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1. INTRODUCTION

Currently, pipeline systems are widely used

ABSTRACT

The hardness of high-speed oxyfuel thermal spray coatings is
a major factor determining coating properties, especially when
applying thick coatings for repair purposes. This study aims to
optimize and determine the influence of HVOF (High velocity
oxy-fuel) spraying parameters on the hardness of WC-12Co
coatings applied to the internal surface of 20Cr steel pipes. The
parameters investigated are spray distance (L), powder feed
rate (P), and relative velocity of spray gun (V). The
experimental parameters were determined by using a Taguchi
L9 orthogonal design. The results showed that the optimal
spraying parameters were L, = 0.25 m, P, = 20 g/min, and V3
= 0.2 m/s, resulting in a maximum coating hardness of 1308.6
HV. The effect of spraying parameters on hardness was
observed to follow the order P (48.5%) > L (33.7%) > V
(17.0%). An experimental function was developed to establish
the relationships between hardness and spraying parameters,
enabling the evaluation of the influence of the researched
spraying parameters on hardness.

Yang et al., 2008; Padture et al 2010). The
common method used today to protect the
surface in pipelines is industrial hard chromium

in industries to transport gases, liquids, etc.
These pipeline systems in various sectors such
as chemical plants, steel industry, oil and gas,
and thermal power plants often operate in harsh
conditions like corrosion and wear. Protecting
the inner surface of pipelines to enhance their
operational lifespan has been extensively
researched by many scientists and has achieved
significant success (Matthews et al., 2012;

or electrolytic hard chrome (EHC). Although
EHC has proven effective in surface protection.
However, this method poses issues such as
weakness against external forces, causing
coating cracks, increased pipe weight, and poor
adhesion strength. High velocity oxy-fuel
(HVOF) thermal spray is a technology that can
replace EHC because it offers higher corrosion
and wear resistance, improving overall
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effectiveness (Sartwell et al 1999., ; Vernhes et
al., 2013). WC-12Co material is used as the
spray material due to its excellent corrosion and
wear resistance properties, attributed to its 88%
WC composition.

The hardness of the coating directly affects
the corrosion and wear processes in machine
parts. Furthermore, the hardness of the coating
is also one of the main parameters of the
coating’s mechanical properties. The phase
transformation in the coating formation process
depends on changes in the spraying parameters,
leading to changes in the coating hardness.
Therefore, research to enhance surface
hardness in pipeline systems using HVOF
spraying technology is essential. The spraying
process parameters include spray distance,
powder feed rate, gas pressure, combustible
gas-flow ratio, spray gun displacement speed
and other parameters. Many studies on the
spraying process parameters have been
published by many scientists (Pawlowski et al.,
2008; llavsky et al., 2009; Karimi et al ., 2015 ;
Schwetzke et al ., 2014; A.S. Taha et al., 2015;
M.E. Vinayo et al., 2016). However, in most
publications, the coatings are produced on the
surface of flat or external surfaces of parts. For
internal surface, coating formation is more
challenging due to restricted geometric
dimensions of the sprayed components. Hence,
this study identifies the effects of HVOF
spraying parameters on the surface hardness in
20Cr steel pipe system (JIS G-4051., 2016)
coated with WC-12Co. Taguchi L9
experimental design and ANOVA analysis are
used to determine the influence of the
parameters on the coating hardness (Konishi et
al., 1987). Based on experimental results and
analysis, a mathematical model between the
coating hardness and spraying parameters is
established to determine the optimal spray
parameters and how these parameters affect the
hardness of the coating.

2. EXPERIMENTAL PROCEDUCE
2.1 Material and spray parameters

In this study, WC-12Co spraying powder
provided by Eutectic company was utilized.
The powder particles have a shape and size
ranging from 15 to 45 pum (as illustrated in Fig.
1). The coating was applied using HVOF
spraying onto the internal cylindrical surface of
a steel pipe made from material 20Cr with an
outer diameter of 406 mm and an inner diameter
of 390 mm with chemical composition as table
1. Prior to coating, the substrate surface was
roughened to Ra =10 pm.
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Figue 1. SEM image and Analysis EDX of WC-
12Co powder

Table 1. Chemical composition of steel 20Cr

Chemical Si Mn Cr Ni Mo
CompOSItlon

%prime 018 017 05 07 .
rate 024 037 08 10
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2.2 HVOF spray parameter

The thermal spray process is carried out on
the HVOF General Metal Alloys system -
Belgium, including: MP - 2100 control panel;
HP - 2700M spray gun; PF - 3350 powder
feeder. The coating thickness applied is 500um
with a deviation of 10 - 50 um. Spray
parameters are set at three levels (Table 2) and
arranged in a L9 orthogonal array by Taguchi
(Table 3). Other spray parameters are
determined through similar studies and
recommended by the manufacturer (table 4)

