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Abstract: In this paper the fracture toughness of WC-12Co coatings in optimum
particle temperature in high velocity oxy fuel (HVOF) process have been studied
by means of Vickers indentation. Multiple linear regression model applying
Minitab, were used to determine the relationship and interaction between HVOF
parameters and particle temperature. For genetic algorithm optimization, the signal
to noise ratio was applied as a functional output of design of experiments. The
results of validation test show a good agreement between obtained optimum
condition and the results of genetic algorithm. The fracture toughness obtained by
Vickers indentation shows the direct effect of particle temperature on coating
toughness. The maximum amount of signal-to-noise using the genetic algorithm
for velocity and temperature is 53.07 and -64.62, which equals 450.2 m/s and
1702° C respectively. The results show that the Fracture toughness of WC-12Co
deposited by LPG fuel in smallest level of temperature is 2.83MPa(m)?
compared to 1.32MPa(m)1/2 in highest temperature. The spray watch diagnostic
system, micro-hardness test, Vickers indentation, X-Ray diffraction, EDS and
scanning electron microscopy have been used for this purpose.
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1 INTRODUCTION

Coatings obtained by High velocity oxy fuel thermal
spraying has found a special place due to its unique
advantages, modified surface characteristics and very
good resistance to wear and corrosion in oil, gas,
petrochemical and aerospace. This approach is a good
alternative to the traditional method of hard Cr-plating
electrolyte that may lead to environmental risks and
hazards [1], [2]. Tungsten-cobalt carbides (WC-Co)
and tungsten carbide-nickel (WC-Ni) are widely used
to prevent wear and corrosion. The findings of different
researchers show that the wear resistance of WC-Co
coatings deposited by HVOF thermal spraying is much
more than the coating of chromium bath. In thermal
spraying processes, residual stress can significantly be
created during the process in the result of high thermal
and Kinetic energy and also because of different
thermo-physical properties of the powder material and
the substrate. In HVOF thermal spraying the final state
of residual stress is a superposition of quenching,
thermal mismatch and peening stresses.

Generally liquid fuel such as kerosene or gas fuels such
as liquefied petroleum gas (LPG) or Propane are used
in the HVOF equipment. Independent variables in
HVOF method include the type of fuel, the ratio of fuel
to oxygen, pressure and gas flow inlet, the nozzle
diameter, powder feed rate, morphology and particle
size distribution, carrier gas pressure, the speed of the
gun and the gun distance from the surface of the
substrate  which determines the velocity and
temperature of the powder particles in impact which
ultimately affects the coating properties. The spray
temperature can lead to phase degradation into phases
with lower fracture toughness and in other side the
spray velocity can generate peening action which is
beneficial for residual stress and fatigue life [1-4]. The
advantages of HVOF compared to other thermal spray
processes are higher velocity, lower temperature and
consequently lower thermal stresses, higher peening
action and low levels of porosity.

Compressive residual stresses in the thermal coating
have a beneficial effect on the fatigue behavior and
coating adhesion. Fatigue and debonding of the coating
are two main types of coating failure. Consequently,
the evaluation of the cracking of coatings is important,
which can ensure the reliability of coating. Many
researches have been made on the methods of
evaluation of the bonding strength and many methods
have been attempted such as micro indentation,
scratching and tension tests as well as simulation
method in prediction of adhesion [5-7]. As the adhesive
strength of WC-Co coating of HVOF thermally sprayed
coating is higher than glue adhesion strength, so the
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tension test does not give a quantitative comparison in
mechanical properties of these coatings [8]. Micro-
indentation and nano-indentation techniques have
commonly been used for measuring the mechanical
properties of bulk materials, such as hardness, Young’s
modulus, and fracture toughness [9-11]. Recently, these
techniques have been further developed and used for
evaluating the adhesion strength of coatings or films to
the substrate [12-15]. Mohammadi et al., [16] examined
the adhesion and cohesion of plasma sprayed
hydroxyapatite coatings on Ti-6Al-4V substrate using
Vickers indentation. For this purpose, the Vickers
indenter causes cracks in the coating and coating-
substrate interface. The critical load with no crack was
obtained by means of indentation. The results showed
that increasing the energy and standoff leads to
increasing the young modulus and fracture toughness
of coatings. Chivavibul et al., [17] studied the effects of
both carbide size and cobalt content on the properties
of the coatings. It was found that the hardness and
fracture toughness of the coatings were different from
those of the sintered WC-Co. This discrepancy could
be mainly explained by the hardening of the binder
phase due to the dissolution of WC and the formation
of amorphous/nanocrystalline phases. P. Chivavibul, et
al., [18] studied the properties of WC-Co by JP5000
HVOF (kerosene fuel) system and the have reported
fracture toughness of 4.2 MPa (mm)“? and 10
MPa(mm)*2 for kerosene fuel HVOF and bulk WC-Co
respectively.

In present research the genetic algorithm has been used
to evaluate the optimum velocity and temperature of
WC-12Co particles. Design of Experiments using
standard Taguchi method and considering main
parameters-spray distance, the ratio of oxygen to fuel
gas, powder feed rate and movement speed gun- has
been done for this purpose. The optimum conditions for
spraying were obtained using the capability of
MATLAB in genetic algorithms coding. In order to
measure the particle velocity, optical system was used
for monitoring the inflight particles. The fracture
toughness of HVOF thermal spraying coating has been
evaluated using Vickers indentation and Knoop micro-
indentation. The major advantage of this methodology
is that it does not require using any adhesive glue such
as in tensile test.

2 MATERIALS AND METHODS

All The WC-12Co powder (HC Starck Co., Germany)
with spherical particles shape and size of 15-45 um was
used. Normal distribution diagram of  purchased
powder size provided by supplier shows that the most
of particles have 25um diameter. Chemical
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composition of the used powder in weight% was: Co:
11.83%, C tot: 5.39%, C free: < 0.02%, Fe: <0.01%
and W: Balance. Hipojet high velocity oxy fuel system
with liquefied petroleum gas (LPG) fuel with flow rate
of 70 £10 I/min was used for this purpose. The powder
feed rate and carrier gas flow rate were selected to be
38 g/min and 25 I/min respectively. The main process
parameter and levels are given in table 1. Spray Watch
diagnostic system (Oseir, Finland) was used for
monitoring the particle velocity and temperature. X-ray
diffraction with Ka-Cu and Scanning electron
microscopy (SEM) were used to determine the
composition and morphology of the powder
respectively. Linear regression equation was obtained
base on Taguchi methodology and signal to noise ratio
analysis. Consequently, the optimum condition of
particle velocity was obtained using the genetic
algorithms in MATLAB codes. The micro-hardness of
coating was measured according to ASTME384-10 in
cross section of coating-substrate. The fracture
toughness of coatings was evaluated by Vickers
indentation.

Tablel Factors and levels

Factor Level
A Stand off 3levels
B O/F ratio 3levels
C Feed rate (g/min) 2levels
D Gun travel speed (m/s) 2levels

3 RESULTS AND DISCUSSION

A) SEM studies of powder and coatings

Fig. 1 shows scanning electron microscopy image of
the morphology of WC-12Co powder particles. Most of
powder particles are in spherical structure. Compared
to other morphologies, the spherical particles need less
kinetic energy to bond to the substrate [19]. Fig. 2
illustrates a general view of the coating after
metallographic preparation. The WC-12Co HVOF
thermally sprayed coating appears to be quiet dense.
The presence of lamella boundaries, pores and
equiaxial WC grain of different size embedded in the
Co matrix is apparent.

B) Design of experiment

Spray Watch system was used to measure the
temperature and velocity of the powder particles. For
the measurement of velocity that is about 10.5
microseconds required to catch the particle. During this
short time, the particles depending on their size pass a
distance of 5.0 to 5.1 mm which is of 60-20 pixels on
the CCD camera. By measuring the length of the path

of the inflight particles, their velocity is achieved.
Particle velocity differs according to particle size
distribution. Taguchi approach has been used in order
to designing, conducting as well as evaluating the
effect of main spraying parameters on the impact
velocity of particles in the HVOF thermal spraying
process. The standard Taguchi array (Lg) and signal to
noise ratio (base on 50 replications) are tabulated in
table 2. It is known that when the experiments are
repeated in any experimental situation, the signal to
noise ratio analysis is the best way to calculate the
effect of deviation around the mean value. Signal to
noise ratio for tests with replication at each position,
applying the bigger the better (particle velocity) and the
smaller the better (particle temperature) quality
characterization, is calculated using formulas 1 and 2
respectively [20].

SEM MAG: 100 x ) Det: SE VEGAWTESCAN
SEM HY" 20.00 Ky WD 8.300 mm 200 pm i
Date(midhy): 0H05MS  Vac: Hivac RMRC n

Fig. 1 SEM micrograph of WC-12Co powder particles

SEM MAG: 4.00 kot Det: BSE YEGANTESCAMN
SEM Hv: 15.00 kv WD 12.96 mm 10um i
Dategrmidfi): 1211112 Vac: Hivac RMRC u

Fig. 2 SEM micrograph of WC-Co coatings
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1 1
S/N = —10logy, (; im1 Y__2> 1)

S/N = —10log, (%Z?:l le) 2
Which Y; is the response of i-th replication.

Table 2 Applied array and S/N ratio

Hz(g) + 0,(g) = 20H(g)
And for carbon with oxygen:
2C(g) + 0,(g) = 2C0(g)

2C0(g) + 0,(g) = 2C0, ()

4)

()
(6)

5001

No. A B C D SIN SIN
vel. temp. °C
1 170 25 38 1 52.81 -65.81
2 170 35 58 2 52.90 -66.25
3 170 43 38 1 53.05 -66.26
4 200 25 58 1 52.48 -65.38
5 200 35 38 1 52.91 -65.48
6 200 43 38 1 52.48 -65.94
7 250 25 38 2 52.40 -64.86
8 250 35 38 1 52.79 -65.37
9 250 43 58 1 52.47 -65.71

Fig. 3 illustrates the measured temperature distribution
of powder with normal distribution of particle size for
4300 particles. Temperature of most of the particles is
2055.4°C for a selected test situation. Figs. 4 and 5
illustrate the changes of S/N ratio at different levels of
the study parameters. With the spraying distance
increasing, particle velocity always reduces with a high
gradient. The HVOF thermal spray system consists of a
combustion chamber, converging-diverging nozzle, and
a spraying gun tube. The reaction of fuel with oxygen
generates a high thermal energy (enthalpy of
combustion) in the combustion chamber. When the gas
flows and expands through the converging-diverging
nuzzle, it changes into kinetic energy, which increases
gas velocity along the gun tube. The high velocity gas
forms a supersonic free jet flow immediately when
inter the free atmosphere. As density of the exiting gas
is lower than the one of environment, a large volume of
turbulent and low-velocity flow entrains into the jet
from the surrounding air and reduces jet velocity in the
spraying axis. The penetration rate of surrounding air
into the jet intensifies and consequently the velocities
of jet and particles reduce considerably with the
distance between nozzle and substrate layer increasing.
The LPG fuel used in this study is a combination of 70
percent butane and 30 percent propane. In HVOF
combustion process, there are two main chemical
reactions; the combustion of chamber, hydrogen and
carbon with oxygen. For combustion the hydrogen with
oxygen:

2H,(g) + 0,(g) = 2H,0(g) @)

© 2017 IAU, Majlesi Branch

4007

300+

Frequency

2007

100+

0=
1000.000

Fig. 3

T T T
1500.000 2000.000 2500.000 3000.000

temperature

Normal distribution of particle temperature

A B C D

Signal to noise ratio

523

2 3 1 2 3 1 2 1 2
Level of parameters

Fig.4  S/Nvs levels of parameters for particles velocity
A B C D

-653

5.4
.8 655
=
o 656
T &7 '\ =
2 s
=
5 69

-66.0

-66.1

-662

170 200 250 25 35 43 38 58 10 12
Levels of Parameters
Fig. 5 SIN vs levels of parameters for particles

temperature



Int J Advanced Design and Manufacturing Technology, Vol. 10/ No. 2/ June — 2017 113

In the modeling of HVOF thermal spray, it is important
to note that because of high operating temperature,
combustion products will dissociate into a number of
species with low molecular weight, for example, CO,
OH, and H [22, 23]. Under the general condition,
combustion reaction of C,H, hydrocarbon with oxygen
occurs as Eq. 7.

