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Abstract: At Mae-Moh power plant, Thailand, superheater tubes, which are exposed to a fly ash
environment, often degrade due to solid particle erosion. To extend the service lifetime of the
superheater tubes, the high velocity oxy-fuel (HVOF) thermal spray technique is used to deposit a
protective coating on the material, SA213-T22 steel. In this work, the solid particle erosion of Stellite-6
and WC-12Co coatings was investigated using erodent particle impingement at angles of 30 and
90◦. This was carried out with an average particle size of 60 µm. The erosion behavior of SA213-T22
with and without Stellite-6 and WC-12Co coatings was examined using ductile and brittle erosion
modes. The erosion testing resulted in the brittle mode for both Stellite-6 and WC-12Co coatings,
while the SA213-T22 without coating indicated the ductile mode. On investigation of the surface
morphology, the SA213-T22 steel showed ploughing and microcutting. The Stellite-6 coating showed
some evidence of ductile erosion such as lips on the coating surface, different from the WC-12Co
coating which showed microcracks and deep cavities. The erosion resistance of the Stellite-6 coating
was higher than the WC-12Co coating. This was due to the strength and toughness of the metal
matrix composite structure and the low porosity of the coating.

Keywords: high velocity oxy-fuel; WC-12Co; Stellite-6; microhardness; erosion; T22 steel

1. Introduction

The power industry suffers from severe corrosion and erosion problems, resulting in
substantial losses. Erosion results from the impact of particulates, such as coal ash, dolomite
and unburned carbon particles on the surface of heated boiler tubes [1]. As a general rule,
solid particle erosion refers to the progressive loss of original material due to mechanical
interaction between the substrate and the erodent particles carried by the flue gas [2–5].
The solid particle erosion mechanism and erosion rates depend on the particle properties,
substrate properties and impingement conditions. Several studies have discussed how
particle hardness (Hp) and target hardness (Ht) affect erosion rate [6,7]. Solid particle
erosion mechanisms can be divided into two major categories: ductile and brittle. Ductile
erosion happens when the material is removed due to cutting and ploughing actions, while
brittle erosion is characterized by the formation of cracks and fractures on the material
surface [8,9]. The major difference between those two modes can be clarified when erosion
rates differ due to different impingement angles. Ductile materials usually show higher
erosion rates at shallow impingement angles. On the other hand, erosion rates in the brittle
mode are dominant at impingement angles close to the normal angle [10,11]. Recently,
thermal spray processes have represented an important and cost effective technique for
coating the surface of metals to enhance their durability and performance under a variety
of operating conditions. The high velocity oxy-fuel (HVOF) technique is the thermal
spray process which forces particles with high kinetic energy to be attached to the surface
of the material. The deposited particles are generally in the plastic state, leading to a
dense coating [12–14] being obtained. The HVOF spray technique has been found to be
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a viable coating technique for in situ applications, wear and corrosion management and
dimensional restoration, due to its high bonding strength, low porosity and low stress
coatings. Kumar et al. reported that the 35 wt% WC + NiCrBSiC coating showed a high
level of quality in terms of hardness and low porosity [1,15]. The increase in the WC
content from 0 to 35 wt% significantly improved the hardness of the coating without
decreasing toughness. Carbide-based coatings have been widely used in abrasive, erosive
and oxidizing environments. It was reported that carbide-based coatings exhibited high
hardness with a high volume fraction of carbide and high wear resistance [16].

Cobalt has been reported as one of the important elements affecting the hardness and
toughness of the materials. Cobalt-alloy coatings are exceptionally good for applications
requiring resistance to corrosion, erosion, cavitation and wear. For example, WC-12Co
coatings are often used in applications requiring abrasive wear resistance [1,17,18]. When
cobalt is added to tungsten carbide, it improves adhesion and wettability [19].

In order to improve the service life of power plant boiler steel SA213-T22, Stellite-6
and WC-12Co coatings were applied to the materials and a comparison of the erosion
types was performed. The evaluation of these hard coatings using extremely hard solid
particles like silicon carbide (SiC) was never reported. The acceleration test utilized SiC,
one of the hardest materials, as an erodent particle in order to clarify the quality of the hard
coatings in a short time. Erosion behavior was discussed based on the velocity exponent,
the hardness ratio, and the morphology of the target materials.

