
ance and chemical stability, so they are widely used in cut-
ting tools, molds, and surface coatings for components to 
extend service life and reduce manufacturing costs. The 

formation of nitrides generally involves binary systems but 
multi-element (above binary) systems have been developed 
to meet the needs of various industrial applications. Multi-
element nitrides feature better mechanical and physical 
properties than binary systems, so many studies focus on 
improving the properties of nitride multi-system thin films. 
A co-sputtering system uses more than two targets and 
allows parametric adjustment of a single substrate during 
the sputtering process. Co-sputtering is widely used in the 
optoelectronics, aerospace, biomedical, and semiconductor 
industries. High-entropy alloys (HEAs) are present in simple 
solid solutions, such as single face-centered cubic (FCC), 
body-centered cubic (BCC), or in the amorphous phase, so 
selecting an appropriate alloy solid solution composition can 
improve the mechanical properties of a film on a substrate, 
such as hardness, corrosion resistance, oxidation resistance, 
and wear resistance [6].

Ye et al. first proposed the concept of multi-element 
HEAs [7–12], and in subsequent studies [13–16] showed 
that the effect of multi-element HEAs involves four main 
effects: high-entropy effect, sluggish diffusion, severe lat-
tice distortion, and the cocktail effect [9]. Yamamoto et al. 
[17, 18] proposed a process to coat a cutting tool using a 
five-element TiCrAlSiN system, which gives better cutting 
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properties than coating using a ternary or quaternary sys-
tem. After 2 h of vacuum annealing at 1000 °C, the thin 
film still maintains its original hardness value. Hsieh et al. 
[19] determined the effect of different coating parameters 
on (AlCrNbSiTiV)N thin films using reactive magnetron 
sputtering. The results of this study show that the thin 
film structure is FCC (NaCl type), with high hardness and 
excellent oxidation resistance. The hardness depends on 
the residual internal stress, grain size, and film density. 
Lai et al. [20] determined the effect of nitrogen flow and 
nitrogen content on (AlCrTaTiZr)N thin films and showed 
that the microstructure and mechanical properties of (AlCr-
TaTiZr)N thin films are superior to those of conventional 
nitride hard coatings.

A traditional nano-layered pearlite structure significantly 
increases the strength and wear resistance of iron but is not 
suited to use in high temperatures. An et al. [21] developed 
the pearlite structure from the single main element iron alloy 
into a multi-principal element alloy (MPEA) using a eutec-
toid reaction, and used the thermal stability of MPEA to 
form strong pearlite. The high temperature wear resistance 
increases the strength and wear performance of MPEA at 
high temperatures. Chang et al. studied CBN cutting using 
direct current magnetron sputtering (DCMS) and high-power 
impulse magnetron sputtering (HIPIMS). The Grey-Taguchi 
experimental parameters (deposition time, substrate DC bias, 
DC power, and substrate temperature) were used to optimize 
the parameter settings for the deposition of (AlCrNbSiTiV)
N thin films on tools and glass substrates [22]. The experi-
mental results show that the (AlCrNbSiTiV)N thin film 
coating has enhanced performance characteristics and the 
coating film is uniform, dense, has a high hardness value, 
and adheres perfectly to the glass substrate. Pedersen et al. 
[23] used density functional theory (DFT) with supervised 
machine learning to predict the CO and H adsorption ener-
gies on all surface sites on the (111) surfaces of disordered 
CoCuGaNiZn and AgAuCuPdPt. The HEA composition was 
optimized by adding sites with weak hydrogen adsorption 
to inhibit the formation of molecular hydrogen and sites 
with strong CO adsorption to favor CO reduction. This pro-
duces a coating with high strength and good ductility that 
is suited to use in various industries. Safety, environment, 
and economic concerns mean that the development of high-
performance alloys with high strength and high ductility is 
ongoing. Traditional strengthening mechanisms are becom-
ing more effective, so ductility is decreased. Alloy design 
concepts for conventional alloys limit the development of 
new alloys with heterogeneous microstructures that feature 
good strength-plastic synergy. Sathiyamoorthi and Kim [24] 
made an exhaustive literature review of the strength-ductility 
synergy of HEAs with heterogeneous microstructures.