AC.Hy + b0, > cH,0 + dCO, + eCO + fO, + gH, +
hOH + mH + nO (1)

At all levels tabulated in Table 1, oxygen-to-fuel ratio
is lower than the stoichiometric ratio (5.96 on molar
basis). Temperature of combustion products increases
with decreasing rate by increasing of the oxygen-to-
fuel ratio up to stoichiometric mixture. Meanwhile, the
particle velocity has increased with the oxygen-to-fuel
ratio increasing up to the rate of 3.5 (lower than
stoichiometric). Velocity decreases with this ratio
increasing, which might be attributed to the presence of
the species due to dissociation of combustion product
components, especially CO. Dissociation reactions are
endothermic. Therefore, some part of enthalpy of
combustion is spent for dissociating of products with
the oxygen-to-fuel ratio increasing, which reduces
temperature of combustion gases.

In Table 3, it can be seen that the calculated flame
composition changes as a function of flame
temperature. An increase in temperature reduces
combustion products and a decrease in temperature
increases combustion products. It is important to note
that the amount of free oxygen (O,) is relatively small
at low temperatures compared to the other species (H,O
and COy), but it increases when temperature is above
1500°C. Then it is expected that concentration and
accumulation of molecules in combustion products
increases with the increasing of oxygen-to-fuel ratio
(temperature increase). Therefore, velocity of gas and
particles reduced at the highest level of oxygen-to-fuel
ratio (4.3).

Modeling phase of particles in an HVOF process is
usually performed based on the Lagrangian approach.
The average distance between individual particles in a
dispersed two-phase flow (gas-solid) can be estimated
using Formula 8 [25].

Ld T[1+k

4, ETF ®)

Where Ly is the distance between two particles and k is
the ratio of particle loading to particle/gas density ratio.
Ly/d, ratio in a two-phase flow with one dispersed
phase should be greater than 10. Based on a particle
loading of 4% and a density ratio of 10° to 10, Ly/d,
ratio is about 20 to 50, which implies that the

individual powder particles are isolated from each
other. Therefore, it is reasonable to assume that particle
coalogution is negligible, and thus the powder size
distribution does not change during flight.

With the powder feed rate increasing from level 1 to
level 2, actually, distances between individual particles
decreases and particle coalogution probability
increases. Based on momentum principle sustainability
(mpvp), it is expected that particle velocity would
decrease with the particle mass increasing as shown by
Figures 3 and 4, gun travel speed has no considerable
effect on particle velocity; however, it may affect
thermal stresses and bond strength due to the impact of
warming coating and substrate during processing.

Table 3 The combustion product as mole percent (%) [24]

Temperature 1480 2030 2470 2800
(°C)
Co,(9) 49.75 4494 30.7 16.77
H,0(g) 49.87 4752 39.33 27.86
CO(g) 0.1869 3.773 13.93 225
0(9) 0.1104 1.986 6.834 10.24
HO(g) 0.03185 0.9167 4.407 8.766
H,(9) 0.05042 0.6941 2.548 4.821
O(g) 0.00025 0.07121 1.128 4.623
H(g) 0.00054 0.08284 1.077 4.369
OH(g) 0.001051 0.01246 0.0328 0.04351
HO,(g) 4.871E-06  0.00035 0.00246 0.00523
C,H4(9) 5.097E-29 1.915E-23 1.078E-20 2.607E-19

C) Mathematical Modeling

The second order linear regression equations were used
for the mathematical modeling for more accurate curve
fitting of wvelocity and temperature as below
respectively.

p p
Y="00 +ZBiXi+ZBiiXi2 + ZZBi;‘Xin te
i=1 i=1

i j#
©)

y= Bo‘*‘zp:ﬁixi‘F ZZBinin+€ (10)

i =i

The least square method is used, where all B
coefficients are regression coefficients. X; is the
independent variable, p is number of variables, and y is
the dependent variable. The Pearson correlation
coefficient (Eg. 11) was used for further examination of
the effect of parameters and their interactions. The
closer the correlation coefficient is to values 1 and -1,
the more suitable the linear relationship will be
between parameters. If the coefficient is equal to zero
or very close to zero, it will indicate lack of a linear
relationship between two parameters [21].
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(11)

Where, (X;, Y;) is ordered pair of “ i” observation.

The results of Pearson correlation for particle
temperature (Tables 4 and 5) show that the effect of
parameter B is second order linear and the effect of
parameters A and C is in first order linear form.
Moreover, interactions AXC and AXD have the
maximum effect on velocity. Parameter D and AXB,
BXC, BXD, and CxD have no significant effect on
output and they are considered as regression errors. As
mentioned above, Equations 9 and 10 is summarized as
Egs. 12 and 13.

Table 4 Pearson correlation coefficient for parameters

A B C D

Linear Correlation 0.73 -0.59 -0.17 -0.02

Table 5 Pearson correlation coefficient for interactions

AxB  AxC  AxD Bx Bx  Cx
C D D

Linear -0.06 -0.27 0.67

Correlation 051 058 0.21

Table 5 Pearson Correlation Coefficient for interactions

S/N = By + B1A + B,B + B5C + B,B? (12)
+ BsAC + BGAD

S/N =B, + B,A+ B,B + B;AD + B,BC (13)
+ BsBD

Regression function is calculated after determining
regression coefficients using the least squares error
method and Minitab for particle velocity and
temperature respectively (Egs. 14 and 15).

S/N(V) = 50.702 + 0.003834 + 1.162B (14)
+0.0184C — 0.1496B2
— 0.00014AC — 0.00216AD

S/N (T) = —66.471 + 0.00564 + 0.013B (15)
+ 0.0036AD — 0.00243BC
— 0.227BD

Tables 6 and 7 show the results of regression analysis.
To make comment on the accuracy of a regression
equation, its coefficient of determination (R?s Radjz) is
usually considered as a criterion. The values above
R°=99.16% and R,;’=99.62% show that the achieved
regression equation is a suitable model for describing
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changes of spray velocity of powder particles in terms
of the independent variables in Table 2.

D) Genetic Algorithm

In fact, genetic algorithm is a method for finding an
approximate solution of optimization problems using
the concepts of biology such as inheritance. In this
algorithm, the variables are binary coded. Then using
computer simulation of conservation laws, the weaker
characters are replaced by more appropriate characters.
This process is repeated to gain the best results. The
process is iterated as long as the best response is
achieved. The fundamental steps for analyzing
optimization problems using genetic algorithm code
writing are as follows:

1- Defining variables as a chromosome with a constant
length, selecting size of a chromosome, determining
crossover probability (P;) and Mutation probability

(Pm)

2- Defining a target function for assessing
chromosomes

3- Generating population of primary chromosomes
randomly

4- Assessing the selected population
5- Copying the best members in a new generation

6- Performing a crossover action for each pair of
chromosomes (parents) and generating two new
chromosomes (offspring)

7- Performing a mutation action for the selected
chromosomes and generating mutated offspring

8- Creating a new generation (merging 5, 6, and 7)
9- Assessing the new generation

10- Returning to Step 5 in case termination condition is
not satisfied [18].

Table 6 Regression analysis for velocity

Term Coef T-Value P-Value
Constant 50.702 84.81 0
A 0.00383 0.68 0.568
B 1.162 2.69 0.115
C 0.0184 0.87 0.478
B*B -0.1496 -2.28 0.15
A*C -0.00014 -1.31 0.321
A*D -0.00216 -1.85 0.205

This research aims at achieving the maximum (optimal)
velocity of powder spray in a HVOF process. Genetic
algorithm code writing in a MATLAB environment
was used for this purpose. regression equations were
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used as a target function for algorithm implementation.
The algorithm structure was established by selecting a
20 binary population randomly with the string length of
64 bits (for each 16-bit independent parameter) as the
primary population and considering probabilities of
crossover and mutation as 80 percent and 10 percent,
respectively.

Table 7 Regression analysis for temprature

Term Coef T-Value P-Value

Constant -66.471 -128.69 0
A 0.0056 0.39 0.72
B 0.013 0.02 0.988
A*D 0.0036 0.29 0.794
B*C -0.00243 -1.18 0.322
B*D -0.227 -0.3 0.781

A double point crossover method was used for
generating two new offspring for each selected pair of
chromosomes (parents). Figs. 6 and 7 show changes of
signal to noise, which was calculated by the genetic
algorithm. As the diagram shows, value of signal to
noise remains constant after about 200 iterations and it
converges on 53.07. When signal to noise ratio is used
for analyzing optimization problems, the results
achieved for estimating optimal conditions, should be
converted into the primary units. The equivalent mean
square deviation (MSD) is obtained from Eqgs. (16 and
17) with the signal to noise ratio with “the more, the
better” attribution. Table 8 shows the optimal
conditions predicted by the genetic algorithm.

Table 8 Optimal condition predicted by GA

A B C D SIN Optimal

170 39 38 1 53.07 450.2
m/s
Temperature 250 25 58 12 -64.62 1702°C

Velocity

MSD = % = 10(%) (16)

MSD = Y? = 10‘<S{_§) (a7

E) Verification Test

A verification test was used for verifying the optimal
results achieved by the genetic algorithm. Figure 8 and
9 show the verification test results for the tests with
iteration, (exceeding 50 iterations), in the position
predicted by the genetic algorithm. Mean of the optimal
velocity of particles and signal to noise ratio were
446.5 m/s and 53, respectively.

53.1

53.08

53.06 1

53.04

S/N RATIO
e
)
=1
[S]

m
)

52.98

52.95

5294 . : ' ; '
0 50 100 150 200 250 300
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Fig. 6 Plot of Number of Generation Vs S/N Ratio
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-64.6

64.65

w47l
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51 T Mem 4465
StDev 3.281
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AT
TEE || -

Frequency
™~
"
[
~

10 442 44 446 48 430 452 434
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Fig. 8 Frequency distribution of powder velocity in

verification test with 50 replications

In statistical issues, confidence interval is an
approximate range for data, which is used for the
reliability of an estimate. Confidence interval is
obtained for the mean value of a set of data and
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observations, C.l.(m), with a certain confidence level
using the following equation [12].

C.I.(m) = E(m) + F“(flnM (18)

Where F(f,, f;) is the variance ratio, which is obtained
by Table F at the confidence level of 1-a. F; is the
mean degree of freedom, which is always equal to one,
f, is the error degree of freedom, v, is error variance,
and n is number of equivalent responses.

Mean 1718
StDev 2.012
N 59

=)

-

]
=
5
5 s —
g L~ TN
= 4 / \
3 //
2 (.
1 /’7 W
0
1713.6 1716.2 1716.8 1718.4 1720.0 1721.6 1723.2

Particle Temprature

Fig. 9 Frequency distribution of powder temperature in
verification test with 50 replications

The result of confidence interval calculation for
velocity and temperature at the predicted levels are
tabulated in table 9 and 10. The test result improves
that the optimal velocity obtained from the test is
compatible with the velocity predicted by the genetic
algorithm.

Table 9 Confidence interval results for velocity

contribution of the effect of each factor on output.
Contribution percentage (P) for a specific factor is
obtained from dividing total Net Square by sum of total
squares.

Tables 11and 12 shows the ANOVA results based on
the stated signal to noise ratio. The signal to noise ratio
for 50 iterations in each test condition with “the more,
the Dbetter” attribution was obtained. With
approximately 48 percent of contribution, spray
distance has the maximum effect on signal to noise
ratio. Powder feed rate and oxygen-to-fuel ratio has 35
and 16 percent respectively. The effect of gun velocity
parameter is slight and it is merged by the error
parameter. After merging gun velocity factor, ANOVA
error is 1.5 percent. For particle temperature the O/F
ratio and gun travel speed have same contribution, but
the spray distance have more effect on temperature
(58.87%) rather than velocity (47.6%). Meanwhile the
particle temperature is less affected by powder feed
rate.

Table 11 ANOVA table for particle velocity based on S/R

factor DF SS MS F P%
A 2 0.9683  0.4841 31.9 58.87
B 2 0.5798  0.2899 19.1 35.25
C 1 0.0512  0.0512 3.37 3.11
D 1) pooled

Error 3 0.0455 0.0152 2.77
Total 8 1.6448 100.0

GA EXPERIMENT
SNR 53.07 53
Velocity (m/s) 450.2 446.5
C.l 53.07+0.13

f,=1, £,=3, n,=1.29, V,=0.0022

Table 10 Confidence interval results for temperature

GA EXPERIMENT
SNR -64.62 -64.7
Temperature 1702 17185
C.l. -64.62+0.34

f,=1, £,=3, n,=1.29, V,=0.0152

F) ANOVA

ANOVA is one of the statistical applications, which
examines the effect of variables on a response
individually. In other words, ANOVA specifies
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G) Fracture toughness

The most important limiting factor in the assessment of
fracture toughness of WC-Co coatings applying
Vickers indentation is, the relatively good toughness
compared to ceramic coatings. Therefore, in order to
have cracks the higher loads must be applied compared
to ceramic coatings.

In addition, the Vickers indentation causes irregular
cracks and some measurement problems in WC-Co
coatings. The bulk WC-Co materials need loads higher
than 50 Kgf for initiating the cracks and it depends on
the amount of cobalt. Nevertheless, the WC-Co
coatings can be evaluated at lower loads. Khameneh
Asl et. al., [28] suggested at least load 18 Kgf to have
an effective assessment in fracture toughness. Their
results showed that the cracks in tungsten carbide
cobalt coating deviate toward coating interface or free
surface. For this purpose, more than10 indents in load
range of 2-20 Kgf for each condition were used. Only 5
indents in each condition were applicable. Fracture
toughness of coatings (KC) was determined by Vickers
indentation method and following equation was used to
obtain K¢ [29]:

P

E 1/2
I (19)
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Where P is the applied load and C is the crack length
ahead of diagonal of indentation and E is the elasticity
modulus (Fig. 10). The micro-hardness of coatings was
measured of 12255 and 835 for maximum and
minimum temperature and the average elasticity
modulus of 175GPa was used for WC-12Co coating in
this study.

(a) Volumetric Planar indentation

pores
Intralamellar T

cracking 5

AT

‘f“(f«:.«:jfi )
»a Plate-like
¢ ’ lamellae

Interlamellar pores

Central %

=

Fig. 10  Vickers indentation in cross section [30]

Fig. 11 shows the SEM morphology of the crack in
both corners of indent in WC-12Co coating. The results
of measurement of cracks lengths show that in
maximum particle wvelocity and minimum particle
temperature the fracture toughness are calculated of
1.32 MPa (m)*? and 2.83 MPa(m)"? respectively. P.
Chivavibul, et al., [18] studied the properties of WC-Co
by JP5000 HVOF (kerosene fuel) system and have
reported fracture toughness of 4.2 MPa(m)*? and 10
MPa(m)*? for kerosene fuel HVOF and bulk WC-Co
respectively. This may be attributed due to oxidation
of WC and Co in higher temperatures in gas fuel
HVOF which is discussed in next section. This is due
to generation of hard brittle phases in LPG fuel HVOF
with higher thermal energy in this study which is
discussed in next section. For bulk cemented carbides,
the fracture toughness is obtained at least 11.7 MPa
(m)Y? for different cobalt content by S. Sheikh [31].

EHT =21.00kV
WD= 13mm

snang chamran umwersty  cenral Isnoratory Date 8 Apr 2013
= Signal A = SE1 s
Zone Mag 233 X e a0t Time 84647 chmf

Fig. 11  Crack morphology (SEM image)

Diffraction patterns of powder and coating are shown
in Fig. 12. The XRD analysis shows that the powder

contains just WC and Co in particle composition. In
condition of maximum particle velocity (smallest spray
distance and biggest O/F), the particles also are at their
maximum level of temperature. In such elevated
temperatures, decomposition and oxidation of WC
phase tends to be a problematic issue.
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Fig. 12  XRD pattern of WC-12Co coatings

Table 13 shows the possible oxidation reactions and
equivalent negative or positive Gibbs energies. In the
solid state, several reactions can take place
simultaneously. Reaction rates can vary for Kinetic
reasons, and is dependent on temperature, mass transfer
in the reaction zone, oxygen partial pressure, etc.

In general, it can be concluded that solid-state
oxidation is less important compared to the oxidation
reaction in the liquid state, due to kinetic constraints.
The high reaction rate requires solid-gas or liquid-gas
reactions. Solid-solid reactions are too slow for the
HVOF spraying process, as the spray particles are in
reaction conditions less than 2ms. Thus, only the most
probable reactions occur. The reactions are divided in
two categories; reactions with pure oxygen, and
reactions with carbon dioxide and water vapor. These
are the main combustion products of HVOF spraying
and are effective gases in the plume. The
decarburization reaction has a high gibbs value, which
means that the decomposition of WC is highly probable
via this reaction, providing oxygen is available.

Fig. 13 illustrates the SEM micrograph of WC-12Co in
this study. W,C phase in the outer surface of WC
(tungsten carbide border of the matrix) due to higher
atomic mass than the WC is visible with bright colors.
Vernon and Guilemany [32,33] have also reported
epitaxial growth of W,C on the WC crystal as shown in

© 2017 IAU, Majlesi Branch
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Fig. 13. According to Gibbs energy provided in table
13, the most possible reaction is oxidation of WC to
brittle W,C phase (Eg. 20). As this form of oxidation is
more active in higher temperature, it is reasonable to
have more W,C and consequently have a coating with
lower fracture toughness.

SEM MAG. 10.00 kx Det: BSE VEGAN TESCAN

SEM HV: 30.00 kv WD: 15.95 mm 2um
Date{midfy): 08/26/13 Vac: HiVac RMRC u

Fig. 13  SEM micrograph of WC-Co on 10Kx
magnification

In WC-Co system the main reaction is decarburizing of
WC phase. Carbon tendency to react with oxygen is
much more than cobalt and tungsten and therefore the
oxidation is of great importance. Given that the
tungsten carbide are dispersed in cobalt matrix, during
the spraying and cooling, the reactions below can help
decomposition of WC. The remaining amount of
carbon and tungsten present in the matrix creates a
nano-crystal and amorphous phases with a grain size of
less than 8 nm[24]. where [W] Co and [C] Co denote
elements dissolved in the Co melt. Here, W,C denotes
forming of a W,C layer by diffusion on a WC grain;
WC and Co form a heterogeneous melt:

3C0+3WC+0,—C0;W4C+2CO (28)
12Co+12WC+50,—2CosWeC+10CO (29)

Fig. 14 illustrates the results of EDS analysis of WC
particles (area A), cobalt-rich (dark gray background B)
and light gray background (area C). As it is clearly
obvious, Area C has more tungsten and less cobalt in
comparison with the area B. Zone B may include Co,
Co,C and is CosW;C phase. In Area C due to the lower
concentration of cobalt and lighter color than the area
B, the heavier phases such as W-C-Co Co4WA4C,
CosWeC and tungsten carbides such as WgC,s5, are
more likely to create. All these phases have been
identified in X-ray diffraction in this study.

© 2017 IAU, Majlesi Branch
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Fig. 14 EDS pattern of WC-12Co in this study
4WcC + 0, ARG 1800°C (20)
- 2W,C +2C0 = =543 kjmol™!
2Wce + 0, ArG"1800°C (21)
- W,C + CO, = —375 kjmol™?
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2WC + 0, ARrG°1800°C (22)
- 2W +2C0 = —517 kjmol ™!
2WC + CO, ARG 1800°C (23)
- W,C +2C0 = —168 kjmol "
2WC + H,0 » W,C ARrG°1800°C (24)
+CO0 = —140kjmol~?!
+ H,
W,C + H,0 - 2W ARG1800°C (25)
+C0 = —-113kjmol™?
+ H,
2Co + 0, - 2Co0 ARG 1800°C (26)
= —172kjmol™?
2/3W + 0, ARG°1800°C (27)
- 2/3W0, = —231 kjmol™?

4. CONCLUSION

The particle characterization and fracture toughness of
HVOF thermally sprayed WC-Co coatings have been
studied. A brief conclusion of findings is as below:

1- The maximum amount of signal-to-noise using the
genetic algorithm for velocity and temperature is 53.07
and -64.62, which equals 450.2 m/s and 1702 °C
respectively.

2- Genetic algorithm is a powerful tool for searching
optimal condition in a continuous interval between the
minimum and maximum levels of the -effective
parameters in a problem. Therefore, the optimal
amount of 3.9 was achieved for oxygen-to-fuel ratio
using the genetic algorithm, which is not observed in
all the levels defined in Table 1.

3- The Fracture toughness of WC-12Co deposited by
LPG fuel in smallest level of temperature is 2.83
MPaym compared to 1.32 MPaym in highest
temperature (biggest level of particle velocity).
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