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Abstract

This work focuses on parametric optimisation and the prediction of performance for NiCr/WC-Co
coatings prepared using high-velocity oxygen fuel (HVOF) spraying. An L18 orthogonal
experimental design based on the Taguchi method and the response surface method (RSM) was
adopted to examine how key process parameters affect the microstructure, phase composition and
hardness of the coatings. A total of eight controllable factors were selected and the hardness,
microstructure and phase characteristics of the coatings were evaluated using a Vickers hardness
tester, scanning electron microscopy and X-ray diffraction. Analysis of variance (ANOVA) revealed
that travel velocity, methane flow rate, powder feed rate and spraying distance were the dominant
parameters affecting coating hardness, accounting for altogether 76.25% of the total variance.The
model established in this study demonstrates remarkably high predictive accuracy, with a coefficient
of determination (R?) of 0.985 and an average prediction error of just 1.16%. This model accurately
reflects the nonlinear relationship between process parameters and coating hardness. Meantime,
verification experiments were conducted under optimal conditions. The measured hardness was
1352.7 £ 75 HV, in close agreement with the predicted value of 1365 HV. This result has a relative
error of 0.98%, which validates the reliability of the second-order model, and a dense layered
structure, low porosity, and minimal decarburization of tungsten carbide are exhibited by the
coating. Adding a NiCr intermediate layer improves interfacial bonding and reduces structural
defects. It is demonstrated by the results that the Taguchi-RSM method is reliable for the optimization
of HVOF spraying parameters and the prediction of coating hardness. Overall, this study provides
technical support and industrial application for the preparation of high-performance NiCr/WC-Co
ceramic-metal composite coatings.

Keywords: high-velocity oxygen-fuel spraying; ceramic-metal composite; response surface
methodology; harden behaviour; prediction

1. Introduction

Thermal spraying technology is a key component of surface engineering. This technology can
impart a variety of functional properties to the surface of components, including wear resistance,
corrosion resistance, high-temperature resistance, oxidation resistance, electrical conductivity,
electrical insulation, and self-lubrication[1-3]. As a result, it enhances product quality and reliability,
extends service life, and plays an increasingly critical role in the field of remanufacturing for
industrial components.This technology encompasses various processes, including flame spraying,
detonation spraying, HVOF spraying, arc spraying, plasma spraying and laser spraying [4-6]. HVOF
spraying is a high-performance thermal spraying process which markedly improves the bonding
strength, density and hardness of coatings, and reduces or even eliminates internal oxide content [7-
9].The fuel and oxidiser are ignited within a combustion chamber or a bespoke nozzle to produce a
supersonic flame (2000 - 3000 °C, >2100 m/s). The spray powder is then fed into the flame, where it
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becomes molten or partially molten particles that hit the surface of the substrate really fast to make a
coating. In the process of surface modification by thermal spray, rapid solidification technology is of
significant interest for the fabrication of non-equilibrium microstructures and extraordinary material
properties. Its outstanding cooling rate (10° - 10" K/s) is far superior to that of conventional casting
(less than 10* K/s)[10-12]. Due to these unique cooling conditions, undercooling and non-
equilibrium phase transformations are induced, which suppresses equilibrium phases and promotes
metastable phases, nanostructures and amorphous phases. This results in a refined microstructure
and outstanding properties. Superior mechanical, physical, and chemical properties are conferred on
materials by such microstructures, including enhanced hardness, strength, and corrosion resistance.
Different spraying techniques can be used to achieve various coating functions, such as wear
resistance, corrosion resistance, thermal insulation and electrical insulation[13-15]. HVOF coatings
offer superior bonding strength and a higher density than those achieved with conventional flame
coating techniques. HVOF spraying improves the performance of low-grade substrates by depositing
ceramic, metallic and composite coatings to form protective layers that can withstand harsh
environments[16-18]. Tungsten carbide-based coatings (WC/10Ni, WC/10Co and WC/10C04Cr) offer
exceptional resistance to wear and corrosion. The HVOF spraying process, which involves a low
flame temperature and high particle velocity, prevents the oxidation and decomposition of WC when
depositing such coatings. This preserves the wear resistance of WC and produces highly durable,
wear-resistant coatings for a variety of industrial applications[19-21]. HVOF-sprayed coatings have
attracted widespread attention due to their high hardness and excellent wear resistance. Unlike other
thermal spraying processes, HVOF spraying accelerates molten powder particles to extremely high
speeds, resulting in strong interparticle bonding. Extensive studies have been conducted to
characterise the thermal conductivity, hardness, wear resistance and other key properties of HVOEF-
sprayed WC-Co coatings[22-24]. The mechanical behaviour of coatings produced by the HVOF
spraying process is understood with the help of the aforementioned properties, but suitable
parameters for predicting the optimal performance of the coating cannot yet be identified[25-28].
Nevertheless, WC-Co remains a widely studied core material for thermal spray coatings, yet most
research has focused solely on their mechanical performance, while parameter-property correlation
models have received little attention[29-34]. For HVOEF-deposited WC-Co coatings, developing
multivariate response models is extremely challenging due to the nature of the process and the
variability of its parameters. In any case, it is widely recognised that the model of mechanical
behaviour of HVOF-sprayed WC-Co coatings is not fully understood, which has limited their
widespread application in industrial environments[35-37]. Consequently, the industry urgently
needs to develop new methods for HVOF deposits that can meet highly diverse functional
requirements.

Response surface methodology (RSM) consists of a group of techniques used in the empirical
study of the relationship between a response and several input variables. Recently, many studies on
response surface methodology in thermal barrier coatings have been undertaken. Lin et al.
investigated the application of robust partially stabilized zirconia coatings in the plasma spraying
process using response surface methodology and fractional factorial experiments. They proposed a
two-stage experimental design that incorporates a nonlinear regression model. A quadratic response
surface model was employed in conjunction with the proposed two-stage design strategy. Within the
optimization model, several response plots were generated to examine the effects of parameters on
profile hardness[38,39]. Singh et al. investigated the slurry erosion behaviour of HVOF-sprayed
VC-TiC coatings and established empirical correlations between process parameters and erosion-
induced mass loss using response surface methodology (RSM) combined with a face-centred central
composite design (FCCD). This enabled the mathematical modelling and performance optimisation
of coating erosion resistance under diverse slurry conditions to be realised [40—42]. Vignesh et al.
conducted 32 experimental trials and used RSM to optimise HVOF spraying parameters, constructing
empirical regression models to maximise hardness and minimise porosity in iron-based amorphous
coatings[43—45]. Rannetbauer et al. evaluated the predictive performance of six machine learning
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models for HVOF coating properties using advanced statistical experimental design. They proposed
a novel modelling framework that integrates statistical experimental design with linear models. This
framework enables the accurate characterisation of the correlation between HVOF process
parameters and coating deposition rate. The application examples cited in the literature demonstrate
the versatility and flexibility of RSM in optimization processes, making it a powerful tool in
engineering, science, and industry[46-48]. However, the adoption of the RSM method by the industry
has led to the addressing of issues such as multi-parameter optimization, nonlinear modelling, and
the prediction of process and product performance. Although it is widely used in fields such as
biomedicine, environmental engineering, food processing and agricultural science, its application in
the field of high-velocity oxygen fuel (HVOF) spraying remains limited[49-52]. This paper therefore
proposes a statistical method based on RSM and Taguchi design to address the mechanical properties
of tungsten-cobalt (WC-Co) coatings produced by HVOF spraying more effectively.

In this study, we applied response surface methodology (RSM), which helps to develop a
suitable approximation of the true functional relationship between the independent and response
variables, which may characterise the nature of the coatings. Also, The focus of this work was on
exploring the microstructural evolution, phase constitution and microhardness of WC/Co with NiCr
ingredients, as well as the surface properties of the coatings[53,54]. A Taguchi-based L18 orthogonal
experimental design was employed to optimise HVOF spraying parameters, with the aim of
achieving WC-Co coatings with improved hardness and microstructure. In addition, the effects of
HVOF spraying parameters on the response performance of WC/Co coatings were assessed. A
graphical approach was also adopted to analyse the response of the HVOF coating process , which
helps to predict the hardness of the coating at any location within the experimental region. This was
done through comparative testing with benchmark samples. A validation experiment was also
performed. This was to verify the optimized results.

2. Experiments

2.1. Materials and Preparation

In this study, a technique called high-velocity oxygen-fuel (HVOF) spraying was used to prepare
a NiCr interface layer and a WC/Co coating. The spraying of WC/Co powders was done using a
HVOF system (D] gun, Sulzer-Metco Inc.). The schematic diagram of the HVOF gun in Figure 1a
illustrates how HVOF works and the flow paths of the gas and powder. The experiment involved
using a WC/Co coatings and NiCr blinders, which was carried by a carrier gas and injected into a
supersonic flame stream at the injection point. It is quickly heated to a semi-liquid or liquid state in
the flame, where it goes very fast to hit the surface of the workpiece. This makes the plastic change
shape, which makes a thin, flat film that quickly becomes hard, and sticks to the surface. The result
of this layer-by-layer process is high-hardness, wear-resistant coatings that are characterised by high
density, good bond strength and low porosity. Figure 1b shows the SEM morphology of the thermally
sprayed WC-Co powder at 250x magnification. The powder particles are predominantly spherical,
with sizes falling within the range of about 10 g m to 80 g m. The high sphericity ensures good
flowability during powder feeding.The materials used in this study were WC/Co powders containing
7.8% cobalt, 5.3% carbon, and 0.06% iron by weight, which were employed in all L18 experiments.In
this study, NiCr powder (Ni balance, Cr 18.9 wt.%, C 0.013 wt.%, Fe 0.064 wt.%, Si 0.83 wt.%, Mn
0.034 wt.%) was used in full factorial experiments, wherein 9 out of 18 test groups served as an
interfacial layer between the substrate and the WC/Co coating.
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Figure 1. (a) The schematic diagram of high-speed oxygen-fuel spraying. (b) The morphology of spherical
powders for HVOF spraying WC-Co coatings, as observed by SEM.

The dimensions of the coated substrate are 40 mm x 40 mm x 10 mm, and it is made from
ASTM mild-carbon steel. To ensure surface roughness (Ra) of between 4 and 5 pm, the substrate was
sandblasted with aluminium oxide grit and then ultrasonically cleaned with acetone.The
microstructure of the coatings was investigated using a Hitachi S-2600H scanning electron
microscope (SEM), which included cross-sectional images obtained using an etchant (209 ml HNOs,
3 ml HF and 80 ml water). The hardness profiles of the coatings were measured on the cross-sectional
specimens using a Vickers hardness tester with a load of 300 g and a dwell time of 15 seconds. The
data represents the average of the five readings, which are listed in Table 2. In addition, the X-ray
diffraction (XRD) experiment was carried out using Cu Ka radiation in a Siemens D8A diffractometer
that was operated at 40 kV and 25 mA.The surfaces of the coatings were scanned from 200 to 1000 in
steps of 0.05.

3. Experimental Design and Analysis

3.1. Control Parameters and Their Levels

The robust design method, pioneered by Dr Genichi Taguchi[33], is a powerful framework for
developing high-quality products and is widely used in industry. The Taguchi method uses
orthogonal arrays to investigate the entire parameter space using only a fraction of the experiments
required for a full factorial design.Using the Taguchi method with these arrays can significantly
reduce the time and cost associated with experimental trials. These arrays provide a set of well-
balanced experiments that can accommodate design factors simultaneously. Furthermore, Taguchi's
signal-to-noise (SNR) ratios, which quantify quality by minimising performance variation, serve as
objective functions for optimisation, facilitating data analysis and the prediction of optimal
results.The process parameters were selected based on expert advice and literature [3-5]. A total of
eight operating variables were investigated, as detailed in Table 1. With the exception of coating type,
which had two levels, all other parameters were tested at three levels.The experiment described in
Table 2 used an orthogonal design comprising 18 experiments. It lists the parameters and their
respective levels that were used in the experiment. Additionally, it presents the results of hard-facing
hardness tests for HVOF-sprayed coatings, including five repeated tests and their respective mean
values and standard deviations.The experiment described in Table 2 used an orthogonal design
comprising 18 tests. It lists the test parameters and their respective levels that were used in the
experiment. Additionally, there are experimental results for the hardness properties of the HVOF-
sprayed coatings, including the values of the SNRs calculated from five repeated hardness tests, as
well as the mean values and standard deviations.
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Table 1. The eight controllable factors and their corresponding levels for the L18 orthogonal experimental design
for the HVOF sprayed WC-Co experiment.

Symbol Controllable factors 1 2 3

A Coating type WC NiCr/WC -

B Surface Roughness(Ra) 8 10 12
C Travel speed(m/min) 27 31 35
D Methane flow rate(l/min) 35 40 45
E Oxygen flow rate(l/min) 35 40 45
F Spraying distance (cm) 17 20 23
G Powder feed rate(g/min) 35 40 45
H Carrier gas flow rate( l/min) 24 29 34

Table 2. The L18 orthogonal array experimental results for HVOF-sprayed coatings, including eight control
factors, five replicate hardness measurements, mean hardness, standard deviation, and signal-to-noise ratio

(SNR).
N Control factors Hardness of coatings(Hv) Performance Estimate
o.
of
tests A BCDE F G H Triall Trial2 Trial3 Trial4 Trial5 Mean St. dev SNRs
1 1105 1239 1091 1110 1413 1192 137.58 61.40
11111111
2 11222222 1197 965 946 1025 944 1016 106.75 60.03
3 11333333 1163 1589 1120 977 1320 1234 232.97 61.48
4 12112233 1108 1189 1424 1110 1352 1237 144.38 61.71
5 12223311 99 965 929 962 985 967 25.64 59.70
6 12331122 1789 1712 1452 1467 1631 1610 148.29 64.05
7 13121323 1002 1314 977 1489 1184 1193 21541 61.21
8 13232131 1340 1605 1362 1356 1314 1395 118.81 62.83
9 1331321 2 1187 1206 1274 1548 1449 1333 158.64 62.35
10 21133221 1721 1478 1516 1580 1330 1525 143.03 63.57
11 21211332 1410 1052 1396 1189 1103 1230 165.48 61.61
12 21322113 1200 1115 1063 1343 1456 1235 162.58 61.66
13 22123132 1516 1125 1231 1493 1025 1278 219.51 61.82
14 22231213 1248 1184 1239 1054 1589 1263 197.98 61.80
15 22312321 1289 1327 1017 1296 1489 1284 170.06 61.96
16 23132312 1486 1372 1427 1176 1105 1313 164.65 62.19
17 23213123 1346 1386 1112 1010 1260 1223 158.43 61.56
18 23321231 1640 1584 1730 1684 1814 1690 87.58 64.53

3.2. Building Model

Response surface methodology (RSM), pioneered by Myers and Montgomery|[36], represents a
powerful statistical framework for enhancing product quality and process productivity in industrial
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applications.This technique is specifically designed to quantify the functional relationship between a
response of interest and multiple influencing variables, with the core objective of optimizing the
target response. RSM is a highly effective experimental approach that allows for the determination
of the most suitable operating conditions for multivariable systems. This is achieved by employing
statistical techniques to create and examine models of the response surface. As the hardness
properties of HVOF-sprayed coatings are influenced by several factors, a statistical model is proposed
as an alternative approach. The response surface method (RSM) was employed to analyse how
parameters influence the properties of the hardened layer and predict these properties.The process
parameters Xi were normalized to coded variables xi. A Taguchi-based RSM design was used. This is
detailed in Table 2. The following standard linear transformation was used:

X = X,—X, 1)
AX;

The actual value of the i process parameter (i=1,2,...,4) is denoted by Xi, and the centre (zero-
coded) value of the ith parameter is denoted by Xio. The half-interval of the i parameter range is
denoted by A Xi. Because of the noise and the complicated system, we don't know what the process
parameters and the response are really linked to. As a result, low-order polynomial models are
extensively used to estimate this relationship. In this study, a second-order model is used within the
experimental domain because it can capture both main and interactive/quadratic effects. The
expression of the predicted second-order function is as follows:

Y=, +X"h + X"TBX+¢ )

By minimizing the sum of squared errors, the vector of least-squares estimators,$, is derived,
and the regression coefficients are subsequently determined. Furthermore, the fitted regression

model, Vi ,is evaluated, and the least-squares fit of the model is established.
The first-order model is formulated as:

k
fi= B+Y By =123 ®
i=1

The second-order model is expressed as:

PO ko . 4)
», =ﬁ0+2,3ixi+z,3iixf+zzlﬁljxixj, i=123,..,n
To optimize the predicted response in Eq. (4), the partial derivatives must be set to zero. The
resulting point, denoted as x°=(x10,x20,...,Xk0), is defined as the stationary point, which can be classified
as a maximum, minimum, or saddle point of the response surface.

3.3. Evaluation of the RSM Model

The predictive results derived from the RSM model have been validated using statistical
methods. Also, this was done to evaluate the predictive results of the three models. More specifically,
the analysis involved calculating not only the coefficient of determination (R?), but also the root mean
square error, (RSME).The coefficient of determination R? and root mean square error (RSME) are
employed to evaluate the predictive performance of the RSM model, defined as:

2
Z;I:I (SExp‘SPre)
——2
Z?:] (SExp'SPre)

R*=1- )
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1 2
RSME:JEZ%] (SExp 'SPre) (6)

where SExp denotes the experimental measurement, SPr represents the RSM prediction, and M
denotes the number of experiments.The R? value, which ranges from 0 to 1, indicates the strength of
the predictive power of the model in explaining the variation in the data. A lower RSME indicates
better agreement between the predicted and experimental results. Furthermore, based on standard
statistical criteria, An absolute standardized residual value of less than 2 falls within the acceptable
statistical range, indicating that the data point is not an outlier and the model’s prediction error for
this point is within normal variation..

4. Experimental Results and Discussion

4.1. Hardness Analysis of Coatings

The variation in hardness, as shown in the cross-section in Figure 4, reveals three distinct regions:
the coating, the intermediate layer, and the substrate. This reveals a curve showing how hardness
varies with distance from the coating to the substrate. The WC-Co coating zone is characterised by a
hardness ranging from 1000 to 1500 Hyv, classifying it as a high-hardness carbide coating. The layer

in the middle is made of NiCr bond coat, which is 450-600 Hv hard. This layer holds the other layers

together. The substrate is formed by the bottom layer, which is mild steel with a hardness of 200-300
Hv. As can be seen from the curve above, hardness decreases progressively with distance from the
coating to the substrate. In addition, the hardness values close to the coating surface in the cross-
section were obtained by measuring the Vickers hardness indentation. This was achieved by applying
a load of 300 g to the area of the coating surface. As shown in Table 2, the experimental results for
HVOE-sprayed WC-Co coatings obtained using the L18 orthogonal array are summarised, including
eight control factors, five replicate hardness measurements, mean hardness, standard deviation and
signal-to-noise ratio (SNR). Mean hardness ranges from 967 Hv (test 5) to 1,690 Hv (test 18), while
SNR ranges from 59.70 dB (test 5) to 64.53 dB (test 18). Additionally, Figure 3 shows the mean
hardness and signal-to-noise ratio (SNR) of 18 groups of HVOEF-sprayed WC-Co coatings, with error
bars representing the standard deviation of hardness measurements. The black squares (mean values)
represent the average hardness values for each test group, which consists of five replicate tests. The
red triangles (SNR) represent the SNR for each test, reflecting the stability and robustness of the
measurements. The black vertical bars represent the range of hardness errors, indicating the degree
of data dispersion.The correlation between hardness and SNR is shown by the figure. The high SNR
group (e.g. Tests 6, 8, 10 and 18) generally corresponds to higher, more consistent hardness values,
which indicates good robustness of the process parameters and minimal fluctuations in hardness. By
contrast, the low SNR group (e.g. Tests 2, 5 and 17) corresponds to lower hardness values, with
greater variability and wider error bars. This indicates unstable process parameters and poor
hardness repeatability. The most robust test group was Test 18, which had the highest hardness and

the best stability (average hardness = 1270 Hv, SNR = 64.5 dB). Test 8 (average hardness =~ 1550
Hv) was the hardest, but with an SNR of = 63 dB, it showed significant dispersion, meaning that

parameter optimisation is needed to improve stability. Test 5 (average hardness ~1030 Hv, SNR =

59.5 dB) exhibited low hardness and significant fluctuations, which corresponded to an imbalance in
process parameters, such as a low methane flow rate and a long spraying distance. However, a

microhardness value of 1273+153 Hv was obtained from the cross-section of the WC-Co coating

produced by HVOF spraying, which is 3 to 4 times the hardness of the substrate. The results indicate
that the WC-Co coating produced by HVOF exhibits excellent hardening properties.The findings are
presented in Table 2. The average hardness of the WC-Co coating prepared via HVOF spraying

without a NiCr interlayer was 1245+143 Hv. This value is quite close to the average hardness of 1284
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+172 Hv for the coating with a NiCr interlayer. Furthermore, the hardness values of all HVOEF-

sprayed WC-Co coating samples without a NiCr interface layer ranged from 97 to 1256 Hv, exhibiting
marked variability. The high hardness of this coating is due to WC particles fracturing and refining
during high-speed impact or rapid solidification. As a result, submicron- to micron-sized, fine-
grained WC particles are uniformly embedded in the Co matrix. Not only does this significantly
enhance hardness, but the uniform distribution of WC particles also effectively counteracts the work-
hardening effect caused by plastic deformation.
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Figure 2. A diagram of the mean hardness, standard deviation and the corresponding SNR of the L18

experiments.

