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Zirconium tungsten nitride (ZrWN) films are deposited onto SUS 304 stainless steel and glass, with and
without a tungsten (W) and tungsten nitride (WN) buffer layer, by means of direct current (DC) reactive
magnetron sputtering. This study determines the optimal parameter settings for the multilayer
(ZrWN/buffer) deposition process using the Taguchi method for the design of a robust experiment and
grey relational analysis. An orthogonal array, the signal-to-noise ratio and an analysis of variance are
used to determine the effect of the deposition parameters. The main deposition parameters for the buffer
layer, such as the W DC power, the substrate bias, the No/(N2+Ar) flow rate, the substrate temperature,
are optimized, with reference to the structure, morphological and mechanical properties of the multilayer
(ZrWN/buffer) coating. The results show that the buffer layer improves the performance of ZrWN films.
The N2/(N2+Ar) flow rate and the W DC power have the most significant effect on the mechanical
performance. A Taguchi grey analysis shows that the coefficient of friction is reduced from 0.55 to 0.52,
the corrosion potential increases from —0.18 to —0.16 V and the Vickers hardness increases from 13.44
to 17.65 GPa. The multilayer coatings exhibit no cracking or peeling-off, are homogeneous and highly
dense and have a smooth surface and a very compact structure. They adhere well to the substrate and the
indentation samples are classified as HF1.
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1. INTRODUCTION

Transition metal nitrides films have been studied extensively because of their high hardness, their
resistance to corrosion and oxidation and their excellent thermal and chemical stability [1]. Hard coatings
are commonly deposited using physical vapor deposition (PVD) and are used to protect components and
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tools [2]. PVD is a well-established industrial technique for the deposition of hard coatings that involves
sputtering. This treatment significantly increases the lifetime and the service quality of steel substrates.
It allows control of the film’s density, microstructure and the mechanical properties [3]. Qi et al. [4]
studied CrNy hard films that were deposited by reactive magnetron sputtering using various values for
the sputtering power. Single-phase CrNx hard coatings exhibit superior hardness and high resistance to
plastic deformation and cracking, which is attributed to their nano-composite structure. Dubey et al. [5]
reported the effect of the nitrogen partial pressure on the structural and mechanical properties and the
composition of ZrWN coatings that are deposited using DC/RF reactive magnetron sputtering. The
coated film is homogeneous, very compact and adheres excellently to the substrate surface.

A conventional experimental approach requires a large number of trials. The Taguchi method
combines experimental design theory and a quality loss function and uses orthogonal arrays that allow
practical testing with the minimum number of runs [6]. The Taguchi method uses design and analysis
experiments to produce low cost products of improved quality and has been used extensively in
manufacturing to improve quality and design [7]. Chen et al. [8] reported CrAISIiN films that were
deposited on tungsten carbide tools to improve the cutting performance for MAR-M247 super-alloy
using Taguchi based experiments. The optimal conditions for the deposition of CrAISiN films give
respective values for the hardness, the Young's modulus and the coefficient of friction of 31.26 GPa,
258.58 GPa and 0.50. Hsieh et al. [9] used a Taguchi grey method to determine the parameters for the
deposition of CrWN films. This approach greatly simplifies the optimization procedure for multiple
performance characteristics and the effectiveness of this method is verified by experiments.

This study determines the effect of a metallic tungsten (W) and tungsten nitride (WN) buffer
layer on the properties of ZrWN films. In order to optimize the design of the process to deposit the buffer
layer, a Taguchi experimental design with an Lo (3%) orthogonal array, with four columns and nine rows,
is used. A statistical analysis of the signal-to-noise ratio (S/N) is performed and an analysis of variance
(ANOVA) is used to determine the characteristics of the deposition parameters. The effect of the coating
process on the structure, surface morphology, coefficient of friction, corrosion potential and Vickers
hardness for the ZrWN/buffer multilayer are reported.

2. EXPERIMENTAL PROCEDURE

ZrWN hard films and a buffer layer (W and WN) were deposited onto SUS 304 stainless steel
and glass substrates using a DC magnetron co-sputtering system with a base pressure of 4.5x107° torr.
A mixture of high-purity (99.95%) Ar plasma and N> reactive gases was used and pure Zr and W metal
targets (99.95% purity, with a diameter of 76 mm). The substrate was rotated at a constant speed (30
rpm), the distance between the substrate and the target was 70 mm and the working pressure was 4.2x10~
3torr. Before deposition, the target was pre-sputtered for 15 min, in order to remove any contamination.
The substrates were ultrasonically cleansed in acetone, rinsed in deionized water and dried in nitrogen.

The effect of four parameters, each at three levels, is determined: the W DC power (150, 200,
250 Watt), the substrate bias (0, —80, —160 V), the N2/(N2+Ar) flow rate ratio (0, 15, 30%) and the
substrate temperature (60, 120, 180°C). Table 1 lists the settings for the factors and levels for (W and
WN) a buffer layer and ZrWN hard films. Fig. 1 shows the order of the multilayer coating. Grey analysis
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was first used by Deng [10] and is useful when there is poor, uncertain or incomplete information.
Taguchi grey analysis is used to determine the optimal process parameters for the coating of the buffer
layer using multiple characteristics [11].

ZrWN films
metallic tungsten (W) and tungsten nitride (WN) as a buffer layer
SUS 304 stainless steel and glass as a substrate

Figure 1. The order of the multilayer coating for the deposition of buffer layers using various parameters
and the Taguchi method.

Table 1. Settings for the factors and levels for the (W and WN) buffer layer and ZrWN hard films.

Substrates SUS 304 stainless steel and glass
Metal target W and Zr (99.95%)
Base pressure 4.5%x10 " torr
Gas Ar and N2 (99.95%)
Rotational speed of the substrate 30 rpm
Substrate-to-target distance 70 mm
Sputtering pressure 4.2x10 3 torr
Coated with a (W and WN) buffer layer, deposition time= 8 min
Symbol Control factor Level 1 Level 2 Level 3
A W DC power (Watt) 150 200 250
B Substrate bias (V) 0 -80 -160
C Na2/(N2+Ar) flow rate (%) 0 15 30
D Substrate temperature (°C) 60 120 180
Coated with ZrWwWN

W DC power= 100 Watt, Zr DC power= 100 Watt, No/(N2+Ar) flow rate= 15%,
Substrate bias= - 80 V, Substrate temperature=100°C, Deposition time=16 min

The coefficient of friction and the wear behavior of the film coating were measured using a ball-
on-disk tribometer (CSM Instruments, Switzerland). The tests were conducted in an ambient atmosphere
without lubricant, along a circular track that was 10 mm in diameter, using a 6.0 mm diameter Al>O3
ball at 0.1 m/s and a normal load of 10 N [12]. The resistance to corrosion of the coated samples was
determined using anodic potentiodynamic polarization tests. A potentiostat/Galvanostat apparatus
(EG&G model 263A, USA) and a 3.5 wt.% sodium chloride (NaCl) solution corrosive medium was used
to simulate an aggressive aqueous environment containing chloride ions. A standard saturated calomel
electrode was used as a reference electrode and platinum was used for the counter (or auxiliary)
electrode. The electrode potential was increased from —1.0 V to 0.4 V at a scanning rate of 1 mV/s. The
corrosion current density (lcorr) and corrosion potential (Ecorr) are respectively calculated using the
polarization curve and the Tafel extrapolation method [13]. The micro hardness of the films was
determined at room temperature using a nanoindenter (ASMEC UNAT). The crack behavior was
estimated using the Rockwell indentation method and a scratch test (JLST022, J&LTech Corp.), which
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are typically used to measure the adhesion of coatings. To ensure the reproducibility of the results, all
tests were performed twice and average values are given.

The film’s thickness was measured using a surface profilometer (a-step, ET-4000A). The
morphology was determined using a field emission scanning electron microscope (SEM, JEOL JSM-
6500F). The chemical composition of the films was measured using an Energy dispersive spectrometer
(EDS). The crystal structure of the film was determined using X-ray diffraction (Rigaku-2000 X-ray
Generator), with Cu K, radiation (40 kV and 30 mA, A= 0.1541 nm) and a grazing incidence angle of
1°,

2.1. Analysis of the S/N ratio

The Taguchi method was used for the experiment, in order to enhance the quality of the system
at minimal cost. In this study, the corrosion potential and the Vickers hardness are a higher-the-better
(HB) category of performance characteristics for the Taguchi method and the coefficient of friction is a
lower-the-better (LB) characteristic. The S/N ratios for HB and LB are calculated as [14]:

HB (maximize):S/N :_1o|og{%i%} (1)
i=1 Y

LB (minimize): S/N =—10|09HZ yi2:| (2)
i=1

where n is the number of observations and y is the measured data: the S/N ratio for the HB or LB
characteristic (unit: dB).

2.2. Analysis of variance (ANOVA)

An ANOVA is used to analyze the experimental data, in order to determine which coating
parameters significantly affect the performance characteristics.

( 77i)2
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where St is the sum of squares due to the total variation, Sy is the sum of squares due to the
means, Sa is the sum of squares due to a parameter A (A =W DC power, substrate bias, N2/(N2+Ar) flow
rate ratio or substrate temperature), Se is the sum of squares due to error, ni is the n value for each
experiment (i =1, 2,...,9) and nai is the sum of the i level for parameter A (i = 1, 2, 3). N is the repeating
number for each level of parameter A, fa is the degree of freedom for parameter A and V a is the variance
for parameter A.
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2.3 Grey relational analysis

Grey relational analysis is used to determine the complicated inter-relationships between
multiple performance characteristics. The grey relational coefficient is given by [10]:
min min|x, (k)— x; (k] + £ max max|x, (k )- x; ()
(ROMOE .
|X0 (k)_ X; (k)+ é/ max mkaX|X0 (k)_ X; (k)
where x, (k) is the normalized value of the k™ performance in the i"" experiment and ¢ is a
distinguishing coefficient: ¢ € [0, 1J. The value of ¢ is adjusted according to the actual requirements

(6)

of the system. In this study, the deposition process parameters are equally weighted so the value of { is
0.5.

The grey relational grade is a weighting-sum of the grey relational coefficient. It is defined as
[10]:

1 n
0, %)=~ r(6 () x (k) )
k=1

where n is the number of performance characteristics. The calculated grey relational grade
ranges from 0 to 1 and equals 1 if these sequences are identically coincident. The optimum level for the
process parameters is the level that has the highest grey relational grade [15].

3. RESULTS AND DISCUSSION

3.1. The effect of the deposition parameters for the buffer layer on the properties of ZrWN films

The thickness of the buffer layer (W and WN) ranges from 86 to 125 nm. Fig. 2 shows the XRD
patterns for W (left) and WN (right) buffer layers. The diffraction peaks at 26~37.5° 42° and 76.5°
respectively correspond to W structure (111), (200), and (311). The peaks at 26~37.5°, 43.5°, 62.5°and
75° respectively correspond to WN structure (111), (200), (220) and (311). This result is in agreement
with the results of the study by Maille et al. [16], for which the peaks that were observed for monolithic
W and WN films exhibit a simple face center cubic (FCC) structure. Fig. 3 shows the XRD diffraction
patterns for a multilayer Zr'WN/WN coating. The film exhibits a single FCC phase for which the
crystallographic orientation of the grains is (111) and (200). A similar result was obtained in a study by
Dubey et al. [17], which noted that the lowest strain energy plane is (111) and the lowest surface energy
plane is (200). This results in competitive grain growth (evolutionary selection rule).
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Figure 2. XRD patterns for W (left) and WN (right) buffer layers.
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Figure 3. XRD diffraction patterns for the multilayer ZrWWN/WN coating.

40 50 60 70
20(degree)

80

80

4525

Table 2 shows the experimental results and S/N ratios for the coefficient of friction, the corrosion
potential and the Vickers hardness value for multiple-layer ZrwN/W and ZrWN/WN coatings. These
S/N ratios are respectively derived using Egs. (1) and (2). The experimental conditions for Nos. 1, 6 and
8 produce nitrogen-free W metal films (ZrWN/W). The results show that as the nitrogen flow ratio
increases for Nos. 2, 3, 4, 5, 7 and 9, the film’s mechanical properties are improved because of the
formation of the nitride phase (ZrWN/WN). The value for the coefficient of friction ranges from 0.53 to
0.73, that for the corrosion potential ranges from —0.22 to —0.10 Volts and that for the Vickers hardness
ranges from 11.66 to 14.83 GPa. When the multiple layers have been deposited, it is significant that the
values for the corrosion potential and the Vickers hardness increase and the coefficient of friction is
reduced. All of the multiple-layer coatings give better mechanical properties than a monolithic Zr'WN

coating or no coating.



Int. J. Electrochem. Sci., Vol. 14, 2019 4526

Table 2. The experimental results and S/N ratios for the coefficient of friction, the corrosion potential
and the Vickers hardness value for multiple-layer ZrwN/W (Nos. 1, 6 and 8) and ZrwWN/WN
(Nos. 2, 3,4, 5,7 and 9) coatings (Experiments were run twice).

Factors Coefficient of S/N Corrosion potential
(Volts)

friction
B
ABCD| FL F, Ave. (dB) C C, Ave.

S/N |Vickers hardness (GPa) S/N
(dB) Vi Vo Ave. (dB)

Z
e

1 |1 111]074 072 073 2.73 | -021 023 -022 1314|1150 1.81 11.66 21.33
2 |1 222|071 069 0.70 310|-011 -0.09 -0.10 19.96|12.04 1377 12.91 22.22
3 |1 333074072 073 273|018 -0.20 -019 1441|1359 1313 13.36 22.52
4 12123070073 072 291|015 -017 -016 1590|13.36 1351 1342 22.56
5 |2 231075 070 0.73 2.79 | -017 -021 -019 14.38|14.09 14.90 1450 23.22
6 |2 312063071 067 346|-021 -019 -020 13.97|13.00 12.08 12.54 21.97
7 13 132|066 061 0.64 394|-019 -021 -020 1397|1550 14.16 14.83 23.42
8 |3 213063063 063 401|-020 -021 -021 13.76|13.96 1356 13.76 22.77
9 |3321[055050 053 559 | -018 -0.20 -0.19 14.65|13.44 1441 1393 22.88
Z°'WN 0.78 0.76 0.77 025 027 026 1021 955 988
SUS304 1 49 194 121 035 -031 -0.33 220 222 221
Uncoated

Note: A= W DC power (Watt), B= Substrate bias (-V), C= N2/(N2+Ar) flow rate (%), D=
Substrate temperature (°C)

Table 3. The ANOVA results for the coefficient of friction, the corrosion potential and the Vickers
hardness, corresponding to Table 2.

Factor S/N ratio (dB) Degree of  Sum of Variance Contribution
Level 1 Level2 Level3 freedom square (P %)
Coefficient of friction
A 285 305 451 2 4.92 2.46 70.27
B 3.19 3.30 3.93 2 0.94 0.47 13.48
C 3.40 3.87 3.15 2 0.78 0.39 11.20
D 3.70 3.50 3.22 2 0.35 0.18 5.05
Total 8 7.01 100.00
Corrosion potential
A 1586 1477  14.06 2 4.94 2.47 14.63
B 1435 16.06 14.28 2 6.14 3.07 18.17
C 13.63 16.78  14.28 2 16.60 8.30 49.18
D 14.00 1599  14.70 2 6.08 3.04 18.02
Total 8 33.76 100.00
Vickers hardness
A 2202 2259  23.02 2 1.52 0.76 45.79
B 2244 2274 2245 2 0.17 0.09 5.13
C 2202 2255  23.05 2 1.60 0.80 48.17
D 2248 2253 2262 2 0.03 0.02 0.91
Total 8 3.32 100.00
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The ANOVA results for the coefficient of friction, the corrosion potential and the Vickers
hardness are listed in Table 3, which corresponds to Table 2. The contribution ratio for each parameter
is shown in Table 3. It is seen that the W DC power (buffer layer deposition parameter) has the greatest
effect on the coefficient of friction, accounting for a contribution ratio of almost 70.27%. The coefficient
of friction is reduced when the W DC power is increased. The N2/(N2+Ar) flow rate (buffer layer
deposition parameters) has the most significant effect on the corrosion potential, with a contribution of
49.18%, followed by the substrate bias, with a contribution of 18.17%. The N2/(N2+Ar) flow rate has
the greatest effect on the Vickers hardness, with a 48.17% contribution, followed by the W DC power,
with a contribution of 45.79%.

3.2 Optimal parameters for the deposition of the buffer layer

An analysis of multiple performance characteristics was used to optimize the deposition
parameters with respect to the coefficient of friction, the corrosion potential and the Vickers hardness
[18].

Using Egs. (6) and (7), the complex multiple performance characteristics are converted into a
single grey relational grade. The grey relational grade for each experiment and its order in the
optimization process is shown in Table 4. A higher grey relational grade means that the corresponding
experimental result is closer to the ideal normalized value. The grey relational grade has a larger-the-
better characteristic. Parameter set No. 9 (AsB3C2D1) has the highest grey relational grade so it has the
best multiple performance characteristics of all the experiments. Table 5 lists the results for the ANOVA
for the grey relational grade for the multiple layers. It is seen that the N2/(N2+Ar) flow rate and the W
DC power have respective contributions to the multiple performance characteristics of 46.77% and
34.12%.

Table 4. The grey relational grade and its order in the optimization process.

Factors
No. — Grey relational grade  Order
ABCD
11111 0.3333 9
2 1222 0.6071 3
3 1333 0.4175 7
4 2123 0.4609 6
5 2231 0.5215 4
6 2312 0.3995 8
73132 0.6191 2
8 3213 0.4850 5
9 3321 0.6790 1
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Table 5. Results for the ANOVA for the grey relational grade for multiple-layer ZrWwWN/W and

Zr'WN/WN coati

ngs.

S/N ratio (dB)

Degree of

Sum of

Contribution

Factor Level 1 Level2 Level3 freedom square Variance (P %)
Grey relational
A 715 689  -467 2 1115 298 34.12
B -6.92 -5.44 -6.35 2 3.34 1.67 10.22
C 799  -486  -5.87 2 15.29 7.65 46.77
D -6.20 -5.56 -6.95 2 12.91 1.46 8.90
Total 8 32.69 100.00

Fig. 4 shows the plot for the grey relational grade for each deposition parameter at different
levels. The optimum conditions for the deposition of the buffer layer that give good multiple
performance characteristics for ZrwN that is grown on WN/substrates are achieved using the
combination, AsB2C.D2, which is a W DC power of 250 Watts, a substrate bias of —80 V, a N2/(N2+Ar)
flow rate of 15% and a substrate temperature of 120°C.
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3.3. Confirmation tests
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Figure 4. The S/N graph for the grey relational grade.
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The optimal levels for the WN buffer layer deposition parameters were used for the confirmation
tests, in order to verify the improvement in the performance characteristics. The results for the
confirmation experiment are compared with the results for the orthogonal array and the grey theory
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prediction for the operating parameters. Table 6 lists the experimental results for multiple performance
characteristics for Zr''WN/WN/substrates. A comparison of the parameters for the grey theory prediction
(A3B3C2D1) and the parameters for the orthogonal array (AsB3CsD1) shows that the coefficient of friction
is reduced from 0.53 to 0.52, the corrosion potential increases from —0.18 to —0.16 V and the Vickers
hardness increases from 13.93 to 17.65 GPa.

Table 6. The results for the confirmation experiment for multiple performance characteristics, using the
deposition parameters from the orthogonal array and the optimal predicted deposition

parameters.
Orthogonal Grey theory Improvement rate
array prediction design (%)

AsB3C2D1 As3B2C2D:2

for ZrWWN / WN coated on SUS 304
Coefficient of friction 0.53 0.52 1.89
Corrosion potential (V) —0.19 -0.16 15.79
Vickers hardness (GPa) 13.93 17.65 26.70

Fig. 5 shows the SEM images for the cross-sectional and surface morphology for multilayer
ZrWN/WN coatings. No cracking or peel-off is observed after deposition and the coatings exhibit a
homogeneous, highly dense and smooth surface and a very compact structure, so they adhere very well
to the substrate. A Rockwell C indentation test (maximum applied force 150 kg) was used to determine
the adhesive strength of the coatings. The adhesion measurement techniques of Chang et al. [19] were
used. These classify indentations into six classes (HF1-HF6), which qualitatively define the adhesion of
films to substrates. Fig. 6 shows the contours of the indentations for the coated specimens. The
indentation is clear and smooth, except for some radial cracks that initiate from the center of the
indentation. The multilayer (ZrWN/buffer) coatings that are produced by this study adhere well to the
substrate and the indentation samples are classified as HF1.

10kV 100 nm

Figure 5. SEM images of the cross-sectional (left) and surface morphology (right) for multilayer
ZrWN/WN coatings.
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Figure 6. Fracture morphology for samples that are coated with a film, estimated by means of Rockwell-
C hardness tester.

4. CONCLUSIONS

This study initiates an experiment to improve the coefficient of friction, the corrosion potential,
the Vickers hardness and the structure of multilayer (ZrwN/buffer) films. The ANOVA results for the
performance characteristics of the multilayer (ZrWN/buffer) coatings show that the N2/(N2+Ar) flow
rate has a significant effect. In the confirmation runs, Taguchi grey analysis shows that the coefficient
of friction is improved by 1.89%, the corrosion potential by 15.79% and the Vickers hardness by 26.70%.
The multilayer coatings exhibit no cracking or peel-off and have a homogeneous, highly dense and
smooth surface and a very compact structure. The films are classified as HF1, which indicates good
adhesive strength. This technique greatly simplifies the optimization procedure for multiple performance
characteristics and the effectiveness of this method is verified by experiment.
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