2. Experimental Section
2.1. Materials and Coating Process

SA213-T22 boiler steel was obtained from the Mae Moh power plant in Lampang
province, Thailand. The steel was in a tube shape with a diameter of 50.8 mm and a
thickness of 9.1 mm. The chemical composition (wt%) analyzed by a standard emission
spectroscopy technique is shown in Table 1.

Table 1. Chemical compositions of SA213-T22 steel [15].

Composition (wt%) C Mn Si S P Cr Mo Fe

T22 steel 0.11 0.43 0.27 0.011 0.016 1.93 0.92 Bal.

ASTM SA213-T22 0.15 0.3–0.6 0.5 0.03 0.03 1.9–2.6 0.87–1.13 Bal.

Stellite-6 and WC-12Co powders with particle size of 15–45 µm were used in the HVOF
process. The powders and process were supported by the Hummingbird Corporation
Co., Ltd., Samut Songkhram, Thailand. The chemical compositions and particle sizes of the
coating powders are shown in Table 2. The SA213-T22 steel substrates were prepared with
dimensions of 15 mm × 15 mm × 3 mm prior to coating and then they were cleaned with
acetone and grit-blasted using an alumina abrasive powder. The coatings were deposited on
SA213-T22 steel substrates using an HVOF coating machine, a Termika-3 system. Propane
and oxygen were used as fuel and working gases, respectively. The process parameters
for the HVOF coating are shown in Table 3. The parameters were optimized by the
Hummingbird Corporation Co., Ltd.

Table 2. Composition of HVOF coating powders [20].

Coating Powder Average Particle
Size (µm)

Composition (wt%)

C Si Cr Co W

Stellite-6 11–45 µm, spherical 1 1 28 66 4
WC-12Co 15–45 µm, spherical 4 - - 12 84
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Table 3. Spray parameters employed for HVOF coating.

Parameters Values

Powder feed rate (g min−1)
Oxygen flow rate (O2, L min−1)

Propane flow rate (C3H8, L min−1)
Air flow rate (L min−1)

Spray distance (mm)
Coating thickness (average, µm)

Maximal heat source temperature (◦C)

25
50
20

400
200
200

2850

2.2. Erosion Experiments

Silicon carbide (SiC) was used as the erodent material, which is composed of crys-
talline SiC 98.10 wt%, Si 0.25 wt%, C 0.13 wt%, SiO2 0.50 wt%, Fe2O3 0.12 wt% and other
oxides 0.30 wt% by weight. SiC particles have angular, faceted surfaces, and there are
no surface defects. Microhardness test results show this erodent to be the hardest at
2481 Hv [21]. According to ASTM G76-05 standard, the accelerated solid particle erosion
test was conducted at an ambient temperature using an air-jet type erosion tester as shown
in Figure 1 [19]. The erosion tester consists of an air compressor pump, an erodent particle
collector, a nozzle with a bore diameter of 6 mm and a sample holder. For each condition,
three samples were used to conduct an erosion test and plot a graph using the average
data. The results of the report were average erosion rates. In cases where the particle was
softer than the target (Hp/Ht < 1), the evaluation time was longer and very low erosion
rates were observed [21–25]. SiC, one of the hardest materials, was used to clarify erosion
rates in a short period of time [26–29]. The diameter of SiC used as an erodent particle is
60 µm. Its morphology is shown in Figure 1.
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Figure 1. The schematic diagram of the air-jet type erosion tester and SEM micrograph of silicon
carbide erodent particles.

The experimental parameters used are shown in Table 4. The average particle size of
SiC erodent used in the tests was 60 µm in diameter and the feeding rate was 10 g·min−1

with a standoff distance of 20 mm. The erodent particles were accelerated to pass through
the nozzle; the particle velocities adjusted by the compressed air with a mass flow controller
were 12.8, 22.5 and 38.9 m·s−1 for SiC sized 60 µm. The measurement of the particle veloci-
ties was carried out using a 1D laser Doppler anemometer (Dantec Dynamics, Skovlunde,
Denmark), 1D FlexLDA system. The calibration was supported by National Institute of
Metrology, Thailand, and the results will be published elsewhere. It was possible to set the
sample holder at the impingement angles of 30 and 90◦.

