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Abstract
In the present paper, experimental and statistical studies of wear behavior of two HVOF sprayed coatings (NiCr-WC10Co4Cr
(Coat1) and WC10Co4Cr (Coat2)) deposited on 304L austenitic stainless steel have been investigated. Applied load, sliding
velocity, and distance are the most important parameters that directly affect the wear volume of a given coating. In order to
quantify the influence of each parameter on the wear rate of both coatings, two different loads (5 and 15 N), velocities (5 and 20
cm/s), and distances (500 and 1500 m) are selected to perform the experimental study. The microstructural study conducted on
both coatings using scanning electron microscopy (SEM) and X-ray diffraction (XRD) technique reveals a dissolution of WC
particles into the NiCr matrix with the formation of W2C eutectic phase that affects the coatings during tribology tests. The wear
mechanism appears to be abrasive for Coat2 and combined mechanism of adhesive and abrasive wears in the case of Coat1.
Based on the mathematical model developed using response surface methodology (RSM), the results show that both coatings
yield the same response in terms of RSM individual output. In addition, RSM reveals that the normal load is the most significant
individual parameter affecting wear volume with t-ratio of 46.11 and 32.00 of Coat1 and Coat2, respectively. However, the
interaction of parameters is different regarding the nature of the coating. Normal load-sliding velocity interaction is the most
influencing in Coat1, while Coat2 wear behavior is more influenced by sliding distance-normal load interaction.
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1 Introduction

Improving the surface properties by developing a coating of
high density, high bond strength, high hardness, and refined
microstructure is the prime requirement of surface engineering

for enhanced performance against wear [1]. From an econom-
ical perspective, wear is considered as a critical problem in
industries, which limits the good behavior and lifetime of ma-
terials’ surface in tribological point of view [2, 3]. Abrasive and
adhesive wears cause the failure of engineering components
that are subjected to friction in the industry [1, 4]. Therefore,
surface modification is required to increase the life span of
mechanical parts used in severe working conditions [5].
Among the techniques used to enhance the surface characteris-
tics is coating. Thermal spray is an effective method for surface
characteristic modification of engineering compounds widely
used in several industrial applications where high-velocity oxy
fuel (HVOF) spray technique of hard materials coating is the
most technique used in aeronautic, sand pumps, and tool bit
coating [6]. In fact, a low porosity level and very high adhesion
strength of various cermets and composite materials such as:
WC-Co, NiCr and Cr3C2 are guaranteed by HVOF technique
compared to other coating processes [7, 8]. NiCr-based alloy is
generally used as a binder with hard particles; it provides good
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resistance against corrosion and oxidation of the coating with
high wettability level for the cermet (adhesion improvement)
[9, 10]. Considerable attention has been paid to WC-Co-Cr
composite HVOF spraying due to the well-adhered and dense
coating, which combine good stiffness of WC and high tough-
ness of Co and Cr elements. In fact, wear resistance of WC
particles with high hardness combined with the tough and duc-
tile CoCrmatrix enable the wide application of the composite in
severe working conditions [11, 12].

The interaction between the various parameters during
wear tests raises much difficulty to understand the effect of
individual parameters on the wear behavior of the studied
material. Hence, modeling exhibited for a long time the po-
tential to solve complicated problems, with reduced test num-
ber and optimized the results [13]. Response surface method-
ology (RSM) has become an effective statistic method widely
employed to solve engineering problems and the interpreta-
tion of the technical result. The input variables influence some
performance over the output variables. RSM provides quanti-
tative measurements of possible interactions between param-
eters, which are difficult to obtain using other techniques of
optimization [14, 15]. Several research works have investigat-
ed the application of RSM to optimize the characteristics of a
given process. This method reduces remarkably the number of
trials required to respond to the model [16–19]. Therefore,
many previous works highlighted the impact of wear param-
eters of the coating behavior using this method. Sail et al. [20]
investigated the effects of sliding velocity, sliding distance,
and normal load on output responses (dynamic friction coef-
ficient, wear volume, and total roughness) by sliding wear test
onto (Ti-W-N) coating using pin-on-disk machine. They
found that the dynamic coefficient of friction decreases line-
arly with the increase in normal load basing on RSM. In ad-
dition, there is a proportional increase in the wear volume as
the sliding distance increases, whereas a slight increase can be
seen when the normal load is increased. According to Sharma
et al. [21], the load and sliding distance have severe effect on
abrasive wear of the coating as compared to abrasive size of
Ni-WC-CeO2 composite HVOF sprayed coatings. On the oth-
er side, Saravanan et al. [18] optimized wear behavior of bio-
compatible TiN material coated on 316L SS against Ti alloy
using RMS. They concluded that the minimal specific wear
rate and coefficient of friction were obtained when adjusting
the optimal input parameters of sliding. Hence, this method
shows the potential to be a procedure that deals with the re-
sponses influenced by multi-variables such as wear parame-
ters. There is limited information dealing with using RSM to
study the tribological behavior of WC-based hard coatings.
This work aims to figure out the individual and combined
impacts of wear parameters (load, distance, and velocity) on
the wear volume of two different coatings (NiCr-WC10Co4Cr
(Coat1) and WC10Co4Cr (Coat2)) deposited on 304L stain-
less steel using HVOF process. In addition, the optimal

