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Abstract

Twin wire arc spray (TWAS) is a type of thermal spray coating technology that has been extensively researched to improve
the service life and overcome wear, cavitation and corrosion in pump impellers. This study aims to investigate the effect of
post-heat treatment on the properties of FeCrBMnSi coatings fabricated by the Twin Wire Arc Spray (TWAS) method on 304
stainless steel substrates with varying stand-off distances. NiAl and FeCrBMnSi were employed as bond coats and top coats in
this study. The substrate material was sandblasted before the coating process to achieve a surface roughness of 75-100 pum.
The TAFA 9000 Electrical Wire-Arc Spraying machine's voltage (V), current (A), and compressed air pressure (Bar) were set
to 28.4; 150; and 5, respectively. The coating operation was performed at 100, 200, and 300 mm stand-off distances. The
specimens were then post-heated for 3 hours at 500°C and 700°C in a Thermolyne F6010 Furnace Chamber. The quality of the
coating produced in this study was evaluated using thickness, hardness, wear, bond strength, micrography, and SEM (Scanning
Electron Microscope) testing. According to the findings of this study, specimens with a stand-off distance of 100 mm and a
post-heat treatment temperature of 700°C produce the best coating qualities when compared to other specimens. This specimen
resulted in a percentage of porosity and unmelted material, thickness, hardness, adhesive strength, and total wear rate of 7.1%,
5.53 x 10" mm, 1460 HV, 24.86 MPa, and 3.8 x10** mmd/s, respectively.
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environmental impacts and reducing energy consumption,

1. Introduction

Almost every aspect of human existence employs
pumps, including surface water treatment and distribution,
wastewater treatment, oil and chemical industries, and
household water supply [1]-[4]. Typically, these devices
consume approximately 20% of the global electrical energy
output. Efficiency enhancement initiatives are widely
recognized as a critical means of mitigating global

owing to the escalating electricity expenses and the
ubiquitous use of pumps in human activities [5]. One of the
main components of a pump is the impeller [6], which is
often subject to damage such as cavitation, corrosion, and
wear [7]. Cavitation is a phenomenon in which the local
pressure of a liquid drops below its vapor pressure [8].
Meanwhile, corrosion occurs due to a chemical reaction
between the impeller material and the fluid. Impeller blade
wear in pumps occurs due to variations in the concentration
of sediment contained and the velocity of fluid flow [9].
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Factors that affect wear include velocity of fluid flow,
pressure, surface roughness, and material hardness.
Basically, one of the factors affecting wear is the hardness
of the component material [10], [11].

According to studies by Silveira et al. [12], cavitation,
wear, and corrosion are the primary causes of impeller
failure. Cavitation can lead to fatigue damage. Particle
erosion in the fluid can lead to wear on the impeller.
Meanwhile, exposure to seawater or hot liquids causes
corrosion. The occurrence of cavitation, wear, and corrosion
on the impeller can be used to determine the escalation in
degradation and decrease in performance that happens
while various kinds of pumps are in operation [12].
Typically, the efficiency of a pump decreases when it is
used to pump water that contains a significant amount of
sediment. This results from increased and intense
cavitation-abrasive wear on every pump component.
Consequently, this results in escalated operational and
maintenance expenses. Cavitation and abrasive effects
result in pump wear, leading to negative technical and
economic outcomes such as decreased energy performance
and increased energy consumption [13]. This results in
periodic maintenance to mitigate failure effects [14], [15].
The evident outcome is decreased agricultural production
due to decreased water availability from the pump [16].

Coating techniques have been extensively implemented
across diverse industries to augment the durability and
lifetime of components.  This is achieved by
improving chemical properties, hardness, mechanical
properties, tribology, abrasion resistance, and thermal shock
resistance [17]-[20]. Besides employing hard metals [21],
the thermal spray coating procedure can also be utilized to
counteract the erosion and abrasion experienced by pump
components [22]. The thermal spray coating process
involves heating the material and spraying it onto the
surface to be coated, forming a protective layer. A thermal
spray method that produces a coating with higher coating
hardness and strength, as well as good coating quality with
minimal porosity is Twin Wire Arc Spray (TWAS) [23].
This technique is favored due to its minimal equipment and
operational costs, as well as its high rate of deposition and
mobility. Adjusting the voltage, arc current, type and
pressure of the atomizing gas, and stand-off distance, the
microstructure of the TWAS coating can be controlled [24],
[25]. The TWAS machine's voltage and arc current should
be tuned to provide the least variation possible while
producing a constant and stable condition. This will
facilitate the ongoing melting of the feedstock and allow for
the atomization of particles while in motion through a high-
velocity gas stream. The gas type and pressure in the TWAS
procedure can affect gas density, affecting the size and
distribution of particles on the surface of the substrate [25].

The stand-off distance affects the microstructure and
mechanical properties of the coating layers. Stand-off
distance must be considered to obtain the target thickness of
the coating layers [26].