The erosion study was conducted on uncoated SA213-T22 and coated samples with the
parameters listed in Table 4. All of the coated samples were first ultrasonically cleaned in
alcohol, dried and weighed on an analytical balance (Mettler Toledo, Zurich, Switzerland)
having the least count of 0.01 mg precision before testing. Prior to erosion testing, the



Coatings 2023, 13, 1444 4 of 15

uncoated samples were mechanically ground using abrasive papers up to 1000 grits, while
the coated samples were only cleaned ultrasonically in alcohol for 15 min before being
dried. Mass loss was determined after samples were cleaned and dried after exposure
to silicon carbide particles. An erosion rate (E) was calculated by dividing the sample
mass change (∆mt) to the particle mass (∆mp) used in each test cycle with respect to ASTM
G76-05. This was carried out according to the following equation [29,30].

E =
∆mt

∆mp
(1)

Table 4. Parameters used for erosion testing.

Parameters Values

Standoff distance (mm)
Test gas

Test duration (s)
Nozzle diameter (mm)

Test temperature

20
Dry air

60
6

Room temperature

Particle velocity (m·s−1)
Abrasive feed rate (g min−1)

Angle of incidence (◦)
Air jet pressure (bar)

12.8, 22.5 and 38.9
20

30, 90
5

Furthermore, volumetric erosion rates were evaluated according to ASTM G76-13.
The calculation was based on the following equation [31].

E =
∆mt

Dt∆mp
(2)

Here, Dt is the target material density. The SA213-T22 steel, Stellite-6 and WC-12Co
densities were 7.80 g/cm3, 8.46 g/cm3 and 14.0 g/cm3, respectively [32–34].

2.3. Characterization

The surface morphology of the samples, both before and after the erosion test was
observed using a field emission scanning electron microscope with energy dispersive spec-
troscopy (EDS) (FE-SEM/EDS) (Tescan, Mira3, Kohoutovice, Czech Republic) to determine
the compounds in the coatings. The Vickers test (HV-1000B) was carried out to measure
the microhardness of the substrate and coatings. In addition, the surface roughness was
evaluated by a 3D laser microscope (Olympus OLS4000-SAF, Olympus, Tokyo, Japan).

3. Results and Discussion
3.1. Characterization
3.1.1. SEM/EDS and X-ray Diffraction Analysis

Figure 2a shows the surface morphology of the HVOF sprayed coating of Stellite-6 as
deposited. The coating surface was continuous; a few unmelted particles with diameters
ranging from 10 µm to 30 µm were also left. The coating presented a continuous surface but
rough texture as a result of unmelted particles. The roughness of the coating was 13.54 µm
evaluated by the 3D laser microscope. The cross-sectional micrograph of the coating is
shown in Figure 2b. The coating had a small amount of porosity. Using Image J, the image
analysis software, the average thickness of the coating was 215 ± 12 µm with an average
porosity of 3.29 wt%. A line scanning element analysis in Figure 2c shows that the coating
consisted of Co and Cr. Oxygen in the coating was slightly increased compared to the
steel substrate.
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As shown in Figure 2d, the XRD pattern was derived from the top surface of Stellite-
6 coating, indicating the composition of CoCr, WC and Cr2O3 phases. The Cr2O3 phase
was not detected from the Stellite-6 powder. According to the line scan and XRD results,
oxidation occurred during the high velocity oxy-fuel spray-coating process, forming par-
tially the protective Cr2O3 as deposited. The surface morphology of the HVOF sprayed
coating of WC-12Co is shown in Figure 3a. A rough surface with small pores and unmelted
particles was also observed. The roughness of the coating was 8.85 µm, slightly lower than
the Stellite-6 coating. The cross-sectional micrograph of the WC-12Co coating is shown in
Figure 3b with the evaluated amount of porosity of 6.73 wt%. The average thickness of
the coating was 198 ± 7 µm. The line scanning element analysis of the coating is shown
in Figure 3c exhibiting the presence of W, Co Cr and C, while oxide was detected less,
compared to the Stellite-6. Stellite-6 had about half the porosity of WC-12Co. This was
likely due to the sintering effect of metallic Co and a high binding capability with tungsten
carbides in the HVOF coatings [14,19].
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The XRD results of the WC-12Co coating are shown in Figure 3d and indicate the
existence of WC and W2C. The peaks of WC for 2θ values at 31.64, 35.79, 48.45, 64.27, 73.37,
75.72, 77.22, 84.28◦ are obvious, indicating it as the main phase of the coating. It is well
known that in order to achieve an optimum wear property from the WC-M (M=Co, Ni, Cr,
Mo) coating, the WC phase should be retained for a large volume fraction [16,35–37], while
W2C and Co were detected with quite low intensity, indicating lower volume fractions of
W2C and metallic Co in the coating. Kreye investigated different phase transformations
during HVOF spraying of two different WC-12Co powders [38]. In the cast and crushed
types, WC, W2C, Co3W3C and W existed in the coating. A substantial portion of the WC
(about 30 to 50 wt%) was transformed to W2C and W. For the agglomerated and sintered
types of WC-12Co powder, only WC and Co were detected. In the HVOF process performed
in this study, only a small portion of WC, less than 10 wt%, was transformed to W2C. The
phases of W and Co3W3C were not detected in the coating.