Experimental method and procedures

Experimental materials and pretreatment

This study uses DC reactive magnetron co-sputtering equip-
ment to deposit (AlCrNbSiTiV-W)N thin films. The sputter-
ing equipment includes a sputtering system and a vacuum 
system. A mechanical rotary pump is used to pump the cavity 
pressure to 6 × 10−2 torr and a cryo pump is used to create a 
cavity vacuum of less than 5.5 × 10−6 torr. The pressure con-
trol valve and the gas mass flow controller respectively sta-
bilize the cavity pressure and regulate the nitrogen/argon gas 
mass flow ratio. Ar (purity 99.999%) is the working gas and 
N2 (purity 99.995%) is the reaction gas. The targets that are 
used for magnetron sputtering are equimolar purity > 99.9% 
(AlCrNbSiTiV) (2 inches in diameter) and 99.95% purity W 
(3 inches in diameter), and the two targets are placed on the 
back. Above the plate, and the back plate, there are permanent 
magnets and the thin films are directly deposited onto soda-
lime glass and SUS 304 stainless steel using a DC plasma 
generator to test the thin film material and abrasion quality.

Before sputtering in the vacuum chamber, the sample was 
shaken with deionized water in an ultrasonic shaker (deion-
ized water) for 10 min to remove impurities on the surface 
of the test piece and was then shaken with isopropyl alcohol 
(isopropyl alcohol) in an ultrasonic shaker After 15 min, an 
oil stain on the surface of the test piece was removed. The 
test piece was then repeatedly cleaned with deionized water 
for 10 min to remove residual isopropanol. The substrate 
was blown dry with nitrogen gas and covered with vacuum 
heat-resistant tape on the glass test piece. After sputtering, 
the film thickness was measured by tearing it off.

Experimental process and parameter settings

A DC reactive magnetron sputtering system was used to pro-
duce (AlCrNbSiTiV-W)N thin films. The sputtering power 
for targets of W and (AlCrNbSiTiV) was 200 W, respec-
tively. The working temperature was 150 °C and the deposi-
tion time was 15 min. However, the voltage required to start 
the discharge arc for targets of W and (AlCrNbSiTiV) is 
about 300–400 V. The effect of the various N2/(Ar + N2) flow 
ratios (0, 5, 10, 15, and 20%) on the mechanical properties 
and microstructure of (AlCrNbSiTiV-W)N thin films was 
determined. The sputtering parameters for the (AlCrNbSi-
TiV-W)N thin film for this study are shown in Table 1.

Analysis of film microstructure and properties

A field emission electron microscope (FESEM, JSM, JEOL 
6500) was used to observe the cross-section and surface 
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morphology of the thin films and EDS was used to deter-
mine the elemental content of the thin films. X-ray diffrac-
tion (PANalytical-X'Pert PRO MPD) used an incident light 
source of Cu Kα at a wavelength of 0.15418 nm, the scan-
ning range was 20 ~ 80° and the scanning rate was 5°/min to 
measure the grain size and microstrain for the thin film. A 
dynamic microhardness tester (Fischer HM-2000) that uses 
a diamond indentation head to apply a force of 30 mN on 
the thin film was used. The thin film hardness value (GPa) 
and the load and displacement curve use data for a duration 
of 30 s. A Vickers tester (Mitutoyo HM-113) with a load of 
50gf was used for 10 s and the size of the indentation was 
measured.