Post heat-treatment of coatings is also important to
modify the microstructure and improve the mechanical
properties of the coating. Annealing is a post-heat treatment
method that uses thermal energy to improve the properties
of the deposited coating [27]. Post-heat treatment is one of
the most important factors in improving the properties of
coatings [28]. Applying post-heat treatment to coating
layers can be employed to attain desired target
geometries, enhance  mechanical properties, and
microstructure [25]. Furthermore, post-heat treatment can

result in the formation of dense coatings with decreased
porosity, which improves the mechanical properties of the
coating [29].

Previous studies on the coating of FeCrBMnSi on
impeller pumps made of 304 Stainless Steel mainly focused
on the influence of process parameters such as stand-off
distance, air pressure, and post-heat treatment on the
microstructure, adhesion strength, mechanical properties,
and mass loss of the coating layer. There is limited research
on the various combinations of TWAS parameters, such as
post-heat treatment and stand-off distance, which can
improve the characteristics of coating layers, including
microstructure, thickness, adhesion strength, hardness, and
wear resistance. Therefore, this research was conducted to
determine the effect of post-heat treatment on the
characteristics of FeCrBMnSi coatings produced using the
Twin Wire Arc Spray (TWAS) method on 304 stainless
steel substrates with different stand-off distances. The post-
heat treatment in this study is intended to diminish residual
thermal stresses in the FeCrBMnSi coating, refine its grain
structure, homogenize the microstructure, enhance
mechanical properties, improve wear resistance, and
enhance the adhesion of the coating layer. The results can
help improve the properties of FeCrBMnSi coatings by
using post-heat treatment.

2. Materials and Methods
2.1. Materials

In this research, 304 stainless steel was used as the raw
material for the pump impeller specimen. The chemical
composition of the 304 stainless steel used in this study is
detailed in Table 1 [24]. The 304 stainless steel is a material
with good resistance to corrosion, with a density and
modulus of elasticity of 7.9 g/cm®, and 180 GPa,
respectively [30]. In this research, bond coat material is used
to strengthen the bond between the coating layer and the
substrate. The type of bond coat used is TAFA 75B (Ni-Al).
This product has a melting point of 2642°F (1450°C), with
Ni and Al contents of 95% and 5%, respectively [31].

Table 1. 304 stainless steel's chemical composition

Element Percentage (%)
C 0.08

Mn 2

P 0.045

S 0.3

Si 1

Cr 18

Ni 8

Fe Balance

This study used TAFA 95 MXC or FeCrBMnSi as the
top coat material, with its chemical composition provided in
Table 2 [32]. The wire size and melting point of this
material are 1.6 mm and 1204°C [32]. TAFA 95B and
TAFA 95 MXC used in this study were obtained from
TAFA Incorporated, Concord, New Hampshire, USA.

Table 2. TAFA 95 MXC chemical composition

Element Percentage (%)
Si 1.7

Cr 28

Mn 2

B 3.7

Fe 64.6
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2.2. Fabrication of Specimen and Testing

This research uses a 304 stainless steel plate as a
substrate with a size of 100 mm x 100 mm x 6 mm (Figure
1). Sandblasting was performed using aluminum oxide with
a mesh size of 24 to obtain an average surface roughness on
the substrate of 75 — 100 pm. Substrate preparation and
blasting equipment followed NACE 2 or SSPC SP-10 (Near
White Blasting) standards. The sandblasting process used a
Norblast Sandblasting machine with type NOB35CE, form
Norexco SA, Ville-la Grand, France.

100

100

Figure 1. Substrate materials (dimensions in mm)

The coating process in this study used the Twin Wire
Electrical Arc-Spraying method with a TAFA 9000
Electrical Wire-Arc Spraying machine from TAFA
Incorporated, Concord, New Hampshire, United States of
America (Figure 2) with detailed specifications shown in
Table 3.

The coating process was carried out using the TAFA
9000 Electric Wire Arc Spraying machine by setting the
voltage (V), current (A), and compressed air pressure (Bar)
to 28.4; 150; and 5, respectively. In this study, the coating
process on the substrate was carried out with stand-off
distances of 100 mm, 200 mm, and 300 mm. Post heat
treatment was carried out after the coating process to
increase the hardness of the coated parts. To accomplish
maximum hardness, this post-heat treatment is performed at
500°C and 700°C for 3 hours and then allowed to cool to
room temperature in the furnace [33].