4.2. Metallography of HVOF Sprayed NiCr/WC-Co Coatings

Figure 3a illustrates the typical pattern of granular agglomeration and molten flattening that is
characteristic of the coated surface. This surface texture is formed by numerous irregular, cluster-like
particles that overlap and weld together.The distribution of particle sizes is broad, with large particles
(20-30 ¢ m) coexisting with fine secondary particles (5-10 g m). Locally, there are visible signs of
incompletely flattened particles, such as the cluster slightly to the left of centre. This indicates that
some of the powder was insufficiently melted in the plasma stream, or that it had limited impact
kinetic energy. Figure 3b shows that the coated surface consists of a large number of irregular, cluster-
like particles, which have a distribution of sizes ranging from 5 to 30 ¢ m. The particles retain the
near-spherical shape of the original powder in some cases, while in others, they exhibit clear signs of
flattening and remelting, with smooth edges and intermingling. A comparison of Figure 3a and
Figure 3b shows that the high density and complete fusion in Figure 3a correspond to a higher
hardness (21400 Hv), while the lower density in Figure 3b corresponds to a slightly lower hardness
(1100 - 1300 Hv). In addition, the low porosity and uniform particle distribution in Figure 1 can
effectively suppress abrasive wear and fatigue spalling. This results in a lower wear rate. In contrast,
the porosity and unfused particles in Figure 3b act as crack initiation sites. This leads to a higher wear
rate. The wear resistance of the coating is significantly correlated with the hardness values mentioned
above. These findings have been discussed and confirmed in many studies [28,31,38]. A large number
of particles are predominantly clustered and spherical in shape, with very little flattening on the
coating surface, as shown in Figure 1c. Many particles retain the spherical contours of the original
powder and show almost no signs of melting and re-solidification along their edges. This suggests
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that the powder did not melt sufficiently in the plasma stream and lacked the necessary kinetic energy
upon impact with the substrate to flatten adequately. The micrograph reveals a large number of
relatively large, micron-scale pores and voids (black areas), with pore sizes ranging from
approximately 5 to 15 ¢ m. These pores are widely distributed and interconnected, and the porosity
is visually estimated to be between 3% and 5%. The particles pack loosely together, with large clusters
and distinct loose regions where unmelted particles can be found.A clustered, semi-molten structure
is exhibited by the coating surface in Figure 1d. The edges of some particles are slightly flattened with
traces of melting and re-solidification visible. It is indicated by this that a semi-molten state was
reached by the powder in the flame jet and that some degree of flattening was undergone upon
impact with the substrate; however, a near-spherical shape was retained by some particles,
suggesting that the powder did not fully melt. The image reveals a large number of micron-sized
pores (black areas), with pore sizes ranging from approximately 2 to 10 1 m. These holes are located
within the spaces between the layered particles, and the porosity is visually estimated to be around
2% - 3%. None of the pores are large or interconnected. Most of the structure of coatings are stacked
quite densely, and the gaps between clusters are visible, but they do not form extensive networks.
Also, there is a small number of unmelted particles that are found in localised areas. A comparison
of Figure 3¢ and Figure 3d shows that, in Figure 3c, the particles have hardly flattened at all, with
much of the original powder's spherical shape being retained. There are almost no signs of melting
or recrystallisation between agglomerates, and the proportion of unmelted particles is extremely high.
In contrast, Figure 3d shows that the structure of the grains exhibits a certain degree of flattening.
Traces of melting and deformation are visible along the edges of some grains, and there is slight
bonding between clusters. The proportion of unmelted particles is significantly lower than in Figure
3c. As discussed above, it is evident that the denser the structure, the more completely the particles
melt and the fewer pores there are. This results in higher hardness and better wear resistance.
Conversely, there is a significant decrease in hardness and an increase in wear when there are many
unmelted particles, numerous pores and a loose structure. To sum up, the microstructure of the
coating is closely linked to its hardness and wear resistance.

e ‘ Y
A

WD13.3mm 15.0kV x800 50um

@) (b)

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.0938.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 April 2026 d0i:10.20944/preprints202604.0938.v1

10 of 25

%800

(0) (d)

Figure 3. The surface morphology of Scanning electron microscopy of HVOF-sprayed NiCr/WC-Co metal-
ceramic coatings (a)trial 18 (b)trial 6 (c)trial 5 and (d)trial 17.

4.3. Structure of Cross-Section for HVOF Sprayed NiCr/WC-Co Coatings

Figure 4 shows a cross-sectional image taken by SEM of a WC-Co-based thermal spray coating
that has been etched. The image clearly reveals that the cobalt (Co) binder phase has been
preferentially etched away, which has exposed the tungsten carbide (WC) hard phase along with the
microstructure of the coating. As shown in Figure 4a, the cross-sectional morphology of the coating
consists of flat, semi-molten particles that are tightly stacked together with smooth, clearly visible
interlayers. The NiCr layer may be approximately 80 pm thick in localized areas, while the WC-Co
layer is approximately 480 um thick. The dark black region in the middle layer contains a molten
NiCr structure that has fused with the dense WC-Co matrix, which is free from micro-pores, cracks
and unmelted regions. The NiCr layer acts as a buffer to reduce thermal stress. No significant pores
or unfused zones were observed within the layered stacking structure. As can be seen in Figure 4b,
the cross-sectional morphology of the coating consists of tightly stacked layers of fused cobalt (Co)
and partially fused tungsten carbide (WC) particles, with a surface undulation of 10-30 um. The
plate-like features measure approximately 5-20 um in thickness and 20-50 um in length and are
oriented along the direction of spraying. The pores, ranging from approximately 0.5 to 5 um in size,
are distributed between layers, at particle boundaries, and in localized unfused regions, and their
shapes are predominantly circular or irregular. The WC-Co layer, measuring 250-300 um in thickness,
consists of fused WC lamellar grains, along with microstructures such as corrosion pores, cracks, and
Co fusion structures. The coating surface displays a morphology defined by a multitude of holes,
depressions and fractured particles that are layered on top of each other. Voids and pores are present
at the interface between the coating and the substrate, and the primary bonding mechanism is
mechanical interlocking with no metallurgical bonding. This contributes to enhance density,
hardness and bond strength of the coating.The cross-sectional morphology of the coating, as shown
in Figure 4c, consists of layers of heavily fused cobalt (Co) and partially fused tungsten carbide (WC)
particles stacked on top of each other, with distinct interlayer boundaries clearly visible. The WC-Co
layer, which is approximately 50 um thick, contains partially unfused WC lamellar grains, as well as
microstructures such as etching pores, cracks, and fusion formations. The coating surface exhibits a
morphology characterised by numerous pores, depressions and fractured particles in a stacked
arrangement. The interface of the coating is uneven and irregular, with cracks in the substrate caused
by impact, as well as localised gaps and unbound regions, present. Such features are typical of
mechanical bonding. After etching treatment, this area reveals micro-pores, cracks and unfused
interfaces more clearly. All of these features reflect the brittle fracture of the substrate, which is
caused by high-speed particles of unmelted powder that impact the substrate. As shown in Figure
4d, the cross-sectional morphology of the coating consists of numerous layers. These layers of fused
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and partially fused particles are stacked on top of one another. Clearly visible interlayer boundaries
are present. The dark part of the middle layer (NiCr) has some grains that have been joined together,
as well as tiny holes, cracks and bits that have not been joined. The interface is uneven, with gaps and
unfused areas, which is typical of mechanical bonding. The process of etching makes the micro-pores,
cracks and unfused interfaces easier to see. This is because the brittle fracture is caused by high-speed
unmelted particles hitting the substrate.Overall, there are visible microscopic pores, cracks and
unfused interfaces at interlayer and particle boundaries and in localised areas. These reduce the
density, hardness and bond strength of the coating. As a result, the coating does not do as well in
resisting spalling, and its bond strength is lower than that of systems with a NiCr transition layer.
This makes it more likely to fail under alternating loads or in high-temperature environments.
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Figure 4. The SEM images of the etched tests showing the microstructure at the interface between the WC-Co
coating and the substrate , with and without a NiCr interlayer (a) Trial 18, (b) Trial 6, (c) Trial 5 and (d) Trial 17.

