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ABSTRACT
High Velocity Oxygen Fuel (HVOF) spray is being widely used in
many industries to deposit erosion-resistant coatings or restore the
dimension for components. The porosity, adhesion strength, and
hardness are the essential properties commonly used to access the
quality of coatings and thus the effectiveness of a HVOF spray pro-
cess. To achieve desired coating properties and reduce production
cost, optimization of process parameters in HVOF spray has devel-
oped immensely during last decades. Among the spray parameters,
particle velocity, powder feed rate and standoff distance contribute
a significant influence on the final properties of the coatings. In
the present study, experiments of HVOF thermal spray were pre-
pared for the 67Ni18Cr5Si4B alloy powder. The process parameters
including spray velocity, powder feed rate and spray distance were
optimized for the objectives of adhesion strength, porosity and
microhardness of 67Ni18Cr5Si4B coating. Based on the Taguchi
method, signal-to-noise (S/N) ratio and overall evaluation criteria
(OEC) are determined to solve the optimization problem consider-
ing multiple performance characteristics. Moreover, analysis of
variance (ANOVA) was conducted to analyse the contribution
percentage of each process parameter. The optimal process param-
eters in HVOF spray of 67Ni18Cr5Si4B were found for the multi-
response optimization as velocity of 1000 m/s, powder feed rate of
30g/min, and spray distance of 0.2 m. The results of ANOVA indi-
cated that the spray distance was the most significant parameter
affecting the output spray quality among the investigated process
parameters, subsequently to the powder flow rate and velocity of
spray. Finally, a confirmatory experiment was carried out to support
the accuracy of optimal process parameters.
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1. Introduction

The thermal spraying process has drawn significant attention because of the
possibility of produce coatings with low porosity and low oxide content, as well as
high substrate adhesion. Thermal spraying technology has been commonly used in
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vehicle engineering and aerospace fields [1]. Especially, the coating obtained by
HVOF thermal spray is a competitive one due to its advantages [2,3]. HVOF thermal
spray is widely employed depositing metals, cermets, and ceramics [4]. Among the
different alloy systems being studied, Ni–Cr based alloy powders are considered to be
a good candidate as surface protective coatings owning to their high strength, super-
ior corrosion and wear resistance, and relatively low material cost [5]. However, small
variations on the parameters of the HVOF process can generate coatings with differ-
ent characteristics and properties. Therefore, it is necessary to understand the effect
of process parameters, as well as identify the most influencing operating parameter
on spray quality. This will help to find the optimal combination of process parame-
ters toward the favourable quality of deposited coatings.

Many experimental studies have been performed on the influence of the thermal
spray process parameters on the coating characteristics [1,6–8]. Can et al. [1] exam-
ined the wear behaviour of crankshaft journal bearing coated by HVOF spraying
technique. The influence of spraying pre-treatment on adhesion strength in coatings
was reviewed by Mu et al. [6]. The effects of spray particle velocity on coating charac-
teristics of HVOF-sprayed type 316 stainless steel were evaluated by Totemeier [7].
Rabb et al. [9] studied the effects of substrate surface roughness on the adherence of
NiCrAlY thermal spray coatings. McGrann et al. [10] investigated the effect of
residual stress in HVOF tungsten carbide coatings on the bending fatigue life of ther-
mal spray coated aluminium. The corrosion resistance of Fe-based amorphous coating
prepared by HVOF has also been studied [11–13].

In addition to the investigation on single parameter effect, the influence of mul-
tiple process parameters of HVOF spraying on the characteristics of coating have
been conducted. Pukasiewicz et al. [14] investigated the influence of standoff distance,
fuel/oxygen ratio and powder feed rate on the microstructure, residual stress and
cavitation resistance of FeMnCrSi coatings. Murugan et al. [15] examined the effects
of oxygen flow rate, LPG flow rate, powder feed rate and spray distance on the poros-
ity and hardness for WC–10Co–4Cr coatings on brass substrate material. The wear
behaviour of Tungsten carbide-cobalt based spray coatings were investigated by Zhao
et al., considering the effect of flow rate, the powder feed rate and the spray distance
[16]. Based on the parametric investigation, a large number of studies have been car-
ried out for the optimization of the process parameters. Among them, many authors
adopted design of experiment with Taguchi method in the optimization [17–21].

Besides the experimental approach, the numerical method on thermal spray pro-
cess has also been developed [22]. The numerical approach is capable of reducing
number of trial and error experimental work to get excellent performance coatings.
Recent advances in numerical simulation of spray process were on the microstructure
and deposition characteristics of the coating [23,24].

From the above literature review, very limited information is available about the
thermally sprayed coatings deposited with 67Ni18Cr5Si4B alloy powder. This material
is inexpensive, non-toxic, high thermal and chemical stability with a good potential
for HVOF deposition use. Among the desired quality of deposited coating, adhesion
is one of the most important factors [25]. Reducing the porosity can increase thermal
conductivity of coatings. The hardness of coatings is expected to improve the wear
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resistance, as well as the oxidation resistance of the metallic coating [1,26]. In add-
ition, porosity and hardness are essential factors for understanding the microstructure
and properties of thermal spray coatings [27]. Therefore, this work focuses on the
properties of 67Ni18Cr5Si4B coatings deposited onto steel substrate using the HVOF
spraying method such as adhesion strength, porosity and microhardness.

The aim of present study is to find optimal process parameters of spraying process pre-
pared by HVOF spraying method and 67Ni18Cr5Si4B alloy powder. The Taguchi-OEC
technique is employed for solving the optimization problem. First, spraying experiments
and measurement of surface properties are prepared based on the L9 orthogonal array
proposed by Taguchi. To solve the multi-response optimization, the OEC values are deter-
mined based on the experimental results. Then Signal-to-noise (S/N) ratios of the OEC
are calculated to find optimal combination of process parameters. Subsequently, analysis
of variance (ANOVA) is utilized to determine the degree of influence of the different pro-
cess parameters. Optimization for individual performance characteristics is also conducted,
and its results are evaluated against the multi-response optimization results. Finally, a con-
firmation experiment is conducted to verify the optimized process parameters.

2. Materials and experiment procedure

2.1. Materials

The substrate material is C45 steel, with the chemical composition shown in Table 1.
Figure 1 shows the dimensions of the specimens to be coated. The 67Ni18Cr5Si4B alloy
powder is selected as coating material, which is supplied from Surface Engineering
Alloy Co., USA. Figure 2 shows the morphology of the coating material under scanning
electron microscope (SEM) with particle sizes in the range of 15–45mm.

2.2. Experimental procedure

To clean and improve coating adhesion prior to deposition of the coating, the speci-
mens were grit-blasted with corundum (grit size of 150–300mm) using a sand blasting
machine (TSA–206, Vietnam). The grit blasted specimens were immersed in a chem-
ical sollution for 2 h to remove any possible embedded particles. The immersion
liquid was formed by dissolving 20 g NaOH, 5 g Na2SiO3, 50 g Na2CO3 and 50 g
Na2PO4 in 1000mL water. Subsequently, the specimens were carefully cleaned under
purified water streams for the chemical removal, and then air dried at 45

�
C in 5min.

The surface roughness of specimens before coating was tested to ensure the value
ranging from 8 to 10mm by using a Surface Roughness Tester (Mitutoyo 178-954-4A,
Japan). Thereafter, a commercial HVOF spraying system (General Metal Alloys,
Belgium) equipped with a high velocity thermal spray gun (HIPOJET-2700M) was
used to deposit the 67Ni18Cr5Si4B powder onto the steel substrates with a thickness
of 600 ± 20mm. The DPV-2000 system (TECNAR Automation Ltd., Canada) was

Table 1. Chemical composition of C45 steel (in wt. %).
Elements C Si Mn P S Cr Mo Ni

wt% 0.42� 0.45±0.02 0.4±0.03 0.5� 0.8±0.04 0.045þ0.005 0.045þ0.005 0.4þ0.003 0.1þ0.005 0.4
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employed to measure the velocity of thermal sprayed particles. The spray distance,
powder feed rate, and velocity will be investigated, which could be controlled inde-
pendently. The air flow was adjusted to change the particle velocity. In the other
investigations, the air flow was remained constant at 550 L/min. The other spraying
parameters were were kept constant for all deposition operations as given in Table 2.
Figure 3 shows the specimens before and after spray.

Thin coated specimens were sliced into small slices having dimensions of
10� 10� 5mm for coating properties characterization. All the specimens were
ground with silicon carbide sandpaper and fine-polished with 3.0mm and then
0.25 mm diamond suspensions and a 0.04 mm colloidal silica suspension. The micro-
structure of the deposited coatings was characterized by scanning electron microscopy
(SEM) JSM-7600F FE-SEM (JEOL Ltd., Japan).

The porosity was measured on the well-polished cross-sectional area of the coating
using image analysis on an inverted microscope Axiovert 25CA (Carl Zeiss,
Germany) and according to the JIS-H-8664-1997 Standard. The porosity analysis
were carried out on captured images of 100 magnification, which were able to clearly

Figure 1. Dimensions of the specimen (unit: mm).

Figure 2. SEM micrograph of coating material.
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resolve voids in the coatings and entire coating thickness on the monitor screen. Five
random locations of a 400� 400mm square area were selected for the image analysis,
and the result of average percentage of porosity will be used. Figure 4(a) shows the
sample SEM images of 5 random locations used for image analysis of a representative
experiment. The corresponding images with removed the solid background and used
porosity characterization were also shown.

The microhardness of 67Ni18Cr5Si4B coatings were measured by a hardness tester
(Duramin, Denmark), which was guided by ASTM E384 Standard. The microhardness
tests were carried out with an applied load 300 gf, and an indentation time of 15 s.
Final microhardness result was calculated by taking average of 5 measurements on each
specimen. Figure 4(b) shows the SEM images of the sample after microhardness test.

The adhesion strength of the coated specimens was measured by using shear test
method that was carried out by using a designed fixture shown in Figure 4(c). A universal
testing machine was used for loading in in accordance with the JIS-H-8666–1980 Standard.

Figure 5(a–b) shows the cross-sectional microstructure of the 67Ni18Cr5Si4B coat-
ings obtained for experiment #3 and #4, respectively. It can be seen that the
67Ni18Cr5Si4B particles are embedded into the surface of steel substrate, which is par-
tially deformed by the heat effect during the quick cooling process. There exist gaps
between the adhesive regions as can be seen in Figure 5(a) for experiment #3. Whereas,
Figure 5(b) shows a good bonding formed between substrate and deposited coating in
experiment #4, which consequently enhances the adhesive strength. Figure 5(c) shows
the Energy Dispersive X-ray (EDX) line scan results for chemical compositions across
the interface region. The analysis was performed with a JED-2300 Analysis Station
(JEOL Ltd., Japan). It is clear that most of substrate material consists of Fe. The elemen-
tal composition represented for the deposited coating differs significantly. The main
constituents, namely, Ni, Cr, Si and Fe were detected. It is observed that the elemental

Table 2. Spray parameters.
Parameters Oxygen pressure Oxygen flow Propane pressure Propane flow Carrier gas flow N2

Value 0.981 265 0.686 60 20
(MPa) (L/min) (MPa) (L/min) (L/min)

Figure 3. Specimens before (a) and after spray (b).
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Figure 4. Coating properties characterization: (a) SEM images of coating used for the porosity char-
acterization, (b) SEM image of the sample after the microhardness test, (c) Schematic diagram of
adhesion strength measurement.
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Figure 5. SEM picture of 67Ni18Cr5Si4B coatings on steel substrates: (a) Experiment #3, (b)
Experiment #4, (c) EDX line scans result.
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compositions of steel substrate and deposited coating almost do not change over their
entire thickness. Thus, it can be deduced that the deformation of steel substrate is not a
plastic deformation and there is no diffusion of steel into coating. This indicates that the
physical trapping and mechanical interlocking have been formed and played an import-
ant role for the bonding of the 67Ni18Cr5Si4B coating to the steel substrate.

3. Optimization study

In this section, optimal process parameters including spray distance (L), velocity (V)
and powder feed rate (Q) are determined for the objectives of porosity of the coating,
microhardness and adhesion strength.

3.1. Optimization method

3.1.1. Design of experiments
The experiments were designed based on the L9 orthogonal array to perform individual
optimization study. The signal-to-noise (S/N) ratio is an effective analytical means to rep-
resent a quality characteristic in the Taguchi method, and the preferred level of process
parameters is symbolized by the largest value of the S/N ratio. The objectives of present
study were the minimization of coating porosity and maximization of microhardness and
adhesion strength. Therefore, lower-is-better is applied to calculate the S/N ratio for the
coating porosity, whereas for microhardness and adhesion strength, higher-is-better is
applied. The S/N ratios are calculated, for lower the better, by

S=Nð ÞL ¼ �10 log
1
N

XN
k¼1

y2k

 !
(1)

and for higher the better, by

S=Nð ÞH ¼ �10 log
1
N

XN
k¼1

1
y2k

 !
(2)

where N is the number of measurements in an experiment, and y the observed
data of N measurements.

3.1.2. Multi-response optimization
In order to solve the simultaneous optimization of three quality characteristics, the
overall evaluation criteria (OEC) technique is employed. First, the OEC values for
individual quality characteristics are calculated, for the higher-is-better, by

OECij ¼
Yij�Yminj

Ymaxj � Yminj

 !
wj (3)

and for the lower-is-better, by

OECij ¼ 1� Yij�Yminj

Ymaxj � Yminj

 !
wj (4)

where, i¼ 1, 2, 3,…m, m¼ 9 is the number of experiments in Taguchi orthogonal
array, j¼ 1, 2,… n, n¼ 3 is the number of quality characteristics or process responses.
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Yminj and Ymaxj are the smallest and largest values of Yij for the jth response, respect-
ively. wj is a weighting coefficient, 0 � wj � 1. The value of wj can be adjusted based
on the practical needs of the system. However, some reports suggested that the frac-
tion sum of wj value of all outputs should be equal to 1. In the present study, the
value of wj is considered as 0.3, 0.3, and 0.4 for adhesion strength, coating porosity,
and microhardness, respectively. Next, the final values of OEC are computed for the
ith experiment by

OECi ¼
Xn
j¼1

OECij (5)

Having obtained the OEC values for all the experiments, the Taguchi method is
used to find the optimal OEC. The S/N ratio for higher-is-better is also used to evalu-
ate the optimal OEC similar to that shown in Equation (2)

S=N ¼ �10 logMSD (6)

where the mean squared deviation (MSD) is defined by

MSD ¼ 1
N

XN
k¼1

1
OEC2

k

(7)

The response characteristic can be predicted using following formula.

Yk
dd ¼ �Tk þ

Xm
i¼1

ji � �Tk
� �

(8)

where ji is the observation of i experiment. Yk
dd is the predicted response of the kth

response characteristic. T
k
is the mean value of all experiments at the kth response

characteristic.
In addition, the obtained results will be tested using statistical analysis of variance

(ANOVA) to evaluate the contribution percentage of each design parameter. The
main purpose of ANOVA is to illustrate which process parameter significantly influ-
ences the performance characteristics.

3.2. Results and discussion

3.2.1. Multi-response optimization
Table 3 shows the L9 orthogonal array obtained based on standard orthogonal array
table of the Taguchi method, the experimental and OEC analysis results. The higher
S/N ratio shows that the corresponding combination of process parameters becomes
closer to the preferred level. In other words, a higher S/N ratio results in better qual-
ity characteristics. Experiment number 4 possesses the highest S/N ratio with the
order of 1. Consequently, A2B1C2 is the preferred combination of process parameters
for access to the best coating response among the orthogonal experiments.

JOURNAL OF ADHESION SCIENCE AND TECHNOLOGY 9



The mean values of the S/N ratio of process parameters for each level based on
Table 3 are shown in Table 4. The effects of each factor in relation to multiple quality
characteristics of the S/N ratio are plotted in Figure 6. Table 4 and Figure 6 illustrate
that the preferred process conditions to attain the best multiple quality characteristics
for 67Ni18Cr5Si4B coating by HVOF spray are A3B1C2, that is, velocity of 1000 m/s,
powder feed rate of 30 g/min and spray distance of 0.2 m.

The ANOVA results for the S/N ratio are presented in Table 5. According to
Table 5, the rank order of contribution percentages of each process parameter in S/N

Table 3. L9 orthogonal array and tested values.
Process parameters Experimental values OEC analysis results

Expri-ment V (A) Q (B) L (C) Adhesion strength Porosity Micro-hardness OEC MSD S/N ratio
m/s g/min m MPa % HV dB

1 800 30 0.1 48.05 1.223 507.1 1.130 0.783 1.064
2 800 40 0.2 54.69 1.724 528.2 1.239 0.652 1.858
3 800 50 0.3 46.30 3.289 479.9 0.700 2.041 �3.098
4 900 30 0.2 69.12 1.151 536.8 1.546 0.419 3.783
5 900 40 0.3 62.13 2.323 540.7 1.306 0.586 2.321
6 900 50 0.1 54.16 1.413 502.8 1.166 0.736 1.330
7 1000 30 0.3 63.35 2.221 572.5 1.474 0.460 3.370
8 1000 40 0.1 57.13 1.451 570.1 1.490 0.451 3.463
9 1000 50 0.2 63.97 1.747 526.4 1.350 0.549 2.604

Max 69.12 3.289 572.5 1.546 3.783
Min 46.3 1.151 479.9 0.700 �3.098

Table 4. Main effects of process parameters on the S/N ratio.

Symbol Factor

Mean S/N ratio, dB

Level 1 Level 2 Level 3 D (max-min) Optimum level

A V �0.058 2.478 3.146 3.704 3
B Q 2.739 2.547 0.279 2.460 1
C L 1.953 2.748 0.864 1.884 2

Figure 6. Effects of each process parameter on the S/N ratio.
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ratio is as follows: (1) spray distance (53.18%), (2) velocity (32.72%), and (3) powder
feed rate (13.45%). Thus, the contribution percentage of error is 0.65%.

3.2.2. Comparison of multi-response and individual optimization results
This section compares the quality characteristic obtained by multi-response and indi-
vidual optimization. First the individual optimal quality characteristic is determined
using Taguchi method. Tables 6–8 show the mean S/N ratios of each factor at their
levels for adhesion strength, porosity and microhardness, respectively. It is observed
that the best combination of process parameters to attain higher adhesion strength,
coating porosity and microhardness are A2B1C2, A2B1C1 and A3B2C2, respectively.
In addition, the spray velocity has the greatest effect on both adhesion strength and
coating porosity, whereas, the spray distance shows a greatest influence on the coating
porosity among the three investigated parameters.

Based on the data in Tables 6–8, the individual optimal response of spraying pro-
cess can be calculated using Equation (8). Table 9 compares the individual and multi-
response optimization results. It is shown that the optimal adhesion strength and
microhardness predicted by multi-response optimization, which are subjected to

Table 5. ANOVA results for the S/N ratio.
Factor DF Sum of square Mean square F-value Contribution (%)

V 2 0.281808 0.140904 81.19 53.18
Q 2 0.173313 0.086657 49.93 32.72
L 2 0.071291 0.035645 20.54 13.45
Error 2 0.003471 0.001735 0.65
Total 8 0.529882 100

Table 6. Mean S/N ratios for adhesion strength of each factor at their levels.
Level A B C

1 33.90 35.49 34.48
2 35.78 35.25 35.89
3 35.76 34.70 35.07
D 1.88 0.79 1.41
Rank 1 3 2

Table 7. Mean S/N ratios for porosity of each factor at their levels.
Level A B C

1 �5.607 �3.300 �2.662
2 �3.848 �5.095 �3.599
3 �5.003 �6.063 �8.198
D 1.758 2.763 5.536
Rank 3 2 1

Table 8. Mean S/N ratios of microhardness determined at each level of process
parameters.
Level A B C

1 505.1 538.8 526.7
2 526.8 546.3 530.5
3 556.3 503.0 531.0
D 51.3 43.3 4.4
Rank 1 2 3
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higher-is-better S/N ratios, are lower than those of individual optimization. However,
the difference percentage of the responses predicted by the two method are relatively
small, e.g., 0.46% and 1.41% for adhesion strength and microhardness, respectively.

On the other hand, the porosity determined by multi-response optimization with
lower-is-better S/N ratios, is higher than that predicted by individual optimization.
Even though the difference percentage between them is high (41.53%), the optimal
value of porosity predicted by multi-response optimization is still very close to min-
imal value of measured data.

3.2.3. Confirmation experiment
The confirmation experiment is carried out to predict the performance characteristic
with the optimal combination of process parameters and to verify the optimization
method used in this study. The experiment is conducted for the process parameters
of A3B1C2 (V¼ 1000 m/s, Q¼ 30 g/min and L¼ 0.9 m). Table 10 shows the results
of confirmation experiment. It shows that although the adhesion strength decreases
slightly from 69.12 to 68.09MPa and the porosity increases slightly from 1.151 to
1.186%, the microhardness is considerably improved from 536.8 to 559.4 HV.
Moreover, the OEC is improved by 0.124 from the initial to the optimal process
parameters. Table 10 also demonstrates a minor difference between the predicted and
the experimental OEC values. Thus, the predicted results are in good agreement with
measured data.

4. Conclusions

In this paper, the process parameters in 67Ni18Cr5Si4B coating with HVOF spray
were optimized using the Taguchi and OEC techniques. The coating porosity, micro-
hardness and adhesion strength were selected as the objectives. A confirmation
experiment was conducted to verify the accuracy of the multi-response optimization.
Following conclusions can be obtained from current study:

Table 9. Comparison of individual and multi-response optimization results.

Quality characteristic

Predicted by individual
optimization

Predicted by
multi-response
optimization Range of

experimental
results Difference (%)A2B1C2 A2B1C1 A3B2C2 A3B1C2

Adhesion strength (MPa) 69.26 – – 68.94 46.3� 69.12 0.46
Porosity (%) – 0.85 – 1.203 1.151� 3.289 41.53
Microhardness (HV) – – 574.9 566.8 479.9� 572.5 1.41

Table 10. Confirmation experiment results.

Quality characteristic
Initial process parameters

Multi-response optimization process
parameters by Taguchi-OEC

Prediction Experiment
A2B1C2 A3B1C2 A3B1C2

Adhesion strength (MPa) 69.12 68.94 68.09
Porosity (%) 1.151 1.203 1.186
Microhardness (HV) 536.8 566.8 559.4
OEC 1.546 1.667 1.670
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The optimal process parameters for multiple response characteristics were found as
velocity of 1000 m/s, powder feed rate of 30 g/min and spray distance of 0.2 m, which
were confirmed to give improvement in the OEC of the quality characteristics.

The ANOVA indicated that the spray distance was the most affecting parameter
(53.18%), followed by velocity (32.72%), and powder feed rate (13.45%).

The optimal parameters for obtaining maximum adhesion strength can be consid-
ered with velocity of 900 m/s, powder feed rate of 30 g/min and spray distance of 0.2
m. The corresponding parameters for maximizing the microhardness were velocity of
1000 m/s, powder feed rate of 40 g/min and spray distance of 0.2 m. To minimize the
coating porosity, the recommended process parameters were velocity of 900 m/s,
powder feed rate of 30 g/min and spray distance of 0.1 m.

The optimization approach presented in this paper can be used as a reliable
method for process parameters optimization of other surface coating processes.
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