conditions at which the wear volume is the lowest are deter-
mined, based on desirability function method developed by
Derringer and Suich [22], which is widely used to solve prob-
lems linked to the optimization of multiple responses related
to the industry. Experimental and statistical investigations of
the tribological behavior of the coatings is conducted. RSM
modeling technique is used to estimate the effect of the exper-
imental parameters on the tribological performance (friction
coefficient and wear mechanisms) of both coatings.

2 Materials and experimental procedures

The substrate considered in this work is 304L austenitic stain-
less steel (304L SS), widely used in various aggressive envi-
ronments because of its excellent corrosion resistance.
However, the tribological proprieties of this material need to
be improvedwhen it is used in severe wear conditions, such as
downhole tools. The nominal composition for substrate is
(wt.%) C 0.03%, Si 1.00%, Mn 2.00%, P 0.045%, S 0.03%,
Cr 19.5%, Ni 10%, and Fe (balance) (Depery Dufour, France).
NiCr and WC10Co4Cr powders are achieved by an atomiza-
tion process and have a particle size ranging from about 15 to
45 μm (Wisdom Company, Shanghai, China). The SEM anal-
ysis of these powders is shown in Fig. 1. The shape of both
powders is nearly spherical with a certain degree of porosity
regarding WC10Co4Cr powder. The nominal chemical com-
position (wt.%) was obtained by EDS analysis. From Fig. 1a,
NiCr powder presents 76.96% of Ni and 23.04% of Cr. From
Fig. 1b, WC10Co4Cr powder presents 89.88% of W, 7.35%
of Co, and 2.78% of Cr. Using the HVOF process; the selected
parameters for spraying operation are presented in Table 1.
The powders are sprayed using an HJ2700 gun (Metalizing
Equipment Corporation LTD, Rajasthan, India). Disks of 25-
mm diameter and 5-mm thickness (304L SS) were coated by
two coatings: NiCr-WC10Co4Cr (Coat1) and WC10Co4Cr
(Coat2) with a thickness of about 300 μm.

The microstructures of the powders, the coatings, and worn
surfaces were examined by SEM (JEOL, JSM6830, Japan)
equipped with an energy-dispersive spectroscopy (EDS) ap-
paratus. XRD analyses were performed using a Philips dif-
fractometer, with 40 kV, a Cu (Kα) = 0.15406 nm, and a step
size 0.05°/s. The recorded XRD patterns are characterized by
PANalytical X'Pert High Score software; the average phase
fractions were determined by XRD data sets for each sample.

In order to determine the mechanical properties of coat-
ings’ phases, nano-indentation measurements were carried
out. Using Nanoindenter (Anton Paar NHT-3) with
Berkovich tip under 100-mN applied load, the test was con-
ducted onto the matrix and reinforcements (carbide). The final
values of hardness and Young’s modulus were obtained for an
average value of 3 tests.
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Tribological tests were carried out on a ball-on-disk
tribometer (CSM tribometer, CSM instruments inc, Peseux,
Switzerland), according to ASTM G99-0516. The disk was
initially cleaned with acetone. The tests were carried out by
applying normal loads of 5 and 15 N and run for two sliding
distances of 500 and 1500 m at two different sliding velocities
of 5 and 20 cm/s. The level’s factors of testing methodology
are presented in Table 2. An Al2O3 ball of 6 mm is placed in
contact with the sample surface. All tests were conducted at
room temperature under dry laboratory conditions, by consid-
ering 10 mm as tribological diameter. During sliding, the fric-
tion coefficient (CoF) was continuously measured and record-
ed in real time by the computer software of the tribometer

(TriboX). The width of the wear track (d) was determined
via micrographs using optical microscopy (Eclipse 3000,
Nikon Instruments, Melville, NY, USA) and image analysis
software (ImageJ). At least four measurements were taken per
sample at different positions over the wear track, and the av-
erage values were reported. At the end of each test, the wear
volume (W) in mm3 of each specimen is calculated using
Eq. (1).