Figure 2. PRAXAIR TAFA 9000 Arc-Spray Machine
Table 3. PRAXAIR TAFA 9000 Arc-Spray Machine specifications

Parameters Value

Input ampere <23A
Input voltage 200 V

Input frequency 50-60 Hz
Output ampere 100—200 A
Output voltage 18-30 V
Spraying Air pressure 3-5 Bar
Wire size 1.6-2.5 mm

The quality of the coating produced in this study was
evaluated using thickness, hardness, wear, bond strength,
micrography, and SEM (Scanning Electron Microscope)
testing. The tests will be carried out on specimens that have
been coated with post-heat treatment and on specimens that
have been coated without post-heat treatment. Scanning
Electron Microscope (SEM) (Hitachi High-Tech,
Toranomon, Minato-ku, Tokyo, Japan) was used to
observe the morphology of the specimen. SEM images
were then analysed with ImageJ software to determine the
amount of porosity and unmelted material in each
specimen [24], [34]. The construction of the coating layer
was observed using a LOM (light optical microscope) with
an Olympus U-MSSP4 (Evident Corporation, Shinjuku-ku,
Tokyo, Japan), which refers to the ASTM E3 standard in
2007. The results of this test will be analyzed using ImageJ
software to estimate the thickness of the produced coating
layer.

Hardness testing of the coating layer was carried out
using Mitutoyo Micro Vickers Hardness Testing Machines
HM-210 series (Mitutoyo Corporation, Kanagawa, Japan)
regarding ASTM E92-82 standard in 2003. This test is
carried out with an indenter loading of 0.5 kgf for 10
seconds. The pull-off bonding method was performed with
the standard used was ASTM D-4541. A 20 mm diameter
dolly was adhered to the surface of the coated specimen to
conduct the test. This study utilized Araldite adhesive to
adhere the surfaces of the specimen and dolly together. A
24-hour ageing process was undertaken to provide excellent
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adhesion between the dolly and the surface of the specimen.
The test process utilized a PosiTest AT-M Adhesion Tester
(DeFelsko, New York, USA) to apply force on the dolly
attached to the surface of the specimen.

Wear tests were carried out according to ASTM G99-
95A using the pin-on-disc method [35]-[38].

The coated specimens were sectioned using the
Everising S-12H machine to produce specimens with
dimensions of 10 mm x 10 mm x 6 mm. These specimens
were then joined to the pins on the pin-on-disc machine. The
abrasive material used as a disc in this study is silica carbide
paper. The pin-on-disc test was performed 10,000 cycles
with a disc rotation speed of 100 rpm and a given load of
300 g. In this study, the abrasive material was changed
every 500 cycles. The wear rate calculations are based on
prior research [24], [34].

3. Results and Discussions

Figure 3 depicts the results of an SEM test with 4000x
magnifications on one of the specimens. Porosity, unmelted
material, and oxides are visible in SEM images. This
phenomenon can be found in all specimens produced, both
with and without post-heat treatment.

ImageJ software was used to calculate the percentage of
porosity and unmelted material. Figure 4 illustrates the use
of ImageJ software to estimate the percentage of porosity

SU3H00 10.0kY 5.5mm x4.00k BSE-COMP

(@)

and unmelted material in SEM images of one of the
specimens produced in this study. This calculation is based
on the method used in previous studies [24], [34].

The effect of stand-off distance and post-heat treatment
on the percentage of porosity and unmelted material is
shown in Figure 5. This study illustrates that in specimens
that do not undergo post-hardening treatment, the presence
of porosity and unmelted material increases as the stand-off
distance increases from 100 mm to 200 mm.

Unmelt

Porosity

SU3500 10.0kV 5.6mm x4.00k BSE-COMP

Figure 3. Morphology of the coating layer obtained on the
specimen

g

Figure 4. Percentage measurement of porosity and unmelted material using ImageJ software. (a) SEM Images and, (b) ImageJ analysis
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Figure 5. The effect of stand-off distance and post-annealing treatment on the percentage of porosity and unmelted material
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However, there is a slight increase in porosity and
unmelted material when the stand-off distance exceeds 200
mm. Increasing the distance between the object and the heat
source (stand-off) leads to higher porosity and unmelted
material produced. Increasing the stand-off distance results
in a prolonged cooling process for the melted coating
material as it moves towards the substrate. This causes the
melted coating material to adhere to the substrate when it is
in a low temperature or cooled state. This results in reduced
wettability of the droplets, which leads to the formation of
an imperfect coating layer. As a result, greater porosity and
non-melting material is produced when the stand-off length
is increased [24]. The smallest percentage of porosity and
unmelted material is found in specimens coated with a
stand-off distance of 100 mm and post-heat treatment at
700°C. This specimen produces a percentage of porosity
and unmelted material of 7.1%. Meanwhile, the largest
percentage of porosity and unmelted material was found in
the coated specimen with a stand-off distance of 300 mm
without post-heat treatment. This specimen produces a
percentage of porosity and unmelted material of 15.8%. The
results of this study show that post-heat treatment reduces
the percentage of porosity and unmelted material at all
variations of stand-off distance. Furthermore, the higher the
post-heat treatment temperature used, the less percentage of
porosity and unmelted material there is in the coating layers.

The percentage of porosity and unmelted material
increases as the stand-off distance increases [24].
Meanwhile, an increase in the post-heat treatment
temperature used causes the percentage of porosity and
unmelted material to decrease. This happens because as the
post-heat treatment temperature rises and the stand-off
distance decreases, there is an increase in particle
transportation from high concentration to low concentration
to fill the void. Consequently, the percentage of unmