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Abstract: In this paper, an investigation was carried out to test the suitability of potential additive materials in
WOKA 3533 (WC-10Co04Cr) cermet HVOF coating subjected to slurry erosion in ash conditions. The additives
namely molybdenum carbide, yttrium oxide, and zirconium oxide were added in equal percentages (3 wt.%) in
WOKA cermet powder. High-velocity oxy-fuel (HVOF) spraying was performed to develop the additive-based
WOKA cermet coatings. The slurry erosion in ash conditions was tested using the pot tester. Microstructural and
mechanical properties of traditional and additive-based WOKA cermet coatings were also tested in the present
study; for example, microstructure, crystalline phases of as-sprayed coatings, and microhardness. Results present a
comparison of surface erosion wear of different cermet coatings. It was found that the yttrium oxide was a suitable
additive for the WOKA cermet coatings than the molybdenum carbide. However, zirconium oxide is unsuitable for

WOKA cermet coatings in erosion wear applications.
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1. INTRODUCTION

Solid particle slurry erosion is a problematic
issue that is associated with deterioration caused
by the flow of different slurries [1]. Slurry
erosion behaves dominant at accelerated
conditions therefore, it shortens the life of
equipment [2]. Slurry erosion is found most
common in mining, chemical industries, and
thermal power plants. Pump casings/impellers,
nozzles, reducers/expanders, valves, flanges,
tubes/pipelines, tees/elbows, etc. are the major
worn-out components in ash disposal as well as
other slurry conveying systems [3—-6] Most
dangerous accelerated conditions are observed at
the pump casing and impeller. Usually,
centrifugal slurry pumps are used to transport the
different slurries in the industrial sector.
Also, the erosion wear due to gas-solid is
relatively well understandable than solid-liquid
erosion.

The slurry erosion of materials depends on the
variety of parameters that comprises properties of
flowing medium and material, and process
parameters [7, 8]. A small variation in any of the
parameters affects the erosion wear process.

Hence, the present study is also aimed to
investigate the physical and chemical properties
of erodent materials.

The life of the pump and its components can be
improved either by changing the design of the
components or by changing the material or/and
surface properties [9—13]. The high-velocity oxy-
fuel (HVOF) spraying process is the most
versatile coating deposition process among the
different processes [7, 9, 21-25, 11, 14-20].
HVOF process can be used for pure metals as
well as ceramics/cermet [26—28]. Generally,
commercially available WC—Co, Al, and Ni-Cr-
based coatings were used to reduce the slurry
erosion in pump materials [13, 29-31]. Although
numerous researchers have employed WC-based
coatings to enhance the slurry erosion resistance
to stainless steels and found these coatings
effective in use. WOKA powder coating is
extensively utilized in many industrial
applications [32-34]. Regarding WC-Co-Cr
spray-deposited coatings, a lot of literature is
accessible.

An overview is carried out to provide the current
scenario about erosion wear of WC-based
coatings. Investigators have made efforts to find
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the erosion wear by carrying out lab scale and
pilot plant test loops. In a novel experimental
approach, Wheeler and Wood [32] measured the
wear on an AISI 1020 steel surface coated with
WOKA powder (10% Co and 4% Cr) powder. To
study the slurry erosion, they conducted tests on
WOKA coating and steel using sand slurry
utilizing the jet erosion facility. The erosion
resistance of the D-gun coated specimen was
found to be two times higher than the slurry
erosion resistance of the diatec HVOF-WOKA
(10% Co and 4% Cr) coating. Cho et al. [35]
studied the morphology and performance of
HVOF-deposited WC-Co coatings on carbon
steel with the addition of Nano and micron
powders. They performed coating using Nano
(0.1-1 pm) and micron (1-40 pm) sized powders
mixed to WC-Co by 12 and 88% (by wt.)
respectively. They found that coating hardness is
strongly dependent on spray parameters and
powder size. For comparison, the Nano WC-Co
has a hardness smaller than the micro WC-Co
because Nano WC-Co decomposes into coarser
compounds (coarse W.C, W, and graphite) as
compared to micro WC-Co. The evolution of
undesirable carbon oxide gases in micro WC—Co
coating was detected lower than in Nano WC—Co
coating therefore it possesses lower porosity as
compared to Nano WC—Co. Thakur et al. [36]
reported that the slurry erosion characteristic of
standard and modified WOKA (Nano WC added)
sprayed surface utilizing a pot tester. They
performed erosion wear testing with varying
erodent sizes and slurry concentrations. Results
showed that higher erosion resistance was
observed at all testing parameters for fine WC in
WOKA cermet coating in comparison to standard
WOKA cermet coating. Vite-Torres et al. [37]
investigated the AISI 420 stainless steel’s ability
to sustain erosion. To develop the slurry
conditions, they utilized silicon carbide (angular)
and spherical grit particles as erodent particles.
Experiments were done using a jet impingement
tester. Variations in particle size (400-420 pm),
impact angle (30-90°), and speed erodent were
done during the performed experiments. They
found that shape of erodent impacts erosion wear
rate. The elliptical shape of scars was noted at an
impact angle of 30° wide and circular at 60°. They
reported that erosion is most significant at impact
angles of 30° or more, confirming that the
material showed ductile behavior. Singh et al.