W ¼ 2πR r2sin−1 d=2rð Þ− d=4ð Þ 4r2−d2
� � 1=2ð Þh i

ð1Þ

where R is the radius of the wear track (mm), d is the
width of the wear track (mm), and r is the radius of the
ball (mm).

Table 2 Factors and levels used in the factorial design 23

Codes Control factors Low level High level
−1 +1

X1 Sliding distance (m) 500 1500

X2 Normal load (N) 5 15

X3 Sliding velocity (cm/s) 5 20

Table 1 Spray parameters using HJ2700 gun

Gun HJ2700

Fuel LPG

Spray distance 180 mm

Oxygen flow rate 500–600 L/min

Powder feed 25–38 gm/min

Deposition efficiency 60–70%

Traverse rate 0.0028–0.0030 m/s

Fig. 1 SEM images and EDS analysis of powders. a NiCr and b WC10Co4Cr
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In this work, a full 23 factorial design that requires eight
experiments is used to study the importance of the individual
effects and the interactions of test parameters on the wear
volume. The chosen design helps to reduce the number of
experiments and the time to reach the appropriate model
for the optimization process. The 2k represents the num-
ber of experiments, and k is the number of factors. Three
input variables such as sliding distance (m) “X1,” normal
Load (N) “X2,” and sliding velocity (cm/s) “X3” have
been varied. Hence, one response is evaluated as an ex-
perimental wear volume (mm3) and is denoted as “Y1”
and “Y2” for NiCr-WC10Co4Cr and WC10Co4Cr coat-
ing, respectively.

The results of the factorial design were studied and
interpreted statistically based on analysis of variance
(ANOVA), and the determination of coefficient R2 was calcu-
lated using the JMP 13 software. The significance of the re-
gression coefficient parameters is discussed by Student’s t-
test. The choice of distance (m) “X1,” normal Load (N)
“X2,” and sliding velocity (cm/s) “X3” is among the most
important parameters that affect the wear volume [20]. The
higher level is designated by +1 and the lower level by −1,
which appears in Table 2 for the parameters studied.
Hence, the design matrix of coded values for different

factors which are codified with mathematical model for
the 23 is given as:

Y ¼ a0 þ a1X 1 þ a2X 2 þ a3X 3 þ a12X 1X 2 þ a13X 1X 3

þ a23X 2X 3 ð2Þ

The response Y is considered as the experimental wear
volume (mm3). The run order of experiments is carried out
from the right to the left to correct the possible experimental
errors based on the Yates’ algorithm and applied in the case of
all 2k factorial experiments [23, 24].

In as much as Y represents the experimental wear volume
(mm3), the constants a0, ai, and aij represent the global mean.
The regression coefficients are assigned respectively to the
principal factor effects and interactions.

3 Results and discussion

3.1 Surface coating and tribological behavior

Figure 2a and b show the cross-sectional microstructure of
NiCr-WCCoCr (Coat1) and WCCoCr (Coat2) coatings,

Fig. 2 SEM cross-sectional microstructure of a, b Coat1 (NiCr-WC10Co4Cr) and c, d Coat2 (WC10Co4Cr)
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respectively. Both coatings exhibit a thickness of about
300 μm with no cracks or delamination defects with a good
adhesion aspect of coatings/substrate interfaces as shown in
Fig. 2c and d. It is seen that particles in Coat1 and Coat2 are
partially melted where Coat2 shows higher interparticle po-
rosity level compared to Coat1, which are in good agreement
with the findings in previous research works [25, 26]. XRD
patterns of the feedstock powders and the as-sprayed coatings
(Coat1 and Coat2) are shown in Fig. 3a, b, c, and d). The XRD
results of the powders (Fig. 3a and b) show that NiCr andWC
are the most prominent phases, while Ni and Co exhibit small
peaks indicating their small content. The as-sprayed coatings
reveal the presence of a new W2C phase in both coatings
(Fig. 3c and d) with a broad peak observed between 40
and 50° in Coat2 (Fig. 3d) that may be related to the
differential dissolution of the WC carbide in the NiCr
matrix and to the presence of partially amorphous/fine
crystalline phases [27]. On the other side, it can be seen
that, after HVOF spraying, the peaks of WC and NiCr
phases shift due to residual stresses induced by the plastic
deformation of the particles during their interaction with
the substrate surface at high temperature. Furthermore, it
can be observed the disappearance of Co peak in Coat2,
which is probably attributed to the dissolution of W ele-
ment into the Co-Cr matrix and the formation of W-Cr-Co

amorphous phase after rapid solidification [28, 29]. In
addition, the decarburization degree of WC particles and
the formation of W2C eutectic phase are lower in Coat2
compared to that in Coat1. This phenomenon can be ex-
plained by the high chemical affinity between Cr and C
elements that accelerates the WC particle dissolution in
Coat1 due to the presence of high amount of Cr element
in the matrix. Similar results were reported in the previous
works [7, 28, 29] when HVOF spray is used to deposit
such materials.

Figure 4 shows SEM micrograph of the as sprayed Coat1
with the corresponding EDS mapping analysis. It is seen that
the WC particles change their original spherical shape and
transform into splat-like structure due to the plastic deforma-
tion generated during the impact of the particles on the steel
substrate surface at high temperature and velocity. The EDS
mapping analysis reveals the heterogeneous distribution of C
element throughout the coating; it is accentuated whereW and
Cr elements were located. This confirms the presence of WC,
CrC carbides, and more probably W2C eutectic carbide al-
ready found by XRD experiments. On the other side, homo-
geneous distribution of Ni and Cr elements is observed
through the Coat1-substrate interface, which may reflect the
good metallurgical bonding of the coating. The interaction
between WC particles and the steel substrate in Coat2 with

Fig. 3 XRD patterns of feedstock powder and sprayed coating. a NiCr and bWC10Co4Cr powders, respectively. c Coat1 (NiCr-WC10Co4Cr) and d
Coat2 (WC10Co4Cr), respectively
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the EDS mapping analysis is illustrated in Fig. 5. It can be
seen that no inter-diffusion of elements along the Coat2-
substrate interface is allowed when WC particles are at the
vicinity of the substrate. The WC-steel contact results in poor
metallurgical bonding and weakens the interface by inhibiting
the element diffusion activity throughout the interface, which
may have a direct effect on the coating properties. On the other
side, the EDS point analysis conducted in Coat1 (Fig. 6 and
Table 3) reveals that the concentration of W element (spot D)
decreases from the middle of WC particle, to 83 wt. % (spot
B), to the interface with the NiCr matrix (spot A), suggesting
that the dissolution of WC particles into the matrix due to the
solubility of W in Ni (~ 9%), in agreement with the W-Ni
binary phase diagram. The low-contrast zones present in the
carbide (C and E) contain significant amount of Ni; that could

be attributed to the new eutectic phases such as W2C and
W4Ni [30].

Nano-indentation measurements conducted in the matrix
and carbide of Coat1 (NiCr-WC10Co4Cr) are shown in
Fig. 7a. As expected, the penetration depth in the load-
displacement curves was found to be greater on the matrix
compared with the carbide. Furthermore, the slope of the
unloading segment of the carbide appears to be steeper
than of measured for the metallic matrix. The correspond-
ing hardness (HIT) and elastic modulus (EIT) values for
each of the tested zones were calculated using the Oliver
and Pharr method [31] and are summarized in Fig. 7b. As
a result of the presence of hard WC particles, the mea-
sured hardness in this zone is obviously higher (~ 32 GPa)
than the matrix zone which is mainly composed of NiCr

Fig. 4 SEM mapping at the cross section of Coat1 (NiCr-WC10Co4Cr)

Fig. 5 SEM mapping at the cross section of Coat2 (WC10Co4Cr)
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(ductile phase). Meanwhile, the Young’s modulus of the
carbide (about 525 GPa) was also higher than that of the
matrix (about 190 GPa), which may affect the tribological
behavior of the studied coatings.

The evolution of friction coefficients (CoF) of the coatings
for various parameters is presented in Fig. 8a, b, c, d, and e. It
can be seen that roughly all the curves exhibit two stages of
friction: (i) the first stage is characterized by initial run-in
period with rapid increase followed by a decrease of CoF,
and (ii) the second one is the steady-state stage where the
CoF slightly increases and stabilizes at a constant value. It is

assumed that the increase of CoF during the first stage is
strongly related to the surface coating roughness accommo-
dated with the A2O3 ball counterpart. Nevertheless, the for-
mation of the third body promotes the stabilization of the CoF
after a running distance that is related to load and sliding
velocity [30]. The results show that, whatever the test param-
eters (distance, applied load, and velocity), the CoF of Coat1
are higher than the Coat2 ones (Fig. 8e), while the CoF in-
crease with rise in sliding velocity and load. In fact, the plastic
deformation induced by the Al2O3 counterpart during sliding
strengthens the coating’s surface by hardening the ductile
NiCr matrix (low hardness and elastic modulus), which allows
the increase of CoF in Coat1. In contrast, the large amount of
WC hard particles (high hardness and Young’s modulus) act
as lubricious oxide tribolayer in Coat1 [32, 33]. This result
correlates with the results of A.C. Karaoglanli et al. [11] when
comparing the tribological behavior of hard coating with the
relative soft ones. With increasing sliding distance, more de-
bris are generated as a result of the plastic deformation of the
worn surfaces subjected to a constant load. Simultaneously,
important abrasive particle fragmentation occurs with an in-
crease in applied load. On the other side, increasing velocity
generates the removal of tribo-oxide film by delamination

Table 3 EDS analyses conducted at the cross section of Coat1 in Fig. 6

Element (Wt.%) W Ni Cr Co Fe C

A / 74.18 21.84 / 3.78 /

B 83.27 / 5.94 10.79 / /

C 28.83 12.19 20.00 8.77 / 30.21

D 91.18 / / 8.82 / /

E 72.06 11.43 6.07 08.68 1.75 /

Fig. 6 SEM micrographic
and EDS analysis of Coat1
(NiCr-WC10Co4Cr) in different
zones

Fig. 7 Nano indentation measurement at the matrix (NiCr) and the carbide (WC10Co4Cr) of Coat1. a Load displacement curves at 100 mN. bHardness
and Young’s modulus
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cracking and more probably fracture of the surface, which
results in oxide debris formation that increases the CoF with
increasing velocity particularly at higher loads.

SEM micrographs of worn surfaces for both coatings after
the extreme wear conditions (15N load, 1500 m sliding dis-
tance, and 20 cm/s velocity) are shown in Fig. 9a, b, c, d, and
e. The wear track on Coat1 (Fig. 9a) exhibits a smoother
aspect compared to that on Coat2 (Fig. 9d) with grooves par-
allel to the sliding direction. The cutting process responsible

for the grooves is related to the presence of hard particles
(WC) detached from the WC10Co4Cr and trapped on Coat1
[34], while the low hardness of NiCr matrix compared to
Al2O3 counterpart resulted in the plastic deformation of the
coating surface (Coat1) for short sliding distance.
Nevertheless, after long sliding distance, plastic shear defor-
mation is occurred resulting in adhesive wear mechanism as
seen in Fig. 9b and c. These observations suggest the presence
of a combined mechanism of adhesive and abrasive wears in

Fig. 8 Evolution of friction coefficient as a function of sliding distance. a
and b Coat1 (NiCr-WC10Co4Cr) at sliding distance of 500 and 150 m,
respectively. c and d Coat2 (WC10Co4Cr) at sliding distance of 500 and

150 m, respectively. e Variation of friction coefficient according to pa-
rameters and coatings
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the case of Coat1 [35]. On the other hand, the rougher mor-
phology of Coat2 wear track (Fig. 9d) indicates that brittle
fracture occurred during sliding with some cracks (Fig. 9e)
resulting from the abrasive wear mechanism. This phenome-
non is more likely attributed to the decohesion and the pull out
of the WC particles due to the formation of W2C hard
eutectic phase [36]. With the remarkably high hardness
of WC10Co4Cr compared with that of NiCr matrix (see
Fig. 7b), more abrasive wear in Coat2 is observed. The
EDS analyses carried out on different zones of the worn
surface summarized in Table 4 reveal the presence of 5.38
wt.% of Al (spot B with respect to A) in Coat1 detached
from the counterpart ball and adhered to the ductile sur-
face of NiCr matrix. The presence of W in the surface of NiCr
matrix (point B) and Ni in the surface of WC10Co4Cr parti-
cles (spots C and D) suggests that hard debris adheres on
ductile surface and vice versa. On the other hand, the signifi-
cant presence of oxygen (spot G compared to spot H) on the
Coat2 surface may be explained by the formation of WO3

[37]. Note that the presence of Al element (spots E and F)
on the coatings’ worn surfaces suggests more probably the
abrasive wear of the Al2O3 ball counterpart.

3.2 Factorial design of experiments

In order to better understand the effect of the test conditions on
the tribological behavior of the studied coatings, load, dis-
tance, and velocity are chosen as wear parameters. Several
sliding wear tests were conducted with various parameters
(Table 5) to estimate their impact on the wear volume of
Coat1 and Coat2 based on RSM. The tribological behavior
is calculated in terms of the wear volume (mm3) for Coat1 and
Coat2 with respect to independent factors (sliding distance,
normal load, and sliding velocity considering two parameters
level −1 and +1 as low and high values of each parameter (full
factorial L8), respectively.

The RSM trials of the randomized design values are shown
in Table 5. The optimization is based on the “smaller the best”
concept, so that the parameters with low wear volume are
considered as optimum. From this concept, it can be seen that
the wear volume is obtained in the range from 0.213 to 1.020
mm3 regarding Coat1 and from 0.170 to 0.870mm3 for Coat2.
The low wear volumes of Coat2 are attributed to the higher
hardness of the coating due to the presence of WC hard par-
ticles that lowers the CoF compared to that of Coat1 as
discussed in Sect. 3.1. From Table 6, and based on Student’s
t-test of Coat1 that confirms the validity of regression coeffi-
cients, it is clear that when t-value is higher than t-critic (t-
critic equals 0.15), the regression and the coefficient are sta-
tistically significant [38]. Also, for reliability consideration,R2

that equals to 0.99 indicates that the model is in good

Fig. 9. SEM of worn surface after wear test at sliding distance of 1500 m, normal load of 15 N, and sliding velocity of 20 cm/s. a, b, c Coat1. e, f Coat2

Table 4 EDS analyses for worn surface of Coat1 (NiCr-WC10Co4Cr)
and Coat2 (WC10Co4Cr) coatings at points shown in Fig. 9

Element (Wt.%) W Ni Cr Co Al O Fe C

Coat1 A 38.35 45.44 11.82 1.75 / / 2.64 /

B 46.25 34.06 9.89 2.31 5.38 / 2.11 /

C 70.73 13.21 6.47 7.03 0.13 2.43 / /

D 84.08 4.12 3.94 7.86 / / / /

Coat2 E 63.24 / 3.03 7.58 5.91 15.62 / 4.62

F 81.94 / 3.14 9.36 0.78 5.17 / /

G 58.53 / / 9.27 0.44 28.48 / /

H 85.81 / 3.85 10.81 / / / /
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agreement with the response [39]. By substituting in Eq. (2)
the regression coefficient values as shown in Table 6, we get:

W1 mm3� � ¼ 0:5495þ 0:02725*X 1 þ 0:219*X 2

þ 0:1525*X 3 þ 0:00175*X 1*X 2

þ 0:00075*X 1*X 3 þ 0:066*X 2*X 3:

All coefficient values have positive sign in the polynomial
model; this indicates their positive influences on the wear
volume response.

It can be noted from the obtained data that the normal load
(X2) is the most important parameter for the overall wear
volume process with a high t-ratio equals to 46.11; hence, it
can be said that the normal load exerts a strong influence on
the wear volume. Subsequently, the sliding velocity is the
second more influencing parameter with a t-ratio of 32.11,

while sliding distance is found to be the least significant pa-
rameter with a t-ratio of 5.57. Interaction between X2 and X3

at a high t-ratio of 13.89 is the most significant combination
compared to (X1, X3) and (X1, X2) with a t-ratio of 0.16 and
0.37, respectively. It also appears that the normal load, sliding
distance, and sliding velocity have a direct effect on the wear
behavior. The same trend was observed for the interaction
effects between sliding distance and normal load. This result
confirms that the model is highly significant with the p value
of 0.0322 less than 0.05 [22] and the F-ratio of 563.7632, cited
below in the ANOVA analysis.

By substituting regression coefficients in Eq. (2), as given
in Table 7, we get:

W2 mm3� � ¼ 0:48325þ 0:0735*X 1 þ 0:192*X 2

þ 0:0905*X 3 þ 0:04725*X 1*X 2

þ 0:01025*X 1*X 3–0:02075*X 2*X 3:

Table 5 Experimental design
using full factorial L8 orthogonal
array for each coating

Samples Coded factors Actual factors Response Item

Wear volume W (mm3)

X1 X2 X3 D(m) P(N) V(cm/s) Coat1 Coat2

1 −1 −1 −1 500 5 5 0.213 0.170

2 −1 −1 +1 500 5 20 0.397 0.360

3 −1 +1 −1 500 15 5 0.525 0.489

4 −1 +1 +1 500 15 20 0.954 0.620

5 +1 −1 −1 1500 5 5 0.275 0.190

6 +1 −1 +1 1500 5 20 0.525 0.445

7 +1 +1 −1 1500 15 5 0.437 0.722

8 +1 +1 +1 1500 15 20 1.020 0.870

Table 6 ANOVA response for
wear volume model of Coat1
(NiCr-WC10Co4Cr)

Source Estimate Standard error t-ratio p value

Intercept 0.5495 0.00 115.68 0.0055*

X1: sliding distance 0.02725 0.00475 5.57 0.1099

X2: normal load 0.219 0.00475 46.11 0.0138*

X3: sliding velocity 0.1525 0.00475 32.11 0.0198*

X1 × X2 0.00172 0.00475 0.37 0.7753

X2 × X3 0.00075 0.00475 0.16 0.9003

X2 × X3 0.066 0.00475 13.89 0.457*

R2 = 0.999704

R2 adjusted = 0.997931

Root mean square error = 0.013435

Mean of response = 0.5495

Analysis of variance (ANOVA)

Source DF Sum of square Mean square F-ratio 563.7632

Prob 0.0322Model 6 0.61055550 0.101759

Error 1 0.00018050 0.000181

C.Total 7 0.6173600 /

*p˂0.05
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From the above expression, the values of the coefficients
have a positive sign, indicating their positive influences on
wear volume response, except the last constant that has a
negative value.

From Table 7, it can be stated that similarly to Coat1, the
normal load (X2) is the most important parameter for the
overall wear volume process for Coat2 with high t-ratio of
32.00, suggesting that the normal load exerts a strong
influence on the wear behavior. Velocity is considered
to be the second important parameter followed by sliding
distance. Contrary to Coat1, in Coat2, the interaction of
X1 and X2 with a high t-ratio of 7.87 is the most signif-
icant than all other combinations, while the combination
(X2 and X3) is reflected to be the least significant param-
eter with a t-ratio of −3.46. The wear behavior of Coat1

which contains ductile matrix (NiCr) is greatly influenced
by sliding velocity when combined with normal load; this
is because of the plastic deformation which makes the
sliding of the ball difficult at high velocity. On the other
hand, since hard coating (Coat2) does not present ductile
deformation, the matter is loosed progressively with the
increase of the duration of the test (sliding distance) by
abrasive wear.

For Coat2, ANOVA result shows also the existence of
linear effects on the normal load, sliding distance, and sliding
velocity. The same trend is observed for the interaction effects
between sliding distance and normal load, which confirms that
the model is also highly significant with both p value of
0.0487 less than 0.05 [22] and F-value of 246.4106 cited in
ANOVA analysis below.

Table 7 ANOVA response
for wear volume of Coat2
(WC10Co4Cr)

Source Estimate Standard error t-ratio p value

Intercept 0.48325 0.006 80.54 0.0079*

X1: sliding distance 0.0735 0.006 12.25 0.0519

X2: normal load 0.192 0.006 32.00 0.0199*

X3: sliding velocity 0.0905 0.006 15.08 0.0421*

X1 × X2 0.04725 0.006 7.87 0.0804

X1 × X3 0.01025 0.006 1.71 0.3371

X2 × X3 -0.02075 0.006 -3.46 0.1792

R2 = 0.999324

R2 adjusted = 0.995269

Root mean square error = 0.016971

Mean of response = 0.48325

Analysis of variance

Source DF Sum of square Mean square F-ratio 246.4106

Prob 0.0487*Model 6 0.42579750 0.070966

Error 1 0.00028800 0.000288

C.Total 7 0.42608550 /

*p˂0.05

Fig. 10 Relation between experimental and predicted values of wear volume expressed in mm3 for both coatings. a Coat1 (NiCr-WC10Co4Cr) and b
Coat2 (WC10Co4Cr)
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The experimental versus predicted values for both coatings
are plotted in Fig. 10. It can be seen that the predicted values
based on Eq. (2) are in good agreement with their correspond-
ing experimental wear volume values of the input parameters
(Fig. 10a). The square of the correlation coefficient values
(R2) and the square of the adjusted correlation coefficient