3.1.2. Hardness

The microhardness of the SA213-T22 substrate, Stellite-6 and WC-12Co coatings are
shown in Figure 4. The average hardness value of the uncoated sample was 143.97 Hv with
a discrepancy of 10 Hv, while the coatings produced by the HVOF process yielded values of
more than 500 Hv. The average hardness of the WC-12Co coating was 745.67 Hv, while the
one of Stellite-6 was 511.12 Hv. The hardness of the Stellite-6 coating was comparable to the
one of Stellite-6 coatings reported by Mirsheka [39]. A WC-12Co coating on 316 stainless
steel reported by Stack showed a hardness value of 616 Hv that was similar to this result [40].
However, with appropriate parameters and low porosity the hardness of this kind of
coatings can reach approximately 1300 (approximately 16 GPa) [21,41,42]. The differences
in hardness between the research works could be attributed to the decarburization, carbide
grain size and density of the coating which are generated by various conditions in the
HVOF process.



Coatings 2023, 13, 1444 8 of 15
Coatings 2023, 13, x FOR PEER REVIEW  8  of  15 
 

 

 

Figure 4. Microhardness of SA213‐T22 steel, Stellite‐6 and WC‐12Co HVOF coatings on SA213‐T22 

steel substrates. 

3.2. Erosion Test 

3.2.1. Erosion Rate and Velocity Exponent 

Figure 5  shows  the  steady erosion  rates of SA213‐T22  steel and  the Stellite‐6 and 

WC‐12Co coated on SA213‐T22 steel tested using silicon carbide as erodent particles with 

impingement velocities of 12.8, 22.5 and 38.9 m∙s−1, and  impingement angles of 30 and 

90°. All of  the erosion  rates  increased with erodent particle velocity. For Stellite‐6 and 

WC‐12Co coatings, the erosion rates at 90° were lower than those at 30°. Especially when 

the velocity was 12.8 m∙s−1,  the  ratios of erosion  rates at 90°  to  those at 30°  (E90/E30) of 

Stellite‐6  and WC‐12Co  coatings were up  to  1.58  and  1.30,  respectively. The values of 

erosion rates as well as E90/E30 of all samples are summarized  in Table 5. Stellite‐6 and 

WC‐12Co coatings exhibited E90/E30 values of more  than 1, corresponding to erosion  in 

the  brittle mode. Conversely,  the  erosion  rates  of  SA213‐T22  steel, uncoated  samples, 

exhibited erosion in the ductile mode with higher erosion rates at 30° than those at 90°; 

thus the E90/E30 values were less than 1. The results relating to impingement angles and 

erosion modes was in good agreement with the results reported by Roy [43]. According 

to  the erosion  test results,  the Stellite‐6 coating showed better wear resistance  than  the 

WC‐12Co  coating.  The  inset  in  Figure  5  shows  the  volumetric  erosion  rates  of  the 

Stellite‐6  and  WC‐12Co  coatings.  The  Stellite‐6  coating  wear  resistance  was  not 

significantly  higher  than  that  of  the WC‐12Co  coating.  Due  to WC‐12Co  possessing 

greater hardness than Stellite‐6, the wear resistance was supposed  to be better, but the 

volumetric erosion rate was higher as well. This might be caused by the higher porosity 

of the WC‐12Co coating.   

Figure 4. Microhardness of SA213-T22 steel, Stellite-6 and WC-12Co HVOF coatings on SA213-T22
steel substrates.

