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Based on genetic algorithm (GA) and fuzzy neural network, a new method for the study of sputtering process is
proposed in this paper. Diamond-like carbon (DLC) coatings were deposited on SKD11 steel by magnetron sputtering.
An orthogonal array design is implemented and the effects of control factors on surface properties of the coatings were
systematically analyzed. The coating properties were investigated by scanning electron microscopy and Raman
spectroscopy, and wear volume surface performance of the Zr-doped DLC coatings was evaluated by a wear tests pin-
on-disk tribometer. The Raman analyses showed that, at lower ID/IG ratio, a lower wear volume of the Zr-doped DLC
coatings can be obtained. Scratch tests as well as Rockwell indentation tests revealed that the graded Zr-doped DLC
structures efficiently provide better adhesive strength of DLC coatings. The results show that the wear behaviors of the
DLC coatings can be improved by Zr-doping, which the Zr-doped DLC coatings exhibited promising tribological
properties. Also, the predictive ability of the GA-ANFIS computations for the tribological behaviors of the Zr-DLC
coatings within the experimental domains proved to be reliably obtained, where the forecasted values and experimental
results are close.

Keywords: damond-like carbon, tribological properties, GA-ANFIS computation, magnetron sputtering deposition,
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1. INTRODUCTION

Magnetron sputtering deposition has developed rapidly
for the deposition of a wide range of industrially important
coatings owing to their largely beneficial properties such
as increasing deposition efficiency and decreasing waste of
materials, in which many successful applications have
been reported in industries including hard, wear-resistant,
corrosion resistant, decorative coatings and coatings with
specific optical, or electrical properties [1—4]. Sputtering
is used extensively in the surface heat-treated industry to
deposit thin coatings of various materials in hard resistant
wear coatings. It provides efficient solutions to many
surface engineering problems and improves the
performance and lifetime of various mechanical parts.
Several hard coatings such as nitrides, carbides, oxides and
borides have widespread applications as protective wear
coatings on cutting tools [5, 6]. Among the hard protective
coatings, Diamond-like carbon (DLC) is an excellent
combination of high hardness, good wear resistance and
low friction coefficient, chemical inertness, and
biocompatibility [7]. It has become the most important
technique for wear and corrosion protection solutions to
the precision moulding application. The major concerns for
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many studies on the corrosion and wear problems have
been reported, understanding the characteristics of DLC
coatings gives favourable results in predicted wear
behaviours and controlling wear processes, but do not
ensure robust quality on the wear performance of DLC
coating [8-11]. Furthermore, sputtering is a process
highly affected by a variety of numerous variables and
generally reveals nonlinear behaviours. However, due to
the coating process being highly nonlinear, time-varying,
spatially and stochastically distributed, it is difficult to
obtain a satisfactory model to fit the relationships between
the coating property as the response variable and numerous
explanatory variables using traditional analytical or
empirical methods, which make it predict coating
properties based on trial and error, have more difficulty
yielding satisfactory results. Note that in recent decades,
soft computing and or computational intelligent techniques
such as fuzzy logic, neural networks and genetic
algorithms (GA) in recent decade have much great
potential are shown great methods in solving this problem
[12—17]. Especially, these powerful methods can provide
accurate and desired results in dealing with the coating
problems when applied to the magnetron sputtering
processes. DLC coatings of magnetron sputtering include
the morphologies, microstructures.

However, fewer attempts have been implemented to
model the performance of the DLC coating in the



sputtering processes as well as become more interesting in
soft computing and computational intelligent techniques.

Recently, many applications of soft computing
fintelligent techniques have attracted much attention in a
number of engineering related research fields including
system modelling, man-machine control interface,
measurements and interpretation,  diagnosis  and
manufacturing due to high adaptive predictive ability
[18, 19]. Artificial intelligent systems and soft computing
are comparatively computing techniques that have high
learning and predictive capabilities in dealing with the
imprecision, uncertainty and nonlinear environment.
However, most studies on DLC coatings, which have
addressed only the mechanical properties of coatings have
seldom considered about correlating variables to known
physical phenomena. The use of soft computing techniques
is limited for modelling of surface performance of DLC
coatings [20—26]. Thus, developing a good forecasting
performance in DLC coatings is needed. A hybrid learning
algorithm, adaptive network-based fuzzy inference systems
(ANFIS), that combines fuzzy systems and neural
networks to create a self-adaptive system, in which the
system can automatically learn the unknown parameters of
nonlinear modelling in under the network-fuzzy
architectures and has been attracted widely used growing
interest in recent years [27, 28]. However, there are a lot of
structure and /parameter combinations, which are difficult
to make the ANFIS to behave satisfactorily and; hence the
best prediction for the an ANFIS model is limited.
However, the better predictor of the ANFIS is difficult to
obtain due to the optimization problem for high
dimensional data too many parameters that greatly increase
the difficulty of the algorithm, especially high-dimension
optimal problems. However, given its potential in
constructing  ANFIS models with reliable predictive
predicting capabilities for wear behaviours can be obtained
by using GA algorithms, in which the GA-based ANFIS
architecture was is considered by finding the best value of
the sub-clustering method [29-33].

In this experiment, Zr-doped DLC coatings were
introduced using magnetron sputtering depositions and a
novel GA-ANFIS system technique for prediction
predicting of the tribological behaviours on the sputtering
processes was presented in our study. The influence effects
of the parameters variables on the microstructure,
mechanical properties and wear behaviours of the DLC
coatings were analysed. This paper concerns with verifying
the novel model method in sputtering process modelling
application by adopting tribological data for Zr-doped
DLC coatings to construct the GA-ANFIS model. An GA-
ANFIS technique for the prediction of tribological
performance by sputtering depositions was developed
based on the DLC experiments, in which genetic
algorithms can gain the effectiveness of predicting
tribological properties on the DLC coatings.

2. APPARATUSES AND MATERIAL
PREPARATION

A sputtered system is used in this experiment, where a
sputter magnetic field design supplying four rectangle
targets (300 x 100 x 10 mm) is operated in an unbalanced

mode. For the four targets with a 99.5 % zirconium target
of 99.5 %, and three a 99.5 % carbon target of 99. 5% were
adopted in the system. The Zr-doped DLC coatings
including interlayers as  Zr (Layerl)\ZrC (Layer2)
elements, and CN coatings with Zr additives (Layer3) were
conducted. The substrate matrices used in the experiments
were the compositions of SKD11 steel with dimensions of
4cmx4cmx0.45cm (Table 1) and silicon wafers with
dimensions of 2 cm x 2 ¢cm x 0.1 cm.

Table 1. The factors and levels of the graded Zr-doped DLC
coatings, with two interlayered layers of Zr and ZrC, for
the sputtering processes

Layer |Layer Layer 3
Factors 1 2 |Factors Level 1|Level 2|Level 3
Ar, sccm 30 30 JA: Bias 40 60 80
Bias, -V 110 45 |B: Pulse 50 100 150
requency
Frequency, | 50 50 |C:CHa 2 5 8
kHz
Time, min 20 10 |D: 8 10 12
Sputtering
distance,
cm
Cr/Zr 0/1 |2.3/0.4|E: C/ze 2.3/0.3|2.3/0.6 | 2.3/0.9
current, A current
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The substrates were ultrasonically cleaned in methanol
and acetone for 10 min each, and fixed on a cylindrical
sample holder in the vacuum chamber and then was dried
using ion bombardment in an Ar plasma discharge before
deposition. The surface morphologies and worn scars of
the DLC coatings were analysed in a field emission
scanning electron microscope (JEOL JSM-6700F) varied
from 0.5 kV to 30 kV. The elemental composition of the
coatings was investigated by energy dispersive X-ray
spectroscopy (EDX). The measurements were achieved for
a surface area of 1.05 mm?. The deposited coatings were
characterized by Raman spectra, where the binding
structures of the DLC coatings were examined using a
laser Raman spectrometer (SPEX 1403, USA) with a He-
Ne laser beam of 632.8 nm as the excitation source. A laser
power up to 50 mW using a back-thinned charged-coupled
device array detector covering 1300-1600 cm™ and a
785 nm laser shift (Stokes) at 5 cm™ resolution, with a spot
diameter of 1.1 um and spectral acquisition conditions
were 1-s exposure time with 10 accumulations Rockwell
Hardness Test (ASTM E18) with a diamond cone indenter
and a maximum test load of 50 kilograms is used. It used
to assist in determining the grade of coatings. The hardness
of the DLC-coated SKD11 specimen was measured on the
surface of the coatings by using a microindenter. To
evaluate the tribological behaviour, wear tests were carried
out using a pin-on-disk tribometer (ASTM G99). The
friction and wear properties of the DLC coating were
performed under the following conditions. The counterpart
was a tungsten carbide ball with a diameter of 12 mm. The
normal load was 0.3 kgf with a sliding diameter of 20 mm.
The sliding speed was 0.3 m/s and the sliding distance was
1000 m. The friction coefficient and wear rate of SKD11
stee are 0.68 1 and 10*mm3Nm. The wear tracks and
scars of the coatings were measured by a TalyScan 150




(Taylor Hobson, Leicester, U.K.) and were observed by
SEM. This surface profiler instrument may obtain the wear
profile information, in which the resulting wear volume
was calculated by a computer.

3. EXPERIMENTS

3.1. Experimental design

The factors and levels of the graded Zr-doped DLC
coatings with two interlayered layers of Zr and ZrC for the
sputtering processes are shown in Table 1. Most of five
factors of layer 3 in the orthogonal array have three levels.
An experiment based on the orthogonal array allows the
even effects of factorial interactions over five parameters
variables by a self-balancing property to be efficient, and
experimental trials in robust design are organized. The
complete details of the coating deposition are mentioned in
Table 2, with each trial containing a different combination
of levels and factors. It consists of 18 individual
experiments corresponding to the 18 rows.

Table 2. Control factors and wear performance estimate with
wear rate, standard deviation and S/N ratio for DLC

film coatings
No. |Control factors Wear performance Estimate
of Wear rate |Standard |S/N
tests deviation |ratio

AlBICIDIE 10° 10° dB

mm3Nm mm*Nm

L1 1)]1]1]1]1 16.6 6.07 [35.89
L2 112(2|2]2 4.63 199 |46.19
L3 113[3[3]3 17.59 3.20 [35.00
L4 211121213 19.57 252 [34.12
L5 212|133 [1] 2244 342 [32.91
L6 213]1]1]2 9.16 0.86 |40.74
L7 311111313 18.14 2.84 [34.76
L8 312]2]1]1 17.26 1.8 35.23
L9 313]3]2]2 12.11 1.44 |38.29
L10 J1[1]3]|]2]|1 19.66 139 (3411
L11 1|2 |1]|3|2 15.55 2.05 |36.11
L12 J1[3]2]|1]3 9.19 1.18 |40.68
L13 J2[1[3]|1]|2 10.62 0.73  [39.46
L14 |22 ]1]2]|3 6.50 197 |43.48
L15 J]2[3]2]|3]|1 18.41 593 [34.41
L16 |3 [1]2]|3]|2 13.84 8.60 [36.18
L17 |3[2]3]|1]|3 15.19 133  [36.34
L18 |33 |1]2]|1 15.31 1.42  [36.27

The five columns of the matrix represent the five
factors with three levels, as indicated in the table. The
tendencies of control factors, as well as how they may
affect robustness, are evaluated. However, three categories
regarding desired types of the quality of characteristics in
the analysis of the S/N ratios are conducted, that is, the
lower and the better, the higher and the better, and the
nominal and the better types. In this paper, the tribological
property of the Zr-doped coatings is of a smaller type.
Further, an analysis of variance (ANOVA) is also used to
determine which design parameters variables have a
significantly effect influence in this experiment and then
are included considering the modelling in GA-ANFIS.
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3.2. Tribological performance estimate using the
S/IN ratios

For a DLC coating, a decreased wear volume value of
the coating after a wear test will yield a better tribological
performance. As a result, its quality characteristic is the
smaller and the better type. To understand the tribological
behaviors of the DLC coatings, the experimental data will
be transformed to Signal-to-Noise ratios (S/N ratio) that
attempted to combine information about the mean and
variance, and then to a decibel form [13, 14]. However, to
reduce cost and time, three repeated measures
measurements of experimental data for each set of chosen
tests were taken. Eq. 1 calculates the S/N ratios for the
smaller the better type. The S/N ratio (v; ) as the criterion
index was used to evaluate the quality characteristics of
tribological performance using the logarithmic equation:

S (4D

i=1

77i:—10Log[l Q)
n

where #;i is the S/N ratios of the wear rate value for the it"
test and n is the total number of tests. The average value,
standard deviation, and S/N ratios of three repeated runs of
the wear rate were performed as shown in Table 2.

3.3. Adaptive
system

network-based fuzzy inference

ANFIS is a well-known hybrid method that integrates
the merits of the neural networks and the fuzzy logic to
develop models while simultaneously offset their own
shortcomings. ANFIS uses fuzzy logic principles to
establish the input-output relationship through a rule based
inference engine with fuzzy if—then rules, the membership
functions and an inference system. By utilizing learning
ability of neural networks in tuning relationship between
input-output variables in fuzzy inference system, the
structure in ANFIS can be established. It provides the
fuzzy system with neural learning capabilities for solving
nonlinear sputtering problems.

input inputmf rule

outputmi

output

Logical Operations
and

Fig. 1. The corresponding 5-layer neural network that participates
in the construction of the fuzzy rules after the GA learning

In this study, it provides an effective approach to fit
the relationship between variables and the tribological
property. However, this technique has shown significant
results in modeling nonlinear functions and converges
faster compared to other fuzzy models. A detailed
description of the adaptive fuzzy system algorithm was



described in [21-23]. A typical architecture of an ANFIS,
in which a blue circle indicates a fixed node, whereas a
white circle indicates an adaptive node, is shown in Fig. 1.
In ANFIS, the structure of the fuzzy if-then rules including
the antecedent part of the Mamdani and the consequent
part of the Takagi-Sugeno model is utilized. The rule base
contains k number of fuzzy if-then rules of Takagi and
Sugeno’s type as follows:

Rj:IF x1is AJand x,is Aland ...and X, is A2, then
Vi=Ff(Xe, X200, Xn ) ,j=1,2,.., K, i =1,2,..., 1, 2
where Xx; is the antecedent input, Al is the linguistic labels
of the fuzzy set and f (X1 , Xz,.., Xn ) =pj B+qj D+rj E+tj Jis
a first order polynomial. In ANFIS, the variables B, D, E in
the antecedent and Pj, Qj, i, tj (=1, 2, 3...27) in the
consequent are fuzzy variables. Based on the facts in the IF
part of the rule, the rule enables approximate reasoning in
the THEN part. Further, the aggregated output of the
model is computed by taking the weighted average of the
individual fired rule. The ANFIS used in this study is a
Takagi and Sugeno type system in which the if-then rules
are constructed from the input— output pairs and it structure
consists of five layers as seen in Fig.1 including
fuzzification, fuzzy set database, fuzzy rule base, decision
making and defuzzification. The inferred ANFIS output
from Eq. 3 is represented as

Y= D WE (XXt XD,

=

@)

where y denotes the inferred output of the ANFIS, and

W =W/2"W; is the average fired rule, which the fired
degree of the Ith rule is given by

W,-:Hﬂij(xi)“ =1,2,3..n;j = 1,2,3,...k).The membership
function of Gaussian is defined in Eq. 4 in the ANFIS
model. The measured performances with a Gaussian
function were normalized using standard min—max
normalization procedure. The Gaussian membership
functions are adopted as follows:

D (x;- B?

H (X)=exp[-— 1 (4)

U]

where (aij, i) is the parameter set of the membership

functions in the fuzzy if-then rules. a;; denotes the width
of the Gaussian membership function and Bj; is the center
of the Gaussian membership function, respectively,
building the Gaussian functions accordingly. ANFIS
employs gradient descent to fine-tune Gaussian functional
parameters (aij, Bij). In addition, ANFIS also uses the least-
squares method to identify consequent linear parameters
(pi» 9j, 14, tj), which two learning methods in order to reduce
errors are applied in ANFIS to optimize the relationship
between input and output.

3.4. Genetic algorithms-based ANFIS approaches

To solve a combinatorial optimization problem, the
Genetic Algorithms (GA) proposed by Holland [16] that is
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an optimization based on the ideas of natural selection and
evolutionary processes created the better genes to evolve
towards a population that is expected to obtain the best
solution. Moreover, the use of a hybrid learning algorithm
in ANFIS combining the gradient method and the least
squares based on both human knowledge and the stipulated
input-output data pairs are to determine the modifiable
parameters to make reliable modelling, where several
problems were met during the calibration of the ANFIS
parameters. This learning algorithm is still limited in which
they only caught in the local optimal solution with a great
amount of parameters. Noticeably, the GA method for
identifying optimal parameters of ANFIS can offer
excellent search solutions of many kinds compared to the
hybrid learning algorithm in the ANFIS. In this paper, the
GAs based on the ANFIS are applied because the GA-
ANFIS may obtain both better and more robust learning
information than the ANFIS reported in [12]. The detailed
steps of the GA-ANFIS are described in Chou [31]. In the
GA, both the crossover and mutation are optimized in the
Taguchi method such as S/N ratios and orthogonal arrays.
By using the J in Eqg. 5, the fitness values of the initial
population can be calculated.

To determine the probability of the crossover, a
roulette wheel approach and a crossover rate are used.
Accordingly, in the Taguchi method, the better genes that
are systematically screened in the crossover operations are
used to enhance the genetic algorithms. In this experiment,
the orthogonal array, L(2'%"), is utilized and the fitted
values from Eg. 5 are calculated. Using the error measure,
the effects of the various factors are explored. After
repeating above steps, the population based on the Taguchi
method is created, a mutation is operated and better
chromosomes are obtained, and thus the genetic algorithms
are enhanced. Besides, more detailed information can be
found in MATLAB users’manual [17] and Tsai [18]. In
this paper, the root mean square error (RMSE) criterion
that the premise parameters (o = [ai], P =[Bi]) and the
consequent (Y=[pl, ql, 1, tl]) (1=1,2,...,27) are used in the
ANFIS is determined. Computations in ANFIS were
carried out using MATLAB 7, mathematical software with
fuzzy logic toolboxes. Accordingly, the RMSE criterion J
underlying the ANFIS network is expressed as:

z, (5)

where R, is the experimental data, y; is the predicted value
of ANFIS, and n is the number of training/testing data. As
expected, the optimization of parameters such as premise
nonlinear parameters and consequent linear parameters in
the ANFIS are identified by the GA method. In the GA, the
specified error tolerance is used to check whether an
ANFIS has yielded an efficient model following sufficient
iterations. Based on the concept above, this paper proposes
a novel method to the tribological properties of the graded
Zr-DLC coatings. The GA is applied to refine the
parameters of rules in the ANFIS model for forecasting the
tribological performance of DLC coatings, in which
experimental data are given to make an accuracy
comparison with those obtained by the GA-ANFIS model.



4. RESULTS AND DISCUSSION
4.1. Tribological performance

Table 2 displays the experimental layout and all
experimental results. The wear rate values ranged between
4.63 x 105 mm¥Nm and 22.44 x 10° mm3/Nm of are
appeared in the DLC coatings. The wear performance of
each trial for DLC coatings is evaluated by their S/N ratios
with the wear rate values and standard deviations. Most
wear rate values of the DLC coated specimens were almost
low than the SKD11 specimens, displaying good anti-wear
performance. For Table 2, the S/N ratios for Trials 2, 5 and
13 are 46.19 dB, 32.94 dB and 39.46 dB, respectively. This
S/N ratio increase in sample 2 is much greater than in other
tests in which the worn volume value reduced from
14.4 x 10 mm® to 6.88 x 10 mm?, indicating a highly
dense coating. Note that a smaller wear volume value
induces a higher S/N ratio. Furthermore, the SEM
micrographs of surface with the EDS spectrum and cross-
section morphology of DLC coatings with the wear
volume values are compared as shown in Fig.2. The
coating of Fig.2a-d that 57.5% carbon and 17.50 %
zirconium are detected possessed extremely dense,
indistinct compact structure and its surface with the
formation of CN particles is more homogenous, leading to
higher S/N ratio. In contrast, the fracture coatings in
Fig. 2b—e, 63.33.03 % carbon and 19.27 % zirconium
possessed obviously columnar structure and in Fig. 2 ¢—f,
67.09 % carbon and 18.18 % zirconium shows looser,
tearing structural features or defects and its surface is a
grainy texture, where no significant difference between
zirconium elements of the DLC coatings is found except
that sample 2 reveals lesser amount of zirconium elements.
However, the decrease of surface textures by less doped Zr
for the DLC coatings was smoothing, while in the dense
microstructures, a considerable less amount of carbon is
also appeared.

d e f

Fig. 2. SEM images with EDS analysis of the cross-section and
top-viewed micrographs of various graded Zr-doped DLC
coatings with: a, d—trial 2; b, e—trial 13; ¢, f—trial 5

4.2. Structural evolution analysis

Table 3 shows the Raman spectra including a D-peak
and a G-peak positions with the bands’ intensity and width,
microhardness, wear volume and the peak intensity ratio
(Ip/lg) of the four DLC debris samples, which is the area
ratio of the D peak to the G peak, in these spectra reflect
the clustering and disorder of the sp®/sp? sites for coatings
obtained from Zr-doped DLC coatings. All DLC coatings
that can be obtained by the broad peak at 11001700 cm'?
region show fitted features in their Raman spectra, where
the Raman spectra of the DLC coatings mainly dominated
as two Gaussian peaks, including a D (disordered) peak at
approximately 1350cm™ and a G (graphite) peak at
around 1580 cm™ [10], corresponding to the sp® and sp?
bonding, respectively.

Table 3. Raman spectra of worn DLC debris collected. D peak
position (xD), G peak position (xG), and the ratio of the
D-band to G-band intensity (Io/lc) of the deposited DLC

coatings

. Coating
Peak shift FWHM properties | S/N
D-band [G-band [D-band & 1o/l 1274~ \Wear | ratio

band ness [loss

Tests 0%
owocm? fwpcm? Jem?  ecm? Hv 5| dB

mm
L2 [1387.1 [1557.03]208.18 [112.96 |1.28 |2492 | 6.88 |46.19
L5 [1371.331570.711234.74 101.98 ]1.92 |1374 | 13.3 |32.91
L10 {1364.19[1579.041182.00 [102.09]1.84 |1335 | 14.4 |34.11
L14 [1383.65[1572.16 ]1207.45 196.99 ]1.39|2499 | 7.33 |43.48

In the case of sample 2, the lower ID/IG is obtained in
which the D-band position was centered at 1387.10 cm'?
and was higher than that of the others, while the G-band
position was centered at 1557.03 cm™ and shifted to lower
values than that of the others. The hardness value of the
DLC coating samples that was measured using micro-
indentation is also listed in Table 3. For the Zr-DLC
multilayer coatings, the G peak was shifted to lower
Raman shift from the graphite position at 1580 cm®,
indicating that their structure is considerable amount of
graphite-like sp? bonds, in company with diamond-like sp®
bonds. However, the lower ID/IG ratio in Raman spectra
produced higher tribological properties among the DLC
coatings. This finding is consistent with literature [18]. As
can be seen in Table 3, for the lower wear volume, the
sharp peak at 1387 cm™ is characteristic of the sp* bonding
of diamond and indicative of higher phase-purity
polycrystalline diamond. The larger shift to 1387 cm™ of
D-band peak in the wavenumbers at 1360 cm™and the G-
band peak located to lower Raman shift to 1557 cm* from
1580 cm is owing to generation of the zirconium
microcrystalline, where the hardness decreases directly
with the Ip/lg ratio increase in the spectra of the DLC
coatings prepared. The integrated intensity ratio of the
Gaussian shape for the lower wear volume was Ip/lg = 1.28
and the FWHM (cm™) for D and G peaks were 208 and
113 respectively. The maximum wear volume value was
63.30 x 10 mm?® and the minimum wear rate value
6.88 x 107 mm?® for the Zr-DLC coatings under a normal
load of 10 N, following 1000 m of sliding. It is clear that



Intensity a.u.

the higher hardness value and the lower worn volume are
appeared at lower the Ip/lg ratio.

The Raman spectra of four debris samples shown in
Fig. 3 differ from each other within the visible wave range.
As shown in Fig. 3 a, all the two peaks are represented by
Gaussian functions. As evident in the figures, the Raman
shifts of two peaks were obtained. The peak at 4 % above
1350 cm™ is the D-band and the other at 5% below
1580 cm™ is the G-band. This phenomenon was attributed
to the formation of zirconium clusters of carbon networks
in the DLC coatings, and consequently, the locations of the
D-band and the G-band in the DLC coatings were shifted.
However, with further increase in Ip/ls, G-band peak
position is about 1580 cm™, indicating more graphitic
structure (sp?).
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Fig. 3. a—typical Raman spectra of the a-C coatings deposited on
a silicon wafer. The spectrum is deconvoluteable into two
Gaussian peaks centered at around 1360 cm™ (D-band)
and 1580 cm™ (G-band); b-scratched tracks and
Rockwell tests

It can be seen from the plot that the G-band peak
position shifts down, the peak intensity ratio (Ip/lg) also
shifts to lower values with decreasing wear rate and
increasing hardness, indicating yield a higher S/N ratio.
According to theoretical work by Beeman et al [19], a shift
of the Raman G-peak to lower frequency indicates a
greater sp®/sp? bonding ratio. On the other hands, as
evident in Fig. 3, the half-width of the separated D peak is
large, such that the half-width of the D peak is larger than
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the half-width of the G peak, resulting in a decrease in the
hardness. As can be seen in the figures, the wear volume of
the DLC coatings decreased as the peak intensity ratio
(Io/lg) decreased. It is clearly shown Zr-DLC types of
coatings are composed of amorphous and some
nanocrystalline grains, which are dispersed in the SKD11
matrix. Fig. 3 b shows the optical photos of the scratch
tracks and Rockwell indentation tests of zirconia doped
DLC coatings, where the graded structures can improve the
adhesion of DLC coatings. From the photos presented in
Fig. 3, in the case of sample 5 with higher IG position,
which the adhesion failure load is 19 N, the trace shows
the clear flaking extended to the end of scratching after
scratched and part of the DLC coating surrounding the
indentation was detached, which can be classified into
adhesion level HF5. In the case of sample 10, the adhesion
failure load of coatings is 54 N, which the track flaking of
sample 10 was almost one-half as much less as sample 5.
While for sample 2 with high adhesion failure load of 72 N,
no obvious spalling after Rockwell indentation,
corresponding to HF1 level, was observed. The traces
show only a little larger flaking closer to the end of
scratching, but a little bit of chipping of DLC coatings,
resulting in a better adhesion. Comparing to the scratch
track photo of sample 14, the mechanism of adhesion
failure of coatings exhibited similar failure behaviors and
the delamination of several small areas appeared around
the Rockwell indentations. These results verify that the
lower Ip/lg ratio could sustain much higher scratch stresses
and better wear resistance. The results comparison
obtained by the analyses of Fig. 3 shows that the adhesion
failure of DLC coatings with decreasing Ip/lc was
noticeably improved by graded Zr-doped DLC coatings on
the SKD11substrate. This is due to existing a graded
interface between the DLC coating and substrate resulting
in stress reduction in the interface and thus enhancing the
adhesion as it was reported by other authors [4, 25].
Similarly, in Fig.3b, samplel4 displays few slight
dimples and long narrow furrows on the worn surface of
the coatings. Its wear mechanism is essentially abrasion
wear from ploughing and grooving in the worn surface. On
the other hand, the level of 6.50 x 10> mm3/Nm of the
wear rate is also low in the sputtering experiments, in
which the wear scar volume has a value of 9.16 x 10 mm3
with the width increasing slightly to the value of 1.30 mm.
Fig. 3¢ shows the mainly micro-ploughing and brittle
fracture scars with a slender area are appeared and the
peel-off area of DLC coatings is also produced. As shown
in Fig. 3d, in the higher wear rate coatings, the width of
the wear track is very large, the galling and fracture of
DLC coatings occurred after 1000 m sliding and many
scratches were induced along the wear direction, in which
the wear scar volume is relatively large value of
63.30 x 10 mm? with the width increasing rapidly to the
value of 1.85mm. This is consistent with the result
obtained from the SEM images. Clearly, the worn track
profile in sample 5 obtained from the present study
irregularly fluctuates in the wear track topography while
the worn track in sample 2 becomes less undulated to be a
comparatively fine texture. As anticipated, the Zr-doped
DLC coatings with the smaller wear volume showed the
best wear behavior in the Zr-doped DLC coatings. Overall,



the comparison of these figures clearly shows that the
volume losses of surface removal in SKD11 sample is
much more than that of as-sputtering samples. The wear
volume shown in Fig. 3 reveals that the Zr-doped DLC
coatings have considerable improvement during wear test,
which offered better the tribological behaviors. In addition,
the frictional coefficient behaviors of the Zr-doped DLC
coatings against tungsten carbide are shown in Fig. 4 e,
presenting the variation in frictional coefficient with the
sliding distances of 1000 m. Sample 2 yielded the lowest
coefficient of friction (COF) of 0.28, whereas sample 5
showed the highest COF of 0.84 among DLC-coated
samples. The frictional curve increased from an initially
low value to a steady state except sample 5 in all cases. In
the case of sample 10, the COF reduces from 0.77 to 0.56
whereas sample 5 showed a rapid increase slight reduction
in increases with the initial to 400 m from 0.4 to 0.8, and
became instability with drastic fluctuations as sliding
distance over sliding 400 m. An increase in the wear rate
of the Zr-doped DLC coatings in with a greater COF is
clear. As discussed previously, this can be attributed to the
change in lubricant coating from DLC to the Zr-doped
DLC lubricant. An increase in the wear rate of the Zr-
doped DLC coatings with a greater COF is clear. Overall,
the Zr-DLC coatings possessed the higher anti-wear
properties. This is attributed to the formation of hard Zr
element transfer coating on the worn scar, in which the
containing graphite of the Zr-doped DLC coatings in
sliding is seen, and the lubricating surface layer is
generated. This finding was confirmed by Raman
spectroscopy. Therefore, the wear mechanism resulting in
lower friction and wear can effectively enhance the anti-
wear behavior of the Zr-doped DLC coatings.

4.3. Wear surface properties

Table 2 shows the experimental data, standard
deviation and S/N ratios for the Zr-doped DLC coatings.
The wear performance of each experimental trial for the
Zr-doped DLC coatings is evaluated by computing their
SIN ratios. The results showed considerably different
tribological behaviors. Most wear rates of the coated
specimens after sliding wear were relatively small, around
the level of 10°mm3Nm, compared with others
[11, 26, 27], indicating a better wear performance. As
shown in Table 2, the decrease in the wear rate of the Zr-
DLC coatings in the with a greater S/N ratio is seen. The
wear tracks and scars of the Zr-DLC coatings are examined
by SEM as shown in Fig. 4, showing the four different
wear scars, and the structure of the wear surface
significantly varied. Fig.4a, in the case of sample 2,
shows the contact width of the wear track between Zr-DLC
coatings and SKD11 substrate is a minor wear track
coating and no scratches were detected. The wear rate of
sample 2 forming similar to glassy carbon, at the level of
4.63 x 10> mm?Nm, is relatively low comparing to other
tests, in which the wear volume with a width of 0.80 mm is
4.98 x 10 mm? within the 1000 m sliding distance under a
0.2 N load. Similarly, in Fig. 4 b, sample 14 displays few
slight dimples and long narrow furrows on the worn
surface of the coatings. Its wear mechanism is essentially
abrasion wear from ploughing and grooving in the worn
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surface. On the other hand, the level of 6.50x10"°> mm3%Nm
of the wear rate is also low in the sputtering experiments,
in which the wear scar volume has a value of 9.16 x 103
mm?® with the width increasing slightly to the value of
1.30 mm. Fig. 4 ¢ shows the mainly micro-ploughing and
brittle fracture scars with a slender area are appeared and
the peel-off area of DLC coatings is also produced. As
shown in Fig. 4 d, in the higher wear rate coatings, the
width of the wear track is very large, the galling and
fracture of DLC coatings occurred after 1000 m sliding and
many scratches were induced along the wear direction, in
which the wear scar volume is relatively large value of
63.30 x 10 mm?® with the width increasing rapidly to the
value of 1.85mm. This is consistent with the result
obtained from the SEM images. Clearly, the worn track
profile in sample 5 obtained from the present study
irregularly fluctuates in the wear track topography while
the worn track in sample 2 becomes less undulated to be a
comparatively fine texture.
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Fig. 4. The surface profiles of the wear tracks, the images of the
wear track and coefficient of friction for various tests: a—
trial 2; b—trial 14; c—trial 10; d—trial 5; e—frictional
coefficient curves for Zr-doped DLC coatings in wear
tests



The frictional curve increased from an initially low
value to a steady state except sample 5 in all cases. In the
case of sample 10, the COF reduces from 0.77 to 0.56
whereas sample 5 showed a rapid increase slight reduction
in increases with the initial to 400 m from 0.4 to 0.8, and
became instable with drastic fluctuations as sliding
distance over sliding 400 m. An increase in the wear rate
of the Zr-doped DLC coatings in with a greater COF is
clear.

As discussed previously, this can be attributed to the
change in lubricant coating from DLC to the Zr-doped
DLC lubricant. An increase in the wear rate of the Zr-
doped DLC coatings with a greater COF is clear. Overall,
the Zr-DLC coatings possessed the higher antiwear
properties. This is attributed to the formation of hard Zr
element transfer coating on the worn scar, in which the
containing graphite of the Zr-doped DLC coatings in
sliding is seen, and the lubricating surface layer is
generated. This finding was confirmed by Raman
spectroscopy. Therefore, the wear mechanism resulting in
lower friction and wear can effectively enhance the anti-
wear behavior of the Zr-doped DLC coatings.

4.4, Variable analysis
performance

affecting the wear

To determine which variables significantly affect the
wear performance of the Zr-doped DLC coatings by
magnetron sputtering, ANOVA was used to examine
which control variables significantly influenced the quality
characteristics of wear rates.

Table 4. Analysis of variance for DLC coatings

Sum of | Degrees of | Mean Percent
Factors F-value -
squares | freedom | square contribution
A 10.56 2 5.28 0.31 2.45
B 83.01 2 41.5 2.46 19.27
C 16.49 2 8.25 0.49 3.83
D 48.8 2 244 1.45 11.33
E 153.67 2 76.84 4.55 35.68
Error | 118.11 7 16.87 - 27.43
Total | 430.65 17 25.33 - 100

Table 4 indicates the ANOVA analysis of the Zr-
doped DLC coatings shows the F-distribution for each
factor, which allows significant effects to be accepted at
o =0.25 significance level of each factor on the total

variation and shows their degree of influence on the results.

The main effects of the factors on the Zr-containing DLC
coatings are presented. According to the ANOVA results
in Table 4, the most significant three factors are: the
frequency (B), stand-off distance (D) and the C and Zr
target current (E) have maximum effects on the wear rates
of the Zr-doped DLC coatings, which together account for
about 66.3 % of the total experimental variance. These
factors are then further assigned for the modeling of the
GA-based ANFIS.

4.5. GA-based ANFIS analysis

As aforementioned, the three sputtering deposited
factors that have significantly impacts on the tribological
properties include pulse frequency (B), sputtering distance
(D) and C/Zr current (E). Therefore, these deposited
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variables B, D and E are taken as input features of the
ANFIS, and the wear rate is used as the output variable of
the ANFIS. Based on the experimental data collected from
an orthogonal array design, the quality metamodel of wear
rates is built by an ANFIS approach, which was then
solved by a GA. To obtain the best predictive performance
in the ANFIS model, a GA that has trained the parameters
of a Gaussian function for the premise part and a linear
equation for the premise part in the ANFIS model can
successfully achieve the optimization shown in Fig. 5.

The evolutionary environments of the GA used in this
paper are: population size of 200, crossover rate of 0.9,
mutation rate of 0.1, and generation number of 200.
Fig. 5 a shows the optimal result of the RMSE for the GA-
based ANFIS giving rise to the 200 th generation. Clearly,
the proposed GA could find the optimal solution in the
ANFIS and the cost function decreased rapidly to the
stable state, and resulted in a good prediction with RMSE
= 0.00031. In addition, Figs.5b-5d show the convergent
curves of the parameters of a Gaussian function for the
three significant variables (B, D, E) resulting from the
ANOVA table of the Zr-containing DLC coatings in the
training processes. It is clear a Gaussian function with
parameters (o, B) in the premise parts has converged to its
stable values after about 200 generations, whereas the
convergent values of a linear equation with parameters (p,
g, r, t) in the consequent parts, where the total number of
premise and consequent parameters to be found is 126.

As mentioned above, the optimal parameters of a
Gaussian function in the premise part, as well as a linear
equation in the consequent part of the GA-based ANFIS
for the variables B, D and E can be obtained. On the other
hand, the optimal ANFIS design with twenty-seven fuzzy
rules can be constructed in the GA train and used to predict
the outputs shown in Fig. 1.

4.6. Predictive analysis using GA-based ANFIS

To test the predictive ability of the GA-ANFIS, the
predicted values were computed as compared with the
experimental values of wear rate. The experiments in
orthogonal array were divided into two groups for training
and testing data of ANFIS. The methodology uses an
ANFIS where 70% (18/23) of the available data
participates in the learning process with the rest (5/23) for
testing the predicted values against the observed wear rate.
As shown in Fig. 6, the predictions of wear rate with the
obtained experimental datum by the three parameters (a, )
of a Gaussian function in the optimal GA-based ANFIS
model are compared.

Using the GA-based ANFIS approach, in the
parameter (0.3331, 0.5880) of a Gaussian function, the
predicted value of the wear rate obtained in the present
study is more accurate due to error function of 9.41%.
Overall, the GA-based ANFIS provides a more effective
way for searching the optimal ANFIS, because the
parameters of a Gaussian function of (0.3331, 0.5880),
(0.3331, 0.5880) and (0.3331, 0.5880) could yield the
better error functions of 9.41%, 9.45% and 9.58 %,
respectively. Based on the comparison, a learning ANFIS
based on GA that had the best predictive performance was
successfully achieved.
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Importantly, effects of three significant factors
including C/Zr current, pulse frequency and sputtering
distance in ANOVA are considered in turn to predict the
relationships between the anti-wear behaviors and
variables, and determine the nature. Fig. 7 showed that the
predicted patterns of wear rate values for effect of three
significant factors including C/Zr current, pulse frequency
and sputtering distance on the tribological behaviors. A
good agreement between the predicted and experimental
values was remarked, where the predictors fall into range
of average wear rate value with a standard deviation. These
results revealed that the GA-based ANFIS model is more
closely to the anti-wear behaviors. Clearly, the better
predictive ability of the GA-based ANFIS has been
successfully achieved. In addition, Fig.7a depicts the
influence of C/Zr current on anti-wear behaviors. Wear
rate values are found to decrease with the increase of C/Zr
current ranged from 2.3/0.3(A) to 2.3/1.1(A), especially
existing the lowest wear rate at 2.3/0.7(A). This decrease
can be attributed to the half estimated value of sp®/sp? ratio
that efficiently improve lubrication at the interface in wear
contacts, which is consistent with the literature [10], which
the C/Zr current is found to be more sensitive to wear rate
and exhibited extremely decrease at high levels. This
finding was confirmed by Raman spectroscopy. As shown
in the pulse frequency effect from Fig. 7 b, it is clear the
pulse frequency has an inversely proportional relationship
with the wear rate. Wear rate values decrease with the
increase of the pulse frequency, where the increase in the
pulse frequency is not favorable to the anti-wear behaviors.
This finding is in good agreement with that found shown in
literature [24]. These arguments suggested the decrease of
carbon contents and the increase of Zr elements in the
coatings. As a result of Zr-DLC coatings, the coatings
hardened, which decreased the wear. Fig. 7 ¢ showed the
influence of sputtering distance on adhesive force. At a
longer sputtering distance, this phenomenon caused a
reduction of deposited rate in the Zr-DLC coatings, thus
the adhesive strength of coatings is reduced and resulted in
the highest wear volume, where the increase in the
sputtering distance relatively decreases the anti-wear
behaviors. As seen in the above figures, it was



experimentally confirmed that GA-ANFIS predictions

agree with the experimental results.
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Fig. 7. The predicted patterns of wear rate values for three
significant factors including: a—C/Zr current; b—pulse
frequency; c—sputtering distance on the tribological
behavior

5. CONCLUDING REMARKS

The functional graded Zr-DLC coatings were
synthesized by magnetron sputtering. Microstructural
evolution and tribological behaviors of the Zr-DLC
coatings were studied. In addition, the GA-ANFIS
approach has been proved to be more accurate for
forecasting the tribological properties of the Zr-DLC
coatings. Based on the experimental results, the following
conclusions are drawn:

1.
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In this work, a well-adhered Zr-DLC coatings based
on two interlayers as Zr\ZrC elements has been
successfully fabricated on the SKD11 by sputtering
depositions. The Zr-DLC coatings gain dense
structures with uniformly distributed nanoparticle
phases. Raman analyses revealed that the Zr-DLC
coatings at lower |ID/IG ratio possess higher
microhardness, better scratch strength and better wear
resistance. In addition, the tribological behavior of the
Zr-DLC coatings coated SKD11 provides a favorable
wear resistance over that of SKD11substrate.

In ANOVA, the important factors are identified. The
C and Zr target current, sputtering distance and pulse
frequency accounting for nearly 66.30 % of the
experimental variation are significantly affected for
the tribological behaviors of the Zr-DLC coatings. The
worn surface with a glassy carbon phase seems to
appear at lower ID/IG ratio in the Zr-DLC coatings,
where the Zr-DLC coatings with slight worn scar
textures are clearly visible in the worn track studied.
Furthermore, the SEM micrographs of worn surface of
DLC coatings are examined in the EDS spectrum. No
significant difference between zirconium elements of
the DLC coatings is found.

In this study, the use of GA-ANFIS can gain the
suitable membership functions and find the optimal
parameters in the ANFIS model, vyielding the
effectiveness of predicting the tribological properties
of the Zr-DLC coatings. In addition, the values
predicted by the GA-ANFIS best fit the data, where
error function of the predicted value of the wear rate
obtained in the present study is 9.41 %. Clearly, the
GA-ANFIS provides a good prediction within the
experimental domains.
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