The Oliver-Pharr method [25] was used to calculate the 
elastic modulus of the thin film from the load and displace-
ment curve. A ball-on-disk abrasion tester (CSM Ball-on-
disk Tribometer) was used to grind the ball with Al2O3. 
The ball P roughness is 0.08 μm, the diameter is 6 mm, the 
hardness is 788 HV, the wear trajectory is a circle with a 
diameter of 10 mm, a distance of 30 m, tangential speed of 
10 cm/s, a load of 1 N, an ambient temperature of 27 °C, 
and a humidity of 65%. This was used to measure the fric-
tion coefficient of the thin film. A surface profiler (Kosaka 
Instruments, SEF-3500DK31) and a probe (model PU-DJ2S) 
were used to measure the surface roughness of the thin film 
by the centerline average roughness method (Ra).

To measure corrosion, samples were maintained at room 
temperature. After exposure to corrosive 3.5% NaCl solution 
for 30 min, a three-electrode setup was used to determine 
the effect for various N2/(Ar + N2) flow ratios using an open 
circuit potential (OCP) and potentiodynamic polarization 
scan. The flow rate, the Taffer curve for the (AlCrNbSiTiV-
W)N thin film, the corrosion potential (Ecorr), and corrosion 
current density (Icorr) are determined.

Results and discussion

This study uses DC reactive co-sputtering to produce 
(AlCrNbSiTiV-W)N thin films on soda-lime glass and 
SUS 304 stainless steel substrates using various N2/
(Ar + N2) f low ratios (0, 5, 10, 15, and 20%), using 
AlCrNbSiTiV alloys and W metal targets. The effect of 
the N2/(Ar + N2) flow ratio on the mechanical properties 
and microstructure of (AlCrNbSiTiV-W)N thin films is 
determined.

Table 1   Deposition parameters 
for (AlCrNbSiTiV-W)N thin 
film

Deposition parameters Specification

Target AlCrNbSiTiV
(2 inches in diameter)

W
(3 inches in diameter)

Substrate Soda-lime glass, SUS 304 stainless steel
Base pressure (torr) 5 × 10−6

Substrate to target distance (mm) 60
Working pressure (torr) 5.5 × 10−3

Substrate temperature (°C) 150
Substrate rotate vertical axis (rpm) 50
Substrate DC bias (V) 0
Gas Ar, N2

(Ar + N2) total flow (sccm) 20
Deposition time (min) 15
DC power (watt) 200
Function of N2/(Ar + N2) flow ratio = 0, 5, 10, 15, and 20%

Fig. 1   Correlation between deposition rates and N2/(Ar + N2) flow 
ratios
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Fig. 2   SEM image of surface 
and cross-sectional morpholo-
gies of (AlCrNbSiTiV-W)N thin 
films that are deposited using 
various N2/(Ar + N2) flow ratios: 
(a, b) 0%, (c, d) 5%, (e, f) 10%, 
(g, h) 15% and (i, j) 20%

(b)

(c) (d)

(a)

(e) (f)

(g) (h)

(i) (j)
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Morphology and microstructure of (AlCrNbSiTiV‑W)N

Figure 1 shows the deposition rates for (AlCrNbSiTiV-W)
N thin films for various N2/(Ar + N2) flow ratios. Figure 1 
shows that if the N2/(Ar + N2) flow ratio increases, the 
deposition rate decreases significantly (the change is about 
31.1%). If the N2 flow rate increases, the (AlCrNbSiTiV-W)
N thin film deposition structure is incomplete and the depo-
sition rate decreases. A previous study [26] showed that if 
the target, the substrate, and different nitrogen ratios undergo 
surface reaction, increasing the nitrogen ratio causes the sur-
face of the target to react with nitrogen to produce nitrides, 
which is called the target poisoning effect (or target poison-
ing) [27–30]. This retards sputtering, and the thin film that is 
deposited is not so thick. Figure 2 shows that the surface of 
the (AlCrNbSiTiV-W)N thin film features uniform particle 
nucleation and a consistent grain size, and no obvious hole 
defects are observed under SEM magnification, so the thin 
film has a stable microstructure. If (AlCrNbSiTiV-W)N thin 
films are deposited using various N2/(Ar + N2) flow ratios 
(0 ~ 20%), the deposited film decreases in thickness from 747 
to 514 nm, due to the target poisoning effect.