4.4. Variance Analysis

A variance analysis was conducted in this study based on the signal-to-noise ratio (S/N) at
different surface hardness values of the coatings. The effects of various control factors on the hardness
of HVOF-applied tungsten carbide-cobalt coatings were evaluated. This approach successfully
identified the factors that most influence the quality of HVOF-applied coatings. Table 3 shows the
results of the analysis of variance (ANOVA) for the hardness of HVOF-sprayed WC-Co coatings. The
percentage contribution shows that factor C is the most significant parameter (28.43%), followed by
factor D (22.08%). Together, these two factors account for over 50% of the total variation in hardness.
Factors E and H have the least influence (contribution <3.5%), with F-values close to 1 indicating that
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they are non-significant. The error term contributes only 3.16%, which confirms the high repeatability
of the experimental data. Based on an analysis of variance (ANOVA), the relative importance of each
parameter on hardness was determined as detailed in Table 3. The contribution percentages in Table
3 can be used to identify the control factors that exhibit significant influence. It can be seen that factors
C, D, F, and G are the most important impact, while factors A, B, E, and H exhibit relatively minor
influence on the hardness of the surface coating in the HVOF-spraying process. On the other hand,
The results indicate that factors C, D, F, and G together account for nearly 76.25% of the variability in
coating hardness.These results identify the key parameters for process optimisation and validate the
response surface model. Furthermore, these significant factors were then incorporated into the RSM
model for the HVOF spraying process.

Table 3. The analysis of variance in the Taguchi design.

Control Sum of Degrees of Mean Percent
factors squares Freedom square Fvalue contribution
A 1.811 1.0 1.811 5.189 8.21
B 1.348 2.0 0.674 1.932 6.11
C 6.272 2.0 3.136 8.986 28.43
D 4.871 2.0 2.436 6.979 22.08
E 0.700 2.0 0.350 1.003 3.17
F 2.226 2.0 1.113 3.189 10.09
G 3.453 2.0 1.726 4.947 15.65
H 0.682 2.0 0.341 0.977 3.09
Error 0.698 2.0 0.349 1.000 3.16
Total 22.061 17.0 1.298 100.00

4.5. Computing Analysis of Empirical Model

The regression models for the RSM design in this experiment were simulated based on the
Taguchi experimental results, and the parameters for the regression models were selected based on
the results of the analysis of variance. Table 4 presents the regression coefficients, standard errors, t-
statistics, and p-values for the first-order, interaction, and second-order RSM models of coating
hardness. The results of the analysis of variance (ANOV A) for fitting linear, interaction and quadratic
models to the data obtained from the Taguchi experiments are shown. As shown in Table4, the
findings revealed that the second-order model exhibited a significance F-value of 0.030 (P > 0.05) and
an R? value of approximately 0.986. In contrast, the first-order model demonstrated a significance F-
value of 0.099 (P > 0.05), with an R* value approaching 0.789. Additionally, the interaction model
showed a significance F-value of 0.106 (P > 0.05) and an R* value close to 0.429, suggesting an
inadequate fit, a conclusion that is further substantiated by the RMSE values. Overall, the ANOVA
table shows that the 'Prob > F' values for the three models, as determined by the least squares method,
were 0.099, 0.106 and 0.024 respectively. The corresponding quadratic model was confirmed to be
statistically significant because its 'Prob > F' value was less than 0.05. Also, the coefficients of
determination (R?) for both the first-order model and the interaction model were lower than that of
the quadratic model. Therefore, the quadratic model in RSM is highly effective in predicting hardness
properties. In this experiment, based on analysis of variance (ANOVA), the vector of least-squares
estimates is obtained by minimizing the sum of squared errors. The regression coefficients can then
be determined using a second-order model. Furthermore, the fitted regression model is evaluated,
and the least-squares fit of the model is calculated according to Equations (3-4). The second-order
regression model for coating hardness is derived using the least-squares method, with the coefficient
vector B=(X"™X-XTy. The predicted second-order function is calculated as follows:
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B, 1118.50
B, 46.93
B, 105.79
B, -64.92
B, 117.15
B? -129.39
-35.13
B=8 | =(X"X)'Xx"y=|-11.56
33 -33.82
BB, -8.91
BB, -135.75
BB, 116.71
BB, 76.01
B.B, 15.90
BB, 55.84
where
1 -1 -1 -1 -1 1 1 1 -1 -1 -1 1 1 1 1 1192
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1132
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1234
1 -1 -1 0 1 1 0 -1 -1 0 0 1 1 0 1 1237
1 -1 0 1 -1 0 -1 1 0 0 1 1 0 1 1 967
1 0 1 -1 0 0 0 0 0 0 0 0 1 1 0 1410
1 -1 0 1 0 0 -1 0 0 0 0 1 0 1 0 1193
1 0 1 -1 1 0 0 0 0 0 0 1 1 1 1560
e 1 1 -1 0 -1 -1 -1 1 0 0 1 1 0 1 )= 1288
1 -1 1 0 0 -1 0 -1 0 0 1 1 0 0 1525
1 0 -1 1 1 0 0 0 0 0 0 0 1 1 1 1230
1 1 -1 -1 0 -1 -1 0 0 1 1 0 1 1 1235
1 -1 -1 1 1 -1 0 0 1 1 0 1 1 1278
1 0o 1 0 -1 0 0 0 0 0 0 0 1 0 1 1263
1 1 -1 1 0 -1 1 0 1 -1 0 1 1 1 0 1284
1 -1 1 1 -1 -1 -1 1 -1 -1 1 1 1 1 1 1313
10 -1 -1 0 o 0 0 0 0 1 1 0 1150
1 1 0 0 1 1 0 0 0 1 0 0 1 1435

Table 4. ANOVA table of RSM models for hardness of HVOF sprayed WC-Co coatings, comparing the fitting

effects of three regression models: first-order, interaction, and second-order.

F- Significance
Model df SS MS R square
value F

Regression analysis 4 146096 36524
First-order function 2 0.099 0.429
Residual error 13 194570 14967
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Total 17 340666
Regression analysis 10 268985 26898
Interaction function  residual error 7 71681 10240 3 0.106 0.789
Total 17 340666
Regression analysis 14 335719 23980
Second order function Residual error 3 4947 1649 15 0.024 0.985
Total 17 340666

To evaluate the influencing factors/variables in the first-order, interaction, and second-order
models, a stepwise approach was used to reduce the number of variables further. Table 4 shows the
full set of coefficients for the first-order, interaction and second-order models. As indicated by the “P-
value”, values greater than 0.05 suggest that a given factor has a relatively small influence, leading to
its removal. An analysis of variance (ANOVA) table was generated based on the quadratic regression
function. The statistically significant factors in the ANOVA table were retained when the p-value was
less than 0.05. in addition, Figure 5 shows the results of the regression analysis for the prediction
model of the hardness of HVOEF-sprayed WC-Co coatings, including coefficient estimates, standard
errors, t-statistics, and p-values for three regression models including the first-order model, the
interaction model, and the second-order model. The results show that in the first-order model, only
the methane flow rate (D) is a significant term; this model cannot fully describe the nonlinear
relationship between process parameters and coating hardness. Furthermore, the influence of
interaction terms on hardness is weaker than that of main effects, while the model still lacks adequate
fit. Thus, second-order terms must be introduced into the model. The second-order model exhibits a
high R? value of 0.985 for the fit, which enables precise prediction of coating hardness. Consequently,
the quadratic regression function for hardness of coatings by HVOEF-spraying was established as
shown in Equation (7).The findings demonstrate that the model is of great significance. This is the
case whenever the "Prob>F" approach is employed for decision-making purposes.The effects of the
second-order of X12, X22 and the first-order of Xz, X3, X4, and the pair-order of XiXz, XsX4 on surface
hardness in the WC/Co coating are revealed. The equation for the fitted quadratic regression model
for the hardness of coatings by HVOF spraying is as follows:

P = 1118.5 +46.93X; +105.79 X5 -64.92X3+117.15X4-129.39 X;X,-33.82X>X5- 135.75X5X4 -
7
35.13X1X5- 11.56X1X4-8.91X:X4 +116.71X,2+76.01 X5* +15.9. X;32+55.84X,4? @
A value of R* of 0.985 for the above model (7) indicates that approximately 98% of the total
variation in coating hardness can be explained by the quadratic terms of these four significant control
factors. Clearly, this model is a far superior fit to the linear and interaction models. Later in Table 6,
we also use first-order and interactive models to compare their error percentages and RMSE with
those of the second-order model.

Table 5. Regression coefficients, standard errors, t-statistics, and p-values for first-order, interaction, and second-

order terms, indicating the significance of the effects of each factor and interaction term on the hardness.

Model Coefficients Standard error t- Stat P-value
Intercept 1273.67 28.34 44.936 0.000
C 28.29 37.11 0.762 0.460
First-order function D 84.07 35.93 2.340 0.036
F -50.33 34.71 -1.450 0.171
G 52.60 35.93 1.464 0.167
Intercept 1285.51 24.95 51.532 0.000
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C 80.22 39.23 2.045 0.080
D 118.89 31.99 3.717 0.007
F -15.00 32.07 -0.468 0.654
G 80.10 31.42 2.549 0.038
Interaction function CD -83.73 44.06 -1.900 0.099
CF 24.00 40.33 0.595 0.571
CG -45.07 36.54 -1.233 0.257
DF -95.21 67.18 -1.417 0.199
DG -55.82 72.96 -0.765 0.469
FG -86.40 45.29 -1.908 0.098
Intercept 1118.50 33.01 33.88 0.00
CXa 46.93 27.79 1.69 0.19
D; X2 105.79 18.41 5.75 0.01
F;Xs -64.92 16.33 -3.98 0.03
G; X4 117.15 14.44 8.12 0.00
CD;XiX2 -129.39 19.20 -6.74 0.01
CF;XaXs -35.13 19.82 -1.77 0.17
Second-order function CG;X1X4 -11.56 24.43 -0.47 0.67
DEF;X2Xs -33.82 36.96 -0.91 0.43
DG;X2Xa -8.91 29.76 -0.30 0.78
FG;X5X4 -135.75 34.20 -3.97 0.03
C2X12 116.71 24.19 4.82 0.02
D2 X522 76.01 22.21 3.42 0.04
F2, X352 15.90 29.97 0.53 0.63
G2 X2 55.84 25.68 2.17 0.12
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Figure 5. XRD patterns illustrating the phase composition and crystalline structure of HVOF-sprayed NiCr/WC-

Co coatings for (a) trial 18, (b) trial 8, (c) trial 5 and (d) trial 17, respectively, with diffraction peaks corresponding
to the phases WC, W2C, W and Co.

4.6. Diffraction Phase Analysis of the XRD Patterns

The XRD pattern in Figure 5a shows an extremely intense W2C peak at approximately 2400 a.u.,
which is the strongest peak in the pattern, indicating that a remarkable decarburization phenomenon
occurred in the coating (WC — W2C + C). Meanwhile, the WC peak is clearly present in the 30" - 120
* range, suggesting that part of the original WC phase remains and has not completely decomposed.
In contrast, the weak W peak indicates localized over-decarburization (W2C — W + C), but its
contribution is minimal.In conjunction with the XRD results, the microstructure of the coating shown
in Figure (a) exhibits a dense, lamellar structure. In this structure, W>C and WC form a continuous
ceramic matrix in which the particles are fully melted, flattened and closely stacked. The matrix has
low porosity (approximately 2 - 3%) and no obvious microcracks. This is primarily due to the high
W2C content, which is the result of the high energy input of the HVOF flame. This causes the WC
particles to melt thoroughly as well as undergo decarburisation, thereby promoting particle flattening
and dense stacking. Similar to Figure 5a, Figure 5b shows XRD patterns with an extremely high W2C
peak intensity (2800 a.u.), which is the strongest peak in the entire spectrum. This indicates significant
decarburization of the WC matrix, the most pronounced among the four sets of patterns, though it
did not reach the point of excessive decarburization. Although decarburization causes the WC matrix
to fracture, generating soft metallic W, and simultaneously increases porosity and microcracks,
thereby reducing structural integrity, there is no decrease in hardness. This may be attributed to stress
concentration leading to structural defects, a sharp drop in load transfer efficiency, and increased
coating brittleness. As shown in Figures 5a and 5b, excessive decarburization has not occurred in any
of the cases; therefore, the increased intensity of the W2C peak directly corresponds to a significant
improvement in coating hardness. Figure5 ¢ shows that the XRD pattern is characterized by the
weakest W2C peak intensity (800 a.u.), a lower and broader main WC peak, and the absence of W or
Co phases. This indicates that the degree of decarburization of WC is extremely low and that the
ceramic phase has undergone insufficient recrystallization. This suggests that the HVOEF-sprayed
WC-Co coating was subjected to insufficient heat input during the spraying process. The XRD
patterns and corresponding microstructures reveal that most powder particles were not fully melted
or flattened, retaining their near-spherical original shapes. This results in a loose, stacked structure
containing a large number of interconnected micron-scale pores (3% - 5%) and unmelted coarse
particles. The interface between the coating and the substrate exhibits only mechanical interlocking,
with microcracks and localized delamination caused by the impact of unmelted particles. This phase-
structure correlation is rooted in insufficient heat input during the HVOF process, which not only
inhibits the decarburization reaction of WC but also hinders the plastic deformation and
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metallurgical bonding of the powder particles. Consequently, this coating exhibits the lowest
microhardness (967 Hv) and a lower SNR (SNR =59.70 dB) among all experimental groups, resulting
in insufficient structural stability. Figure 5 d shows that the W,C peak in the XRD pattern (1400 a.u.)
is sharp in shape; its WC peak is sharp and well-defined without broadening; a faint peak of the Co
binder phase is detectable; and no peaks of metallic W or oxide phases are observed, indicating mild
decarburization of WC (only the WC—W:C reaction occurred), partial melting and recrystallization
of Co, and that all phases exhibit complete crystallinity without phase degradation. These phase
characteristics fully correspond to a mixed microstructure of local densification and overall
heterogeneity: some powder particles are in a semi-melted state and have flattened, forming layered
regions including W2C and crystalline Co, while the remaining particles retain a near-spherical,
unmelted morphology, resulting in the misaligned stacking of these two types of particles without
the formation of a continuous layered structure. The coating exhibits a moderate porosity of
approximately 2% - 3%, consisting of isolated micron-sized pores (2 - 10 g m) distributed in the
gaps between flattened and spherical particles, with no interconnected channels. The interface
between the coating and the substrate exhibits tighter mechanical interlocking accompanied by slight
local metallurgical bonding, with no impact microcracks or extensive delamination observed.
Unfused particles account for 10% - 15% of the coating volume, most of which are enveloped by the
molten cobalt phase, resulting in no significant stress concentration. In summary, the heterogeneous
phase evolution observed in XRD is a macroscopic manifestation of the heterogeneous melting and
stacking phenomena in the microstructure.

4.7. Predictions of RSM

As shown in Table 6, the results of the evaluation of the standard residuals, estimation of the
percentage error and root mean square error (RMSE) for the three models were obtained using the
RSM model. Clearly, the standard residual values for all 18 groups of HVOF spraying experiments
were less than 2.5 in absolute value, with no significant outliers observed. This suggests that the
quadratic regression model established by RSM accurately describes the relationship between
process parameters and coating hardness, and that the predictions made by the model are highly
consistent with the actual experimental results. Additionally, the RMSE represents the root mean
square error, which reflects the overall deviation between the model’s predicted values and the actual
experimental values. A lower value indicates higher fitting accuracy. To evaluate the fitting
accuracy of the first-order, interaction and second-order models for hardness of the coating, the
RMSE and error % were used. The RMSE for the first-order, interaction, and second-order models
of coating hardness was calculated as 6.68 Hv, 4.52 Hv, and 1.89 Hyv, respectively. The results showed
that the second-order model had the smallest RMSE , which was 71.7% and 58.3% lower than the
RMSE of the first-order and interaction models, respectively. Additionally, the average error
percentages for the first-, interaction-, and second-order models of the surface hardness of coatings
were calculated to be 6.83%, 3.84%, and 1.16%, respectively. The findings indicate that the second-
order model exhibited the lowest average percentage error, with a reduction of 83% and 69.7%
compared to the first-order and interaction models, respectively.This suggests that the second-order
regression model is better suited to describing the nonlinear relationship between HVOF process
parameters and the hardness of the coating.

Table 6. The findings pertaining to the hardness of HVOF-sprayed WC-Co coatings, as ascertained by three

types of RSM models, including first-order, interactive, and second-order.

Hardness of coatings

Tests First-order function Interaction function Second-order function

No. of

trial Experime Predic Error standard predic Error standard predic Error standard
rials

ntal tor % residual tor % residual tor % residual
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1 1192 1175 1.43 0.16 1133 4.99 0.92 1180 0.97 0.68
2 1132 1274 12.51 -1.32 1273 12.50 -2.18 1119 1.19 0.79
3 1234 1372 11.21 -1.29 1170 5.15 0.98 1233 0.05 0.04
4 1237 1244 0.57 -0.07 1195 3.38 0.64 1247 0.85 -0.61
5 967 1164 20.34 -1.84 1103 14.08 -2.10 1008 4.26 -2.41
6 1410 1413 0.24 -0.03 1411 0.10 -0.02 1426 1.11 -0.91
7 1193 1211 1.51 -0.17 1151 3.56 0.65 1174 1.56 1.09
8 1560 1461 6.37 0.93 1551 0.58 0.14 1554 0.38 0.35
9 1288 1149 10.77 1.30 1174 8.88 1.76 1298 0.79 -0.60
10 1525 1338 12.24 1.74 1481 2.86 0.67 1533 0.54 -0.49
11 1230 1206 1.95 0.22 1230 0.03 -0.01 1213 1.41 1.01
12 1235 1277 3.37 -0.39 1221 1.12 0.21 1213 1.81 1.31
13 1278 1371 7.30 -0.87 1314 2.85 -0.56 1283 0.37 -0.28
14 1263 1291 2.22 -0.26 1263 0.04 -0.01 1239 1.90 1.41
15 1284 1159 9.76 1.17 1297 1.02 -0.20 1273 0.88 0.66
16 1313 1228 6.45 0.79 1294 1.41 0.29 1320 0.51 -0.39
17 1150 1247 8.43 -0.91 1220 6.05 -1.07 1170 1.70 -1.15
18 1435 1346 6.23 0.84 1443 0.54 -0.12 1444 0.60 -0.50
RMSE 6.68Hv 5.82Hv 1.89Hv
Error% 6.83 3.84 1.16

4.8. The Operating Parameters of Influence on HVOF Spraying Coatings

A contour plot of coating hardness is shown in Figure 6a. This was generated using the RSM,
which demonstrates the interactive effects of travel speed and methane flow rate on coating
hardness.The curved pattern of the contour lines indicates a nonlinear interaction between the two
process parameters and hardness. The colours of the contour lines transition from blue (1000-1100
Hv) to green (1200-1300 Hv), and lastly to yellow/orange (1400-1500 Hv). This clearly demonstrates
that a high hardness of 1400 - 1500 Hv can be achieved when the travel speed process parameter
approaches 27 m/min and the methane flow rate approaches 45 I/min, which falls within the range of
process optimisation. The influence of the process parameters (travel speed and spraying distance)
on hardness is illustrated by the curved distribution of the contour lines, as shown in Figure 6b, which
is derived from a second-order model. The colour gradient indicates a hardness range from 1150 Hv
(blue) to 1350 Hv (yellow-green). The curved contour lines reveal the nonlinear interaction between
the two parameters. This indicates that the high-hardness region in the lower left corner (1300-1350
Hv) is the optimal range for both parameters when the travel speed is close to 27 mm/s and the
spraying distance is close to 17 mm. Figure 6c shows a contour plot of coating hardness generated
using the RSM, which illustrates the influence of travel speed and powder feed rate on coating
hardness.This colour-coded map illustrates the variation in hardness, ranging from 1124 Hv ( blue)
to 1278 Hv ( bright green). The curved contour lines reveal the non-linear interaction between the
two parameters. As can be seen, higher powder feed rates (42.5-45 g/min) combined with higher
travel speeds (31-35 m/min) yield the highest hardness (1268-1278 Hv). In contrast, a low powder
feed rate (35-37.5 g/min) combined with a high travel speed (33-35 m/min) results in a significant
decrease in hardness (1124-1174 Hv). However, it is possible to achieve a high hardness of 1268-1278
Hv by using a high powder feed rate with a low/medium travel speed (27-31 m/min) or the maximum
travel speed (35 m/min) with the maximum powder feed rate (45 g/min). This represents the
optimised range for these two process parameters. Figure 6d illustrates the contour plot of the
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response surface for coating hardness with methane flow rate and powder feed rate.The contour lines
rise sharply toward the high-methane region on the right, indicating that the effect of methane flow
rate on hardness is the most significant. Figure 6d shows the response surface plot of coating hardness
as a function of the methane and powder feed rates. The contour lines rise sharply towards the region
of high methane flow rate on the top right, indicating that this has the most significant effect on
hardness. It is only possible to significantly increase hardness by raising the powder feed rate under
high methane flow conditions. The region of optimal hardness is located in the top right-hand corner
of the figure, where a methane flow rate of 42.5-45 I/min and a powder feed rate of 42.5-45 g/min can
achieve a hardness of 1417.5 Hv. Figure 6d shows a contour plot illustrating the effects of methane
flow rate and spraying distance on coating hardness.The colour gradient illustrates the variation in
hardness from 1165 Hv (blue) to 1417 Hv (yellow-green). The curved contour lines show that there is
a high methane flow rate (42.5-45 L/min) when the spraying distance is short (17-18.5 cm), which
results in the highest hardness (1352-1417 Hv). In contrast, a low methane flow rate (35-37.5 I/min)
coupled with a long spraying distance (21.5-23 cm) means that the hardness is significantly reduced
(1165-1179 Hv). This indicates that the methane flow rate is the dominant factor due to the contour
lines clearly tilting towards the bottom right of the diagram, and that a short spraying distance can
only enhance hardness under high methane flow conditions.This can be explained by analyzing the
microscopic mechanisms of the coating. A high methane flow rate provides sufficient thermal input
from the flame, while the short spraying distance minimizes heat loss during particle flight, thereby
enabling the WC particles to melt fully and flatten, leading to the formation of a dense coating and a
significant increase in hardness.The effect of spray distance and powder feed rate on the coating
hardness contour plot, derived from the second-order RSM model, is shown in Figure 6e. The colour
gradient illustrates the range of hardness values, from 1124 Hv (blue) to 1278 Hv (bright green). The
contour lines indicate that a short spray distance (17-18.5 cm) combined with a high powder feed rate
(42.5-45 g/min) leads to the highest hardness (1272-1278 Hv), while a long spray distance (21.5-23 cm)
coupled with a low powder feed rate (35-37.5 g/min) results in a substantial reduction in hardness
(1124-1173 Hv)as shown in Figure 6f. This indicates that spray distance is the dominant factor, as
evidenced by the distinct sloping distribution of the contours. Additionally, the hardness of the
material is only increased by a high powder feed rate when the distance from the nozzle is short.
Based on interactive response surface analysis of the effects of methane flow rate, powder feed rate,
spraying distance and travel speed on the hardness of HvOF-sprayed WC-Co coatings, the optimal
region for maximum hardness is located where methane flow rate, powder feed rate are high,
spraying distance is short, and travel speed is moderate. In other words, the multi-parameter
optimization identified the best process conditions as follows: methane flow rate of 43 L/min, powder
feed rate of 43 g/min, spraying distance of 18 cm, and traverse speed of 30 m/min, under which the
coating can reach 1350 - 1400 HV with dense microstructure and low porosity. The short spraying
distance and high methane flow rate ensure sufficient particle melting and low porosity, while the
high powder feed rate and medium travel speed achieve optimised coating density and uniformity.
Microstructural examinations and tests of performance verify that this combination of parameters
can significantly improve coating hardness, making it the optimal solution within the limits of this
study. In short, there is no need to conduct numerous experiments. Instead, researchers can identify
the range with the highest hardness directly based on the colour of the contour lines. This enables
them to swiftly determine the optimal parameters in experimental domains, thereby significantly
reducing both costs and time.
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Figure 6. The contour plot illustrates the influence of the interactions between four key parameters (methane
flow rate, travel speed, spray distance, and powder feed rate) on coating hardness by HVOF spraying process .
The colors range from blue (low hardness) to red (high hardness), with the red point representing the current

optimal combination of parameters.

4.9. Confirmation Experiments

To validate the statistical model more effectively and further understand the hardness properties
of the coating, the contour lines of the RSM model are presented in equation (7). Figure 7 illustrates
a comparative analysis of experimental values and model-predicted microhardness values for 18 sets
of HVOF-sprayed NiCr/WC-Co coatings, where the error bars represent the standard deviation of
the experimental measurements, and the trend line indicates the overall trend. As illustrated, the
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predicted hardness values exhibit an excellent correlation with the experimental results across the
entire domain of the experiment, with an average percentage error of just 1.16%. The predicted trend
line lies within the margin of error of the measured data points, with the exception of the fifth group.
As seen above, Figure 6 clearly shows the response surface plot of deposit hardness behavior, which
varies with different factor settings. The figures illustrate the relationship between the response and
the control variables, as defined by Equation (6). The calculated results of the contour plots within
the experimental region are presented graphically. Based on the figure above, response contour lines
containing saddle points and central elliptical patterns can be obtained.By examining the contour
plots of the fitted model, we can now understand the response surface of the hardness properties
of the coating. Verification experiments were conducted under optimal conditions. The measured
hardness was 1352.7 + 75 HV when repeated three times, which was in close agreement with the
predicted value of 1365.89 HV. This result had a relative error of 0.98%, which validates the reliability
of the second-order model. This high similarity shows that the model is reliable, and tests done with
the best settings show that it works well. Therefore, it can be concluded that the quadratic regression
models perform satisfactorily. Furthermore, the microstructure and phase composition of the
optimized coating were characterized by SEM and XRD, which revealed a dense lamellar structure
with less decarburization, further confirming the excellent mechanical properties of the coating.
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Figure 7. Comparison of experimental and model-predicted hardness values for 18 groups of HVOF-sprayed

WC-Co coatings, with error bars and trend lines.

5. Conclusions

It has been experimentally shown that the response surface method (RSM) based on Taguchi
experiments is an effective method for reliably predicting the hardness of HVOF-sprayed NiCr/WC-
Co cermet coatings. A well-molten coating demonstrates a dense, lamellar microstructure with fine,
flattened splats, whereas a partially molten counterpart exhibits fragmented surface features
including open porosity, inter-particle gaps, and residual coarse powder particles.Based on
microstructural observations of the etched cross-sections, regions containing the NiCr intermediate
layer exhibit excellent interfacial adhesion. By contrast, areas without the NiCr layer exhibit
significant porosity, unmelted particles, microcracks and poor interfacial bonding, which result in
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the coating easily delaminating.The analysis of variance (ANOVA) revealed four process parameters
that significantly affect the response: traverse speed, methane flow rate, spray stand-off distance
and powder feed rate. Together, these dominant factors account for 76.25% of the total variation. Also,
the second-order response surface model exhibits strong predictive power, explaining 98.5% of the
total experimental variance. Furthermore, verification experiments were conducted under optimal
conditions. The measured hardness was 1352.7 + 75 HV when repeated three times, which was in
close agreement with the predicted value of 1365.89 HV. This result had a relative error of 0.98%,
which validates the reliability of the second-order model. Clearly, the established second-order
regression model is therefore well suited to describing the non-linear correlation between HVOF
process parameters and the microhardness of WC-Co coatings. In addition, this study employs
graphical analysis methods to investigate the response characteristics of the HVOF coating process,
thereby enabling the prediction of coating hardness at any location within the experimental regions.
This graphical method was also validated through experimental tests to confirm the optimization
results obtained. On the whole, the predicted values are in close agreement with the experimental
values.
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