3.2. Erosion Test
3.2.1. Erosion Rate and Velocity Exponent

Figure 5 shows the steady erosion rates of SA213-T22 steel and the Stellite-6 and
WC-12Co coated on SA213-T22 steel tested using silicon carbide as erodent particles with
impingement velocities of 12.8, 22.5 and 38.9 m·s−1, and impingement angles of 30 and 90◦.
All of the erosion rates increased with erodent particle velocity. For Stellite-6 and WC-12Co
coatings, the erosion rates at 90◦ were lower than those at 30◦. Especially when the velocity
was 12.8 m·s−1, the ratios of erosion rates at 90◦ to those at 30◦ (E90/E30) of Stellite-6 and
WC-12Co coatings were up to 1.58 and 1.30, respectively. The values of erosion rates as
well as E90/E30 of all samples are summarized in Table 5. Stellite-6 and WC-12Co coatings
exhibited E90/E30 values of more than 1, corresponding to erosion in the brittle mode.
Conversely, the erosion rates of SA213-T22 steel, uncoated samples, exhibited erosion in
the ductile mode with higher erosion rates at 30◦ than those at 90◦; thus the E90/E30 values
were less than 1. The results relating to impingement angles and erosion modes was in
good agreement with the results reported by Roy [43]. According to the erosion test results,
the Stellite-6 coating showed better wear resistance than the WC-12Co coating. The inset in
Figure 5 shows the volumetric erosion rates of the Stellite-6 and WC-12Co coatings. The
Stellite-6 coating wear resistance was not significantly higher than that of the WC-12Co
coating. Due to WC-12Co possessing greater hardness than Stellite-6, the wear resistance
was supposed to be better, but the volumetric erosion rate was higher as well. This might
be caused by the higher porosity of the WC-12Co coating.

Principally, an erosion rate is related to the kinetic energy of erodent particles. The
hardness, Young’s modulus, mechanical properties, and surface morphology of erodent
particles and substrates are also important factors leading to elastic and inelastic collision.
Particle velocity is the most influential parameter affecting erosion. Empirically, the erosion
rate at room temperature can be expressed by the velocity exponent of the following
equation [6,21,24,29,30,44,45]:

E = Kvn (3)

where E is the erosion or wastage rate, v is the impingement velocity, K is a material
constant and n is a velocity exponent dependent on the material of the erodent particles
and substrates. The erosion rates were fitted well using Equation (3), as shown in Figure 5,
by solid lines (90◦ impingement angle) and dotted lines (30◦ impingement angle) with the
correlation coefficients of more than 0.91. The value of the velocity exponent is another
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parameter used to determine the ductile or brittle erosion. Such as for SA213-T22 steel
which showed ductile erosion behavior, the velocity exponent changed widely from 2.31
at 30◦ to 3.23 at 90◦ impingement angles. This drastic change indicated the sensitivity to
erosion of the surface condition of the material [7]. The value at 30◦ was under Basu, who
suggested that the velocity exponent value was 2.3–2.7 for ductile materials, while SiC
embedment at 90◦ impingement caused the SA213-T22 surface to become a composite or
brittle material; therefore, the velocity exponent could exceed 3 [3,46]. For ductile erosion,
erosion rates were higher at a 30◦ than at a 90◦ impingement angle. A surplus amount of
energy was required at the 90◦ impingement angle for target deformation [21,30,43,47].
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Table 5. Erosion rates, erosion ratio and velocity exponent of uncoated samples, Stellite-6 and
WC-12Co coated samples.

Sample Impingement
Angle (◦)

Erodent Particle
Velocity (m/s)

Erosion Rate
(mg/g)

Velocity
Exponent (n) E90/E30 Comment

SA213-T22

30

90

12.8
22.5
38.9
12.8
22.5
38.9

0.16 ± 0.02
0.54 ± 0.01
1.59 ± 0.13
0.07 ± 0.01
0.24 ± 0.02
1.29 ± 0.13

2.04

2.62
0.43
0.44
0.81

ductile
ductile
ductile

Stellite-6

30

90

12.8
22.5
38.9
12.8
22.5
38.9

0.16 ± 0.01
0.38 ± 0.01
1.53 ± 0.18
0.18 ± 0.02
0.61 ± 0.04
1.98 ± 0.11

2.06

2.15
1.14
1.58
1.29

brittle
brittle
brittle

WC-12Co

30

90

12.8
22.5
38.9
12.8
22.5
38.9

0.32 ± 0.07
1.14 ± 0.12
3.20 ± 0.31
0.38 ± 0.07
1.21 ± 0.08
3.66 ± 0.19

2.07

2.04
1.19
1.06
1.14

brittle
brittle
brittle
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Thus, the higher velocity exponent responded to lower erosion rates than those at 30◦.
The values of the velocity exponent are also summarized in Table 5. The velocity exponents
of Stellite-6 and WC-12Co coatings were approximately 2; this followed the traditional
rules using SiC as an erodent particle, as reported in other literature [3,28,46].

When the erodent particle velocity was 38.9 m/s, the erosion rates of uncoated SA213-
T22 substrates were 0.2–0.3 mg/g, and those of samples with Stellite-6 and WC-12Co
coatings were approximately 0.4 and 2.0 mg/g, respectively. The results of the uncoated
samples were comparable to the erosion rates of steels as reported by Sapate, when alumina
was used as the erodent particle [47]. In comparison to Singh’s report, this work had
approximately one-order higher erosion rates than WC-12Co and Stellite-6 coated samples
tested using alumina erodent [14]. SiC erodent particles have a greater hardness of 2481 Hv
than alumina particles, resulting in the difference [21]. In addition to the above factors, the
porosity, density, and chemical composition of the coated samples also played a role in the
erosion behavior.

3.2.2. Surface Morphology and Chemical Composition Analysis

To understand the erosion behavior, the surface of the sample after the erosion test
was investigated using FE-SEM with EDX. The SEM micrographs with the EDX analysis
results of the uncoated SA213-T22 steel, the Stellite-6- and WC-12Co-coated samples after
the erosion tests at 30 and 90◦ impingement angles are shown in Figures 6–8.
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The EDX analysis of the eroded SA213-T22 surface at 30 and 90◦ impingement angles
is shown in Figure 6a,b. The detected chemical composition of Fe, Cr, Mo, C, Mn, S, P
and Si was in conformance with SA213-T22 steel. The presence of Si along with C clearly
indicated that the erodent (SiC) had incrusted the substrate, as the Si to C ratios by mole
after the erosion tests at 30 and 90◦ impingement angles were 1:1.12 and 1:0.98, respectively.
The same result was reported for SiC embedding [1]. Thus, the embedment of SiC on the
steel surface was misleading by giving low erosion rates in the aforementioned results.
However, the velocity exponent was quite sensitive to this phenomenon, and showed high
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sensitivity to erosion of SA213-T22. The inclusion of SiC mass after the erosion tests at 90◦

was twice that at 30◦. This was also the reason for the low erosion rate at the normal angle
of ductile materials.
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The surfaces of the Stellite-6 coating tested under impingement angles of 30 and 90◦

are shown in Figure 7a,b, respectively. The composition indicated Co, Cr, W, Fe and a small
amount of oxide. On the other hand, W, C, Co, Cr, Fe and O were detected in WC-12Co
coatings, as shown in Figure 8a,b. According to both EDX results, there was no detection of
Si; thus, SiC embedment did not occur on samples with Stellite-6 and WC-12Co coatings.

In general, the erosion characteristics of ductile materials at shallow impingement
angles are dominated by ploughing, crater, cutting and shear deformation. Meanwhile
at the normal impingement angle, low cycle fatigue and localization of plastic flow can
occur. As is well known, erosion mechanisms are controlled by the ratio of erodent particle
hardness (Hp) to target hardness (Ht). The ratio of erodent particle hardness to target
surface hardness (Hp/Ht) has to be considered for evaluating coating-erosion behavior.
Experimental results indicated that abrasive particles would cause plastic scratching and
indent the surface only if Hp/Ht was more than 1.2 [1,6,48]. In cases where the particle was
softer than the target (Hp/Ht is less than 1), very low erosion rates were observed [25]. In
the case of SA213-T22 steel, the Hp/Ht ratio of 17.23 indicated ductile erosion with plastic
deformation resulting in SiC particle penetration into the substrate surface. The SEM image
in Figure 6a shows the morphology after the erosion test at 30◦. Tracks of ploughing lines
can be clearly found. The surface after the 90◦ test in Figure 6b shows microcutting, and
embedded SiC. Sequentially, shielding affects against erodent particles due to embedment
of hard SiC can lead to apparently low erosion rates. The impingement at an angle at 30◦

results in more ploughing lines but less SiC embedment.
On the impingement surface of Stellite-6 and WC-12Co coatings, the erosion behavior

played a role in crack nucleation and propagation. Figure 7a,b show microcracks and lips
within the Stellite-6 coating. In spite of the fact that the E90/E30 ratio was greater than 1,
ductile erosion was also observed on the Stellite-6 coating. As the Hp/Ht ratio of Stellite-6
coating was 4.85 Hv, this indicated that plastic deformation such as LIBS was possible to
detect when much harder erodent particles were used in the test. In addition, Stellite-6
should exhibit metal ductility and toughness rather than brittleness since it is a metal
matrix composite. In contrast, Figure 8a,b show microcracks and deep cavities showing
de-bonding due only to brittle erosion on the WC-12Co coating. Deep cavities were clearer
on the eroded surface tested at the impingement angle at 90◦ in Figure 8b than those found
at 30◦ in Figure 8a. The Hp/Ht ratio of WC-12Co coating was 3.33 Hv, the lowest of all
samples with the E90/E30 ratio exceeding 1, which indicated brittle erosion. The brittle
behavior was also caused by the cermet composite material itself. Porosity was another
factor that affected the morphology after erosion testing as well as the Hp/Ht ratio of
WC-12Co coating. This resulted in high erosion rates despite having a higher hardness than
the Stellite-6 coatings. The improvement in the erosion resistance of the Stellite-6 coating
was also contributed to by the increase in strength and toughness due to the added cobalt
content [19]. Further, the compatibility with the HVOF process resulted in the coating’s
high hardness and low porosity. The erosion of coatings is more complex than that of pure
materials. It should be said that hardness is the principal factor affecting erosion. In a
situation with various solid particles, pure materials will always suffer from an erosion
attack more than those with coatings of hard materials. However, the morphology, such as
the porosity of the coating, is also another factor. XRD results showed Stellite-6 coating to
be a composite material with WC as its hard phase and CoCr as its matrix. With such a
phase composition, a high quality coating with low porosity can be produced using the
HVOF process. In contrast, the WC-12Co coating, which had WC with W2C brittle phases,
had a high potential to be optimized to achieve even better coatings due to the higher
hardness of the coatings.

4. Conclusions

The HVOF process was used to deposit Stellite-6 and WC-12Co coatings on boiler tube
steel, SA213-T22. This resulted in a moderately high hardness, low porosity and a dense
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coating. Erosion testing was carried out for uncoated and coated samples using SiC to
clarify the erosion rates in a short period of time. The conclusions can be drawn as follows.

1. The erosion of uncoated SA213-T22 steel showed a ductile mode with a ploughing
and microcutting morphology and SiC embedment on the surface. The erosion rates
were lower than the intrinsic values due to the change in the surface condition from
metal to composite. Thus, an evaluation of the erosion for materials with extremely
low hardness, less than SiC, will result in errors. In the case of high hardness materials
such as Stellite-6 and WC-12Co, SiC embedment did not occur on the surface. This
made it possible to apply SiC as an erodent particle for erosion testing.

2. The velocity exponent indicates erosion sensitivity. In the case of uncoated SA213-
T22 steel with SiC embedment, the change in velocity exponent from 2.3 to a value
exceeding 3 showed a drastic change in the surface condition, while the Stellite-6
and WC-12Co coatings had values of 2, which corresponded to the traditional litera-
ture [3,27,42].

3. Stellite-6 is a metal matrix composite, whereas WC-12Co coating is a cermet composite.
As a result, erosion will behave differently. In the case of a cermet composite, WC-
12Co coating showed only brittle erosion, while Stellite-6 showed a morphology with
some evidence of ductile erosion such as lips on the coating surface. Thus, its erosion
behavior exhibited predominantly brittle erosion.

4. The evaluation results showed better wear resistance from the Stellite-6 than from the
WC-12Co coating. This contributed to the strength and toughness of the metal matrix
composite structure and the lower porosity of the coating. In the case of the WC-12Co
coating, the porosity was double that of the Stellite-6 coating. However, due to the
higher hardness of WC-12Co, it has high potential to be optimized to achieve even
better coatings if it could reduce its porosity and W2C brittle phase.
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