The EDS results for the compositions of (AlCrNbSiTiV-
W)N thin films that are produced using various N2/(Ar + N2) 
flow ratios are shown in Fig. 3. The W component accounts 
for the largest proportion. Since the diameter of the W target 
is larger than that of the (AlCrNbSiTiV) target, the W target 
is more likely to sputter out more W atoms than (AlCrN-
bSiTiV) target. The relationship between on concentra-
tion of specific elements and the N2/(Ar + N2) flow ratios 
is shown in Fig. 4. As the N2 flow rate increases, the N 
component ratio increases from 0 to 39.3 at. % and the W 
component ratio decreases from 68.5 to 44.7 at. %. The com-
ponent ratios for other elements (AlCrNbSiTiV) is slightly 
decreased. There is a high Si content in the (AlCrNbSiTiV) 
target but the EDS analysis shows no Si main peak, possibly 
because the signals for Si (Si-Kα signal is 1.741 keV) and W 
(W-Mα signal is 1.775 keV) are too close and the EDS beam 
energy is too low, so the detection signals overlap.

Figure 5 shows signal overlap, which often occurs in the 
semiconductor industry due to the presence of refractory 
materials (such as tungsten metal diffusion layers) on the 
wafer. A high-energy beam (wavelength dispersion spectros-
copy, WDS) is then used for analysis. Matysiak et al. [31] 
also noted a similar signal overlap for the analysis of Haynes 
282® superalloy. The resolution for the elemental for EDS 
is also at least 0.1 ~ 0.5 wt. %, but the resolution for WDS is 
at least 200 ~ 1000 ppm [27].

(b)

(a)

(d)

(c)

(e)

Fig. 3   EDS spectra for (AlCrNbSiTiV-W)N thin films that are pro-
duced using various N2/(Ar + N2) flow ratios: (a) 0%, (b) 5%, (c) 
10%, (d) 15%, and (e) 20%

▸
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XRD results

Figure 6 shows the XRD spectrum analysis for (AlCrNbSi-
TiV-W)N thin films. For a N2/(Ar + N2) flow ratio of 20%, W 
changes from a single main peak [110] to W2N [111], [200], 
[220], and [311]. The [220] result for W2N produces a thin 
film structure but other elements are not identified in the 
XRD results because the content is too low. The as-prepared 
(AlCrNbSiTiV-W)N thin film samples can also affect the 
scattering of other metal phases due to severe lattice defor-
mation. The crystalline properties of (AlCrNbSiTiV-W)N 
thin films for various N2/(Ar + N2) flow ratios are shown 
in Table 2. The microstrain for the grain structure is cal-
culated as follows: ( � = �cos�∕4 ) (Chopra). The respec-
tive microstrain for the various N2/(Ar + N2) flow ratios is 
0.028, 0.041, 0.155, 0.192, and 0.642 m/m. The results show 
that increasing N2/(Ar + N2) flow ratio not only leads to a 
decrease in grain size, but also an increase in plane distance 
and microstrain. When the N2/(Ar + N2) ratio is lower than 
6.7%, the amorphous structure of the coating has a higher 
electronegativity compared to other constituent elements 
such as Cr, Al, Nb, Si, and V. It is negative and occupies 
the center of the short-range order [32] and reduces the free 
volume [33], which not only reduces the element volume, 
but also deepens the interatomic potential wall. The addition 
of nitrogen atoms to the amorphous coating increases the 
elastic modulus. When the N2/(Ar + N2) ratio is higher than 
20%, the formation of nitrides is the main reason for the sud-
den increase in elastic modulus (plane distance) [34]. The 
formation of long-range ordered atomic structures improves 
the packing efficiency of atoms, resulting in higher elas-
tic modulus values. The Hall-Patch Eq. (1) shows that the 
smaller the grain size, the greater is the microstrain [35].

�y is the yield strength
�
0
 is the lattice strength against dislocation displacement

(1)�y = �
0
+ �y∕

√

D

�y is the enhancement coefficient
D is the grain size

Hardness and elastic recovery values

For a dynamic microhardness measurement, to measure the 
hardness of (AlCrNbSiTiV-W)N thin films prepared that 
are produced using various N2/(Ar + N2) flow ratios, the 
indentation depth is defined as one-tenth of the film thick-
ness, in order to avoid touching the substrate. There is often 
springback, which is more representative of the correct hard-
ness value of the thin film. The greater the indentation load, 

Fig. 4   Visual representation of EDS results for (AlCrNbSiTiV-W)N 
thin films

Fig. 5   Signal overlap phenomena for the EDS and WDS analyses
Fig. 6   XRD diffraction peaks for (AlCrNbSiTiV-W)N thin films that 
are produced using various N2/(Ar + N2) flow ratios: (a) 0%, (b) 5%, 
(c) 10%, (d) 15%, and (e) 20%
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the greater is the film hardness. The maximum loading for 
(AlCrNbSiTiV-W)N thin films that are produced using vari-
ous N2/(Ar + N2) flow ratios is about 10.00 mN and the max-
imum loading indentation depth (hmax), residual depth (hr), 
elastic recovery amount (Re), and hardness (H), are shown 
in Table 3. The Re is calculated as: (hmax-h)/hmax × 100%.

Figure  7 shows the hardness values (GPa/HV) for 
(AlCrNbSiTiV-W)N thin films that are produced using vari-
ous N2/(Ar + N2) flow ratios. Figure 7 and Table 3 show a 
N2/(Ar + N2) flow ratio of 20% produces the greatest hard-
ness (37.52GPa) and the greatest value for elastic recovery 
(78.09%). Tung et al. [36] found that when the N2/(Ar + N2) 
ratio was increased to 20%, the increased hardness of the 
high-entropy nitride coating was attributed to more compres-
sive residual stress and an increase in the nitrogen concentra-
tion in the coating. And this compressive residual stress is 
mainly from point defects. Moreover, during the sputtering 
process, atoms on the surface of the two targets (AlCrNbSi-
TiV and W) are excited by the plasma, so the pressure near 
the two targets is much greater than the pressure outside the 

Table 2   Crystalline properties 
of (AlCrNbSiTiV-W)N thin 
films that are produced using 
various N2/(Ar + N2) flow ratios

N2/(Ar + N2)
(%)

W main peak 
[110] 2θ (°)

Full width at half 
maximum
β (rad)

Grain size
D (nm)

Plane distance 
dhkl (nm)

Microstrain
ε (m/m)

0 40.33 0.492 17.215 0.2235 0.028
5 40.22 0.590 15.763 0.2225 0.041
10 39.64 0.629 13.436 0.2272 0.155
15 38.84 0.960 8.781 0.2317 0.192
20 37.23 1.181 7.103 0.2413 0.292

Table 3   Hardness properties of 
(AlCrNbSiTiV-W)N thin films 
that are produced using various 
N2/(Ar + N2) flow ratios

N2/(Ar + N2)
(%)

Hardness
(GPa/HV)

Young’s 
modulus E 
(GPa)

H/E ratio H3/E2 ratio hr (nm) hmax (nm) Re (%)

0 17.88/608.8 135.4 0.13 0.311 74.57 195.52 61.86
5 19.07/643.1 137.2 0.12 0.281 79.95 185.33 56.86
10 26.64/655.2 168 0.16 0.669 49.96 172.89 71.10
15 27.32/669.5 161.4 0.17 0.782 53.06 170.22 68.83
20 37.52/682.3 210.4 0.18 1.193 32.70 149.27 78.09

Fig. 7   Hardness values for 
(AlCrNbSiTiV-W)N thin films 
that are produced using various 
N2/(Ar + N2) flow ratios: (a) 
GPa and (b) HV

Fig. 8   Nano-indentation force and displacement diagram for (AlCrN-
bSiTiV-W)N thin films that are produced using various N2/(Ar + N2) 
flow ratios

111Journal of the Australian Ceramic Society (2023) 59:105–115



1 3

substrate. The vapor flow from the atoms on the surface of 
the two targets far exceeds the flow of N2/(Ar + N2). The flow 
rate for atomic vapor on the surface of the two targets is also 
much greater than the flow of N2/(Ar + N2), so nitrogen does 
not enter the surface of the substrate. The pressure above the 
substrate surface is also lower than the pressure at the two 

Fig. 9   Relationship between 
friction coefficient and wear 
distance for (AlCrNbSiTiV-W)
N thin films that are produced 
using various N2/(Ar + N2) flow 
ratios: (a) 0%, (b) 5%, (c) 10%, 
(d) 15%, and (e) 20%

(a) (b)

(c) (d)

(e)

Fig. 10   Surface roughness of (AlCrNbSiTiV-W)N thin films that are 
produced using various N2/(Ar + N2) flow ratios

Table 4   Relationship between grain size and surface roughness for 
(AlCrNbSiTiV-W)N thin films that are produced using various N2/
(Ar + N2) flow ratios

N2/(Ar + N2) (%) Grain size (nm) Surface 
roughness, Ra 
(nm)

0 17.215 80
5 15.763 10
10 13.436 20
15 8.781 4
20 7.170 3
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targets. The dissolution of nitrogen in the cavity involves 
three stages: (1) nitrogen molecules move towards the sub-
strate, (2) diatomic nitrogen molecules are absorbed by the 
surface of the substrate and dissociated into monoatomic 
nitrogen, and (3) N atoms pass through the surface layer of 
the substrate and diffuse deep into the interior. Therefore, 
as the N2/(Ar + N2) flow ratio increases, the hardness of the 
substrate surface increases.

A previous study [26] shows that the highest hardness 
value for W2N is 24 GPa, which is in good agreement with 
the hardness results for this study. Figure 8 shows the load 
and displacement curves for (AlCrNbSiTiV-W)N thin films 
that are produced using various N2/(Ar + N2) flow ratios. 
Figure 8 shows that Young’s modulus (E) for (AlCrNbSiTiV-
W)N thin films that are produced using various N2/(Ar + N2) 
flow ratios is 135.4, 157.2, 168.0, 161.4, and 210.4 GPa, 

Table 5   Calculated 
electrochemical properties of 
(AlCrNbSiTiV-W)N thin films 
that are produced using various 
N2/(Ar + N2) flow ratios

N2/(Ar + N2)
(%)

βa
(mV)

βc
(mV)

B
(mV)

Rp
(µΩ/cm2)

Corrosion potential
(mV)

Corrosion cur-
rent (µAmp/
cm2)

0 52.3 24.8 7.31 3.28  − 443.8 2.232
5 24.9 28.2 5.79 3.37  − 421.1 1.707
10 23.3 14.3 3.85 2.93  − 226.9 1.314
15 7.8 25.1 2.59 2.84  − 223.1 0.911
20 7.1 8.8 1.71 2.15  − 211.6 0.793

Fig. 11   Actual polarization 
plots for (AlCrNbSiTiV-W)
N thin films that are produced 
using various N2/(Ar + N2) flow 
ratios: (a) 0%, (b) 5%, (c) 10%, 
(d) 15%, and (e) 20%

(a) (b)

(c) (d)

(e)
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respectively. The hardness value is used to calculate the H/E 
and H3/E2 ratios. The greater the H/E ratio, the more resistant 
is the film to abrasion. The larger the H3/E2 ratio, the greater is 
the film’s resistance to plastic deformation [28]. Table 3 shows 
that a N2/(Ar + N2) flow ratio of 20% produces the highest 
values for H/E (0.18) and H3/E2 (1.193). A N2/(Ar + N2) flow 
ratio of 20% produces a thin film with the best wear resistance 
and the greatest resistance to plastic deformation.

Wear test

A ball-to-disk abrasion tester was used to grind Al2O3 balls 
with a roughness of 0.08 μm, a diameter of 6 mm, and a hard-
ness of 788 HV. The diameter of the abrasion track is 10 mm, 
the distance is 30 m, the tangential speed is 10 cm/s, the load 
is 1 N and the temperature was 27 °C and humidity was 65%. 
The coefficient of friction for various N2/(Ar + N2) flow ratios 
for (AlCrNbSiTiV-W)N thin films were measured. The results 
in Fig. 9 show that the friction coefficient for (AlCrNbSiTiV-
W)N thin films that are produced using various N2/(Ar + N2) 
flow ratios is about 0.833, 0.748, 0.521, 0.516, and 0.531, 
respectively. A greater N2 content gives a lower friction coeffi-
cient and a shorter distance is required to reach a steady state.

Surface roughness

The surface roughness of (AlCrNbSiTiV-W)N thin films 
that are produced using various N2/(Ar + N2) flow ratios was 
measured using a surface profiler with a scratch length of 
3 mm, as shown in Fig. 10. The results in Fig. 10 and Table 4 
show that as the N2/(Ar + N2) flow ratio increases, the grain 
size decreases, so there is a decrease in surface roughness, 
which is related to hardness.

Analysis of resistance to corrosion

Table 5 shows the electrochemical properties of (AlCrNb-
SiTiV-W)N thin films that are produced using various N2/
(Ar + N2) flow ratios. The corrosion resistance potential 
increases as the N2/(Ar + N2) flow ratio increases. A N2/
(Ar + N2) flow ratio of 20% produces the best corrosion 
resistance, as shown in Fig. 11. N2 has excellent electronega-
tive properties, so it attracts more electrons and it combines 
easily with W to form W2N, which is a non-metallic com-
pound with high hardness. A N2/(Ar + N2) flow ratio of 20% 
generates more W2N, so corrosion resistance is increased.

Conclusion

This study uses a DC reactive magnetron co-sputtering sys-
tem with AlCrNbSiTiV and tungsten targets to sputter the 
(AlCrNbSiTiV-W)N thin films, a fixed sputtering power 

(200 W) and chamber temperature (150 °C), and various N2/
(Ar + N2) flow ratios and soda-lime glass and SUS 304 sub-
strates. The results of this study are summarized as follows:

1.	 As the N2/(Ar + N2) flow ratio increases, the deposition 
rate of (AlCrNbSiTiV-W)N thin films decreases. There 
are too many reactive gases in the environment, so the 
target material is poisoned. Therefore, during the reac-
tive sputtering process, the deposition rate of the target 
material is reduced and the deposition time is prolonged.

2.	 The SEM observation and XRD calculations show 
that as the N2/(Ar + N2) flow ratio increases, the grain 
size of the (AlCrNbSiTiV-W)N thin film decreases 
and the mechanical properties (hardness, Young’s) of 
the (AlCrNbSiTiV-W)N thin film are improved. These 
include the Young’s modulus, wear resistance, and cor-
rosion resistance. Roughness is reduced.

3.	 The EDS analysis shows that as the N2/(Ar + N2) flow 
ratio increases, the N content and W content in the thin 
film change linearly.

4.	 The optimal N2/(Ar + N2) flow ratio for a sputtered 
(AlCrNbSiTiV-W)N thin film is 20%. This ratio gives the 
smallest grain size (7 nm) and the highest N content in 
the nitride film (39 nm). The highest hardness is (37.52 
GPa/682 HV), the highest wear resistance is (H/E = 0.18, 
H3/E2 = 1.193, friction coefficient = 0.531), the lowest sur-
face roughness (Ra) is 3 nm and corrosion resistance is 
good (Ecorr: − 221.6 mV/Icorr: 0.793 µAmp/cm2). However, 
this ratio gives the lowest deposition rate is 34.37 nm/min 
and the highest structural microstrain is 0.642 m/m.
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