[38] tested the erosion performance of WOKA
cermet HVOF coatings subjected to silt slurry
erosion. This study is carried forward for the fly
and bottom ash slurry in the present investigation.
The comprehensive literature survey represents
that the HVOF surface modification technique is
preferred to improve the slurry erosion resistance
of pump materials. WOKA cermet coatings are
found promising in slurry erosion applications
however they can be improved by adding a small
amount of ceramics. So, there is still a need to
improve the WOKA coatings for withstanding
long against ash slurry erosion conditions. The
fulfillment of need will lead to the development
of novel modified WOKA coatings. In the present
study, various novel thermal spraying powders
were used to improve slurry erosion resistance for
the substrate materials. The HVOF process is
highly preferable in the case of WOKA coating;
therefore, chosen in the present study. The
synergistic effect of the addition of additives with
suitability in WOKA cermet coating is also
explained in this paper.

2. EXPERIMENTAL PROCEDURE

2.1. Base Material

The workpiece of SS316L was used as a base
material for the coating deposition as shown in
Fig. 1. Test specimens have dimensions of
67.5 x25.0 x 5.0 mm.

67.5 mm Side view
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O @8 mm
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Fig. 1. Specimen used for coating deposition

2.2. Coating Powders and Deposition Technique
In the present study, ceramics and cermet are used
to improve the erosion wear performance of pump
materials. The additives namely molybdenum
carbide, yttrium oxide, and zirconium oxide were
added in equal percentages (3 wt. %) in WOKA
3533 (WC-10C04Cr) cermet powder. WOKA
(4515 pm) and molybdenum carbide (60£15
um) were bought from Parshwamani Metals,
Mumbai (India). Yttrium oxide (30+15 pm) and
zirconium oxide (10+£5 pm) were bought from
High Purity Laboratory Chemicals Private
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Limited, Srigam (India). The surface morphology
was carried out prior which is shown in Fig. 2.
The blending of different powders was done by
using Jar ball milling. The bearing balls used in
the Jar mill are made of hardened steel and have
a diameter of 2 cm. The newly built WOKA-
molybdenum carbide, WOKA-yttrium oxide, and
WOKA-zirconium oxide were designated
as WOKA-M, WOKA-Y, and WOKA-Z,
respectively.

v

"~ Fig. 2. Surface morphology of (a) WOKA, (b)
Yttrium oxide, (¢) Molybdenum carbide, and (d)
Zirconium oxide powders

The coating deposition process proceeded
following the grit-blasting process. Quartz was
used for the grit blasting to provide an irregular
pattern to the workpiece surface. For this process,
a grit blasting unit (Abrablast Equipment Pvt.
Ltd., Jodhpur, India) was employed.

This process guarantees adherence between the
base material and the coating layer. High-velocity
oxy-fuel (HVOF) spraying was performed to
develop the traditional and additive-based
WOKA cermet coatings. HVOF coatings were
done using the MP-2100 coating facility
assembled with the HP-2700 torch. HVOF
facility was maintained at different optimized
parameters as listed in Table 1.