Table 2. Spray parameter and experimental levels

table
Level of
Spray parameter Symbol parameters
1 2 3
Spray distance L 02 025 03
(m)
Powder fged rate P 20 26 32
(g/min)
Relative velocity
of spray gun \% 01 015 0.2
(m/s)

Table 3. Taguchi experimental design test matrix
(L9) for HVOF spraying of WC-12Co powder

Element
Expt. no X
L (m) P (g/min) V (m/s)
1 1 1 1
2 1 2 2
3 1 3 3
4 2 1 2
5 2 2 3
6 2 3 1
7 3 1 3
8 3 2 1
9 3 3 2

3 RESULTS AND DISCUSSION

3.1 Experimental results

The microhardness of coatings sprayed in
this study was evaluated by carrying out
indentation hardness measurements (figue 2).
Perform the coating hardness measurement
using the IndentaMet 1106 equipment. The
hardness measurement standard is ASTM E384
- 17: 2011. Utilize the HVO0.1 hardness scale
with a 100g load and a 15-second dwell time.
The measurement process is carried out by
observing through an optical microscope. The
indentation method is commonly used, where
the coating hardness value is determined based
on the depth and width of the obtained
indentation. The coating hardness value is an
average of five different measurement points
across the coating thickness. The hardness
results of WC-12Co coatings on the sprayed
samples are listed in the table 5.

Table 5. Experimental results

Y Hardness S/N
(HVo.)
1 020 20 0.10 11763 6141
2 020 26 0.15 1029.7 60.25
3 020 32 020 11502 61.22
4 025 20 0.15 12472 6192
5 025 26 020 11855 61.48
6 025 32 010 12004 61.59
7 030 20 020 12331 61.82
8 030 26 0.10 1093.6 60.78
9 030 32 015 10831 60.69

The results from Table 5 show that: the
hardness value of the coating changes in the
range of 1029.7 - 1247.2, the 4th sample with
spraying parameters LoP1V2 (L =025 m. P =
20 g.min, V = 0.15 m.s?) has the highest with
1247.2 HV. The coating hardness is influenced
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by changes in spraying parameters,
demonstrating the suitability of their selection
for this study. The study will utilize the Taguchi
optimization method, ANOVA analysis, and

mathematical functions to identify the optimal
spraying parameters and analyze their impact
and trends on coating hardness.

Table 4. Other HVOF spray parameters

Oxygen Propane Propane Air Aj Nitrogen  Nitrogen
ir flow
Parameter pressure pressure flqw pressure (1.min") pressure ro_w
(MPa) (MPa)  (ILmin)  (Mpa) ' (Mpa) (Lmin?)
Value 0.96 0.69 40 0.69 550 0.4 20
7. |z the coating hardness, indicating that the
2D et = predicted optimal spray parameters are Lo, Py,
- N V3 (L2 = 0.25 m, P1 = 20 g/min, and V3 = 0.2
J—{':‘ & m/s) with a predicted high hardness value of
7 ’M,:y.-;.;,%k 1308.59 HV. This demonstrates the high

o P e Ao e LG
Figue 2. SEM image of the structure and coating
boundary of the sample on 20Cr substrate and
hardness measurement sample

3.2 Identifying the optimal spray parameters

The enhancement of coating hardness
improves the mechanical properties of pipeline
system during operation, especially for coatings
resistant to wear, corrosion, etc. Therefore, the
Signal-to-Noise ratio according to Taguchi,
where a higher value indicates better
characteristics (higher is better), is used for
calculations based on each experimental result
using Minitab software and shown in Table 6.
The average impact level of each factor at
different levels is also calculated based on the
S/N value and illustrated on a chart (Figure 3).
The optimal level for each parameter is the
highest average S/N value. The lines on Figure
3 depict the varying impacts of factors affecting

effectiveness of the proposed optimization
method in the study.

Table 6. Optimal level of parameter to coating

hardness
Level L P \Y
1 60.96 61.72 61.26
2 61.66 60.84 60.95
3 61.10 61.17 61.51
Delta 0.70 0.88 0.55
Rank 2 1 3

Prediction: S/N ratio=62.40 Mean = 1308.59

Main Effects Plot for SN ratios
Data Means

L 4 v

35.825

35.800

35.775

35.750

Mean of SN ratios

35725

35.700

Signal-to-noise: Larger is better

Figue 3. Chart of impact rating of parameters L, P,
V based on S/N ratio
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function
between

3.3 Develop a mathematical
represents the relationship
hardness and spraying parameters.

ANOVA analysis aims to determine the
influence of parameters (L, P, V) on the
hardness of the coating, variance analysis based
on experimental results and S/N values shown
in Table 7. The results indicate that the small
error values demonstrate that the studied spray
parameters are the main factors affecting the
hardness of the coating and they are all
statistically significant with highly reliable due
to P < 0.05. The percentage of influence of
factors indicates that: spray flow rate is the most
significant factor affecting the hardness of the
coating with 48.46%, spray distance with
33.67%, relative velocity of spray gun with
17.03%.

Table 7. ANOVA analysis results based on S/ N
ratio to hardness

Degrees .
Element of Adj SS Adj F P
MS value value
freedom
L 2 14378.8 7189.4 40.03 0.024
P 2 20694.4 10347.2 57.61 0.017
\V 2 72740 3637.0 20.25 0.047
Error 2 359.2 179.6
Total 8 42706.4

A regression equation for hardness of WC-
12Co coating with 20Cr steel pipe has been
produced according to the Taguchi
experimental. The data in Table 5 was used to
build a mathematical model to learn the second
order regression function of the hardness (HV)
according to 3 parameters of spraying
technology L, P and V.

Hardness = 1064 + 16852 L - 1200 P -
6054 V - 33347 L2+ 2,188 P2 + 21273 V? (1)

The values of R = 0.99; Rad = 0.97 indicate
the suitability of the regression function (1).

From function (1), the 3D graph illustrates the
impact of spray parameters on the hardness of
the coating layer. Figures 4a, 4c show that
during the spraying process, varying the
powder feed rate from 20 — 32 g/min implies a
change in the spray particle density on the
component surface. Under certain conditions,
when the particle density supplied to the
combustion chamber changes, the particles are
either completely or incompletely melted.
Therefore, when the particle density is too high,
it affects the melting ability of the powder
particles, leading to an increase in incompletely
melted particles and possibly causing oxidation
of the particles to increase while the hardness
tends to decrease. In this study, the optimal
spray rate is 20 g/min.

The spray distance is one of the most
important parameters affecting the quality of
the coating layer, as changes in distance will
alter the particle velocity (impact energy) and
particle temperature (The impact status of the
particle will change.). Figures 4b, 4c when the
spray distance (L) increases from 0.2 t0 0.25 m,
the hardness tends to decrease, and it increases
as L increases from 0.25 to 0.3 m, the gas
transport and particles lose kinetic energy due
to environmental resistance and interactions
with each other, reducing particle velocity.
Therefore, with the established spraying
parameters, there is an optimal spray distance
where the average velocity of the particles is
highest. However, particle impacts also depend
on particle temperature for optimal deformation
of particles for coating hardness. During
spraying, some particles with high velocity
combined with the molten state of particles
negatively affect impact and deformation.
Continuing to increase the spray distance leads
to decreased particle temperature and
significantly reduced melting efficiency, while
hardness  increases and  sedimentation
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efficiency decreases. The best value for the
range of L studied in this case is 0.25 m.

The velocity of the spray gun movement
affects the interaction capability between the
spray beam and the surface of piping steel
within a certain period of time, whether fast or
slow, is related to the density and efficiency of
the spray layers on the surface of the part to
form the coating. The relative movement
velocity of the nozzle to the small sprayed part
surface is lower because the research area has
been selected, the nature of this process has less
influence as it does not determine the thermal
and Kinetic properties of the sprayed particles
like P and L. Figures 4a, 4b)
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c) Effect of L-P
Figue 4. Response graphs for coating hardness

4. CONCLUSION

In this study, the Taguchi method and
Anova analysis were used to investigate the
influence of spray parameters on the surface
hardness of WC-12Co coated steel pipes using
the HVOF method. Optimizing the spray
parameters through the Taguchi method
included spray distance, powder feed rate, and
relative velocity of the spray gun. The optimal
spray parameters were found to be a spray
distance of L= 0.25m, a feed rate of P = 20
g/min, and a relative velocity of the spray gun
at V = 0.2 m/s, resulting in the best coating
hardness estimated at 1308.59 HV. The
ANOVA analysis indicated that the feed rate
had the most significant impact on the coating
hardness at 48.46%, followed by the spray
distance at 33.67%, and lastly the relative
velocity of the spray gun at 17.03%, with an
error margin of 0.4%. A mathematical equation
was established to represent the relationship
between the spray parameters to determine their
influence and trends on the coating hardness.
Equation (1) can be used to determine the spray
parameter range for specific applications to
achieve the desired hardness values.
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