values (R2
adj) for the model are, respectively, 0.999704 and

0.997931. R2
adj value is close to 1.0, which means that the

model (Eq. 2) has high reliability for predicting their corre-
sponding experimental data. The general trend of Coat2 is
found to be similar to previous published studies, which
led to say that Coat2 has a good agreement with their

Fig. 11 Pareto plot of estimates
for wear test parameters on wear
volume. a Coat1 (NiCr-
WC10Co4Cr) and b Coat2
(WC10Co4Cr)

Fig. 12 Three-dimensional (3D) response surface interaction effect of factors on the wear volume of Coat1 (a, b, c) and Coat2 (d, e, f). a and d normal
load (N)* sliding distance (m). b and e sliding velocity (cm/s)* sliding distance (m). c and f sliding velocity (cm/s)* normal load (N)
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corresponding experimental wear volume value as clearly
shown in Fig. 10b.

Figure 11 shows Pareto plot of estimates on the effect of
wear test parameters for both coatings. It can be seen clearly
that the single parameter with the highest effect on the wear
volume is the normal load and then the velocity for the both
coatings. However, the interaction between the load and the
velocity is found to be in the third place for Coat1, while
distance is the one for Coat2. Note that the effect of wear
parameters for the coatings could be different depending on
the wear mechanism.

3D RSM interpretation curves of the regression equation
are given in Fig. 12a, b, c, d, e, and f) to exhibit the relation-
ship between the dependent variable, the experimental levels
of each independent variable, and the interaction between two
test variables when the third factor is kept at the middle level.
For Coat1, the interaction effects between sliding distance-
normal load (X1, X2) and sliding distance-velocity (X1, X3)
on the wear volume are not significant with the increase of just

one parameter for each case. Moreover, the effect of the inter-
action between normal load and velocity (X2, X3) is the
only significant interaction. The plot shows that the wear
volume is increased with the increase of normal load and
velocity. On the other hand, 3D response of surface plots
for Coat2 shows the absence of interaction between slid-
ing distance-sliding velocity and normal load-sliding ve-
locity. Each parameter is impacting individually the vari-
ation of wear volume. Hence, the interaction between
sliding distance-normal load is only the most significant
parameter.

Figure 13 shows the prediction profiler function of the
studied parameters. The optimum conditions wherein
the best combination of factor settings for achieving
the optimum response is found are at the minimum wear con-
ditions (500m, 5N, and 5cm/s) for both coatings, with predict-
ed response of 0.21775 mm3 with a desirability value of 0.962
for Coat1 and 0.164 mm3 with desirability value of 0.904.for
Coat2.

Fig. 13 Prediction profiler of wear volume (mm3) function of parameters studied for both coatings. a Coat1 (NiCr-WC10Co4Cr) and b Coat2
(WC10Co4Cr)
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4 Conclusions

In this study, the impact of wear test parameters (sliding
distance, normal load, and sliding velocity) on the wear
volume of NiCr-WC10Co4Cr (Coat1) and WC10Co4Cr
(Coat2) HVOF coatings is investigated using microstruc-
tural analyses and RSM technique. The main conclusions
obtained from this investigation can be summarized as
follows:

& Microstructural properties of coating have a great influ-
ence in the wear behavior regarding to the presence of
ductile or hard phase. Adhesive wear, with pull-out parti-
cle, and plastic deformation were observed on the surface
of Coat1 due to the presence of NiCr ductile particles in
the coating. On the other hand, abrasive wear mechanism
is observed in Coat2 due to high hardness ofWC10Co4Cr
compared with that of NiCr matrix.

& Both coatings give the same response in terms of RSM
when studying the impact of parameters individually, and
the normal load is the most significant on wear volume.
However, the combined wear test parameters impact on
the wear behavior of coating differently with regard to
their microstructure. 3D response surface interaction re-
veals that normal load-sliding velocity interaction is the
most influencing in Coat1 while sliding distance-normal
load interaction is the one in Coat2.
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