2.3. Characterization Methodology

The microstructure was analyzed for the as-coated
surface with the use of the scanning electron
microscopy (SEM) technique. A Philips X'pert
Diffractometer (Model: PW-1710, Philips, The
Netherlands) was used to trace the X-ray
diffractograms. The Vickers indentation

technique was used to assess the microhardness
of standard and modified WOKA coatings. The
microhardness tester (Metatech: MVH-1, Pune,
India) was used to do the measurement. The
indentation load ranged from 500 to 1,000 grams
throughout testing.

The surface roughness tester was assisted with the
measurement of average roughness on the surface
(Surftest roughness tester: SJ-400, Mitutoyo,
USA). During the roughness experiments, the test
area was taken as 0.00125 m.

2.4. Slurry Erosion Experiments

In this work, a pot tester was used to perform the
slurry erosion experimentation. As per the ASTM
G76-95 method [39], a jet tester is recommended
for erosion experimentation for the gas-solid. On
the other hand, the jet tester can’t be used for the
high concentration slurries ie. >30 wt. %.
Therefore, a pot tester is suitable equipment for
slurry erosion experiments. Desale et al. (2006)
suggested the use of a pot tester for the evaluation
of slurry erosion in pumps and pipelines in case
of solid-liquid flow. The pot tester was run at
different speeds during the experimentation. The
concentration of erodent materials was taken in
the range of 30-60 wt. %.

The pot tester was run at different speeds lying in
the range of 600-1500 rpm with an increment of
300 rpm. The pot tester was run at different speeds
to produce different velocities. Slurry erosion
testing time was taken in the range of 90 to 180
minutes. The experiments were conducted by
preparing the fly ash (FA) and bottom ash (BA)
slurries.

The slurry was prepared in different weight
proportion percentages by utilizing the mixing
motion of 300 rpm produced with the help of a
magnetic stirrer. The prepared slurry was poured
into the slurry vessel i.e. pot of tester. The water
vessel was filled with freshwater to facilitate the
cooling of the slurry vessel. The jackscrew was
moved to adjust the height of the slurry vessel.
Afterward, the spindle’s speed was adjusted at a
required level to produce the rotational speed of
the workpiece. Over time, each worn-out
workpiece was measured for the evaluation of
weight loss (unit: g). The slurry erosion
was calculated as weight loss (g)/area of the
specimen (m?).
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Table 1. Parameters maintained throughout the HVOF coating

Spray parameters

— Parameters

Powders| Flow rate (SPLM) Pressure (kg/cm?®) Powder feed | Spray distance
Oxygen | Air Fuel | Oxygen | Air | Fuel rate (g/min) (mm)
WOKA/ WOKA-M 260 640 60 10 6 7.5 30 150
WOKA-Z/ WOKA-Y 245 690 70 10 6 7.5 25 150

3. RESULTS AND DISCUSSION

3.1. Microstructure of Coatings

SEM  micrographs of WOKA, WOKA-Y,
WOKA-M, and WOKA-Z coatings are
represented in Fig. 3. In Fig. 3(a), the splats,
pores, and unburnt particles were evident on the
as-HVOF sprayed WOKA coating. Partially
melted areas were detected on the as-HVOF
sprayed WOKA-Y surface, as illustrated in Fig.
3(b).

HVOF sprayed surface WOKA-M and WOKA-Z
coatings show melted lamellae splats and pores,
as observed in Fig. 3(c, d). Lamellae splats are
usually developed in HVOF coating, as reported

Pores and
intersplat region

Splat region

in previous studies [40].

3.2. XRD of As-sprayed Surface

X-ray diffractograms reveal the crystalline phase
in WOKA coatings as shown in Figure 4. XRD
results of larger peaks are summarized in Table 2.
In Fig. 4(a), WOKA HVOF coating is composed
of above mentioned crystalline phases however,
the WC phase is brittle/fragile and expected to
crack, crater, or fracture. The results are well
pronounced in previous studies [41, 42].

3.3. Microhardness Analysis

The average microhardness of the WOKA is
tabulated in Table 2. These results show good
agreement with previous studies [4, 41, 42].

L D

ik | \,§gi*at Ceg!%f’ LR
el .

R Ta
N

Fig. 3. SEM micrographs of (a) WOKA, (b) WOKA-Y, (c) WOKA-M, and (d) WOKA-Z coatigs ata
magnification of x100
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Table 2. Properties of HVOF coating

Property WOKA WOKA-Y WOKA-M WOKA-Z
WC, W,C, WC. CoeWC WC, W,C, a-MoC, WC, W»C, Cr23Cs,
Crystalline phases Cr26Cs, Cr7Cs, CroC ’an d oY ’O CrCs, Cr7Cs, and Cr3;C7, CoC, and a-
703, -Y203
and CoC CoC 710,
Microhardness (H.V.) 1156+ 27 1164+ 21 1123+18 1089+32
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Fig. 4. XRD spectrums of (a) WOKA, (b) WOKA-Y, (c) WOKA-M, and (d) WOKA-Z coatings

3.4. Erosion Wear Analysis

3.4.1. Influence of Speed of Rotation

Slurry erosion of WOKA, WOKA-Y, WOKA-M,
and WOKA-Z coatings at different rotational
speeds for FA and BA particles is illustrated in
Fig. 5(a) and 6(a) rotation [C= 30% (by wt.), T=
180 min, and a=0°]. In Fig. 5(a), it can be inferred
that the slurry erosion is significantly influenced
by the rotational speed of the tester. The speed of
rotation of the propeller in a pot tester is directly
related to the velocity of bulk FA particles. The
speed of rotation of the propeller and the velocity
of particles are associated with each other in the
following manner:

V <N

particles propeller ( 1 )

As per the above relationship, the particles’
velocity increases with the speed of rotation of the
propeller. Therefore, the conditions become
accelerated at a high speed of rotation which is
severe because the particles feel high kinetic
energy at a high speed of rotation. High kinetic
energy directs the particles toward the workpiece
at high impact energy which is converted into the
erosion action [43—47]. It was also seen that the
WOKA-Y coating displays higher slurry erosion
resistance than the standard WOKA, WOKA-M,
and WOKA-Z coatings. The order of
slurry erosion was established as WOKA-Y<
WOKA-M< WOKA< WOKA-Z. A similar type
of phenomenon and slurry erosion order was
observed for the BA particles, as shown in Fig.

& &
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6(a) rotation [C= 30% (by wt.), T= 180 min, and
o= 0°]. It was observed that the increment in
slurry erosion with an increase in speed of
rotation was lower in the case of FA particles as
compared to BA particles. This happened because
the BA particles are coarser than the FA particles.
Moreover, the slurry erosion follows a non-linear
characteristic with the speed of rotation.

3.4.2. Influence of Time

Fly ash (FA) slurry erosion results for the
variation of testing time are illustrated in Fig. 5(b)
[C= 60% (by wt.), o= 0°, and N= 1500 rpm]. It
was observed that the increase in testing time
causes higher slurry erosion experienced by
various workpieces. The minimum slurry erosion
was perceived WOKA-Y coating at 90 min of
testing time. The results of the relative erosion
wear by bottom ash slurry established by different
time durations are represented in Fig. 6(b). By
comparison of Fig. 5(b) and 6(b), it can be seen
that FA slurry erosion wear was found to be more
linear than BA slurry. This happened because the
FA particles exhibit a spherical shape.
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04 —— WOKA-M
—e— WOKA-Z

Slurry erosion (g/m?)
o o
38 ] w

o
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T35 -
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2 2
[++]
15 -
E
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@05
O T T T T
20 30 40 50 60 70

Solid concentration (wt.%)

The shape of fly ash particles doesn’t transform
much with the time passage. It maintains a
spherical shape even after the slurry erosion
phenomenon. Although, the slurry erosion by BA
particles showed a steeper increase in slurry
erosion with testing time as compared to FA
particles, as shown in Fig. 6(b).

3.4.3. Influence of Concentration

Fig. 5(c) and 6(c) illustrate the influence of
concentration on slurry erosion of standard and
modified WOKA cermet coatings by FA and BA
particles, respectively. In Fig. 5(¢c), slurry erosion
wear due to FA particles shows a steeper increase
as the solid concentration increases. This occurs
because the particles increase in the slurry as the
higher concentration is used during experiments
which directly contributes to the interaction
phenomenon of slurry erosion. In other words,
higher slurry concentration results in more
collision of bulk particles to the workpiece;
therefore, high erosion occurs (Gandhi et al.
2001; Desale et al. 2006).

4
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Fig. 5. Fly ash (FA) slurry erosion results for the variation of (a) speed of rotation rotation [C= 30% (by wt.), T=
90 min, and o=0°], (b) time [C= 60% (by wt.), a= 0°, and N= 1500 rpm], (c) concentration [7= 180 min, a= 0°,
and N= 1500 rpm], and (d) impact angle [7= 180 min, C= 60% (by wt.), and N= 1500 rpm].
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Fig. 6. Bottom ash (BA) slurry erosion results for the variation of (a) speed of rotation [C= 30% (by wt.), 7= 180
min, and a= 0°], (b) time [C= 30% (by wt.), a= 0°, and N= 1500 rpm], (c) concentration [7= 180 min, a= 0°, and
N= 1500 rpm], and (d) impact angle [7= 180 min, C= 60% (by wt.), and N= 1500 rpm].

In Fig. 5(c), it was also observed that the
increment in erosion wear was almost the same
for every 10% rise in the concentration of FA
slurry. By comparison, it was demonstrated that
the trend of slurry erosion by FA was different
from erosion worn by BA slurry. FA particles
flowing in slurry possess lower void spaces than
the BA particles due to the increase in the
concentration of fly ash resulting in a large
number of particles in a given volume. Thus, the
increment in FA slurry erosion for every 10%
increase in concentration was high as compared
to BA slurry.

In Fig. 6(c), it is seen that slurry erosion augments
at a non-linear rate with an increase in
concentration. At the initial increment (30-40%),
the slurry erosion curve moves steeper. However,
the steepness of the erosion curve drop to 40-50%
concentration which further drops while the
concentration increases from 50-60%. This type of

finding is already reported in the literature for
different materials and erodents [48, 49].
3.4.4. Influence of Impact Angle
Fig. 5(d) shows the effect of impact angle on FA
slurry erosion of standard and modified WOKA
powder coating. Maximum slurry erosion for FA
slurry was perceived at a 60° impact angle for
standard and modified WOKA coatings. The
curve of slurry erosion specifies that standard
and modified WOKA coatings show brittle
characteristics. The sequence of FA slurry erosion
for WOKA powder coatings is written as:
e WOKA-Y< WOKA-M< WOKA< WOKA-Z
(at a=0°, 30°, 45° and 60°).
The slurry erosion of WOKA coatings at different
impact angles between BA particles and the
workpiece is shown in Fig. 6(d). Different
observations were made for the BA slurry. The
order of BA slurry erosion for WOKA powder
coatings is found as:

& &
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e WOKA-M< WOKA-Y< WOKA< WOKA-Z
(at o= 0°).

e WOKA-M< WOKA-Y< WOKA-Z< WOKA
(at o= 30°).

¢ WOKA-Y< WOKA-M< WOKA-Z< WOKA
(at o= 45° and 60°).

3.5. Slurry Erosion Mechanisms

Slurry erosion wear relies on the material removal
process, and the characteristics of the target
material are responsible for the wear. To
understand the material removal process, the
analysis of microstructure plays a crucial role. In
this context, the SEM technique was employed
for the morphological analysis of eroded coatings.
Researchers reported that the main type of slurry
erosion that severely erode the material of
centrifugal slurry pumps includes cutting,
fracturing, and abrasion [43, 50].

In the present study, the erosion mechanisms of
WOKA coatings were analyzed at T= 180 min,
C=60% (by wt.), a= 0°, and N= 1500 rpm. Fig. 7
shows the erosion mechanisms on WOKA coating
by the effect of FA and BA slurry. In Fig. 7(a),
wear marks can be observed on the worn WOKA
coating’s surfaces by the mechanical action of FA
particles resulting from micro-cutting, smear, and
delamination. It has also been discovered that the
micro-crater wears the surface of the material,
resulting in material loss. However, in the case of
BA slurry; the craters and micro-cutting, were
perceived on the surface of the WOKA coating, as
illustrated in Fig. 7(b).

Fig. 7. Erosion mechanims on WOKA coating by the
effect of (a) FA and (b) BA slurry at 7= 180 min,
C=60% (by wt.), o= 0°, and N= 1500 rpm

At higher magnification (x500), lip development

appeared around the edge of the splats. The splats
diminishing, however, appear to be more
common in some areas. The micro-cutting action
of the diminished splats also took place.

Erosion mechanisms of WOKA-Y coatings were
analyzed at T= 180 min, C= 60% (by wt.), a= 0°,
and N= 1500 rpm, as shown in Fig. 8. Fig. 8(a)
presents the erosion mechanisms by the
mechanical action of FA particles at the surface of
WOKA-Y coating. Slurry erosion occurs at the
surface of WOKA-Y coating was comparatively
lower than standard WOKA coating. During the
erosion, the splats remained undiminished in the
case of FA slurry. Few pores can be also seen at
higher magnification (x500). In Fig. 8(b), a few
splats were detected at the surface of the WOKA-
Y coating. Commonly observed mechanisms
were smear regions, plowing, and craters.
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ig. 8. Ersion mechansms on OY coatin by
the effect of (a) FA and (b) BA slurry at T= 180 min,
C=60% (by wt.), a= 0°, and N= 1500 rpm

Fig. 9(a) illustrated the worn surface of WOKA-
M coatings by the FA particles. In Fig. 9(a), the
craters and pores were seen frequently on the
surface of the WOKA-M coating. The micro-
cutting and plastic deformations appeared on the
eroded surface. Melted splats also appeared in a
few regions. WOKA-M coating shows the carters,
plowing, and cutting action on the eroded surface,
as seen in Fig. 9(b). Few micro hills were
observed in the SEM micrographs. The particle
tracks also appeared on the diminished surfaces of
splats.

The erosion mechanism at the surface of WOKA-
Z coating by FA particles is illustrated in Fig.
10(a). Dark regions i.e. craters appeared on the
surface of WOKA-M coatings. The micro-
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cutting, lip formation, and diminished splats are
visualized on the eroded surface. WOKA-Z
coating show splat delamination, deep craters,
and plowing by erosion due to BA particles, as
represented in Fig. 10(b). Zr-doped regions
appeared which formed a flooded-sand-like
microstructure which could be a constraint in the
use of WOKA-Z coating. Zirconia addition in
WOKA is recommended for corrosion problems.

Fig. 9. Erosion mechanisms on WOKA-M coating by
the effect of (a) FA and (b) BA slurry at 7= 180 min,
C=60% (by wt.), o= 0°, and N= 1500 rpm
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Fig. 10. Erosion mechanisms on WOKA-Z coating by
the effect of (a) FA and (b) BA slurry at 7= 180 min,
C=60% (by wt.), o= 0°, and N= 1500 rpm

4. CONCLUSIONS

The following conclusions are drawn based on

experimental results:

* Microhardness of the WOKA was found as
1156+ 27 H.V. Although, the microhardness of
WOKA-Y, WOKA-M, and WOKA-Z coatings
was measured as 1164+21, 1123+18, and
1089432 H.V. respectively.

* The sequence of slurry erosion resistance of
WOKA coatings for the variation of
concentra-tion, time, and speed of rotation is
found as WOKA-Y >WOKA-M >WOKA
>WOKA-Z.

* The increment in slurry erosion was lower in
the case of FA particles as compared to BA
particles. This happened because the BA
particles are coarser than the FA particles.

*  Maximum slurry erosion for FA and BA slurry
was perceived at a 60° impact angle for
standard and modified WOKA coatings.

» The characteristic of slurry erosion specifies
that standard and modified WOKA coatings
show a brittle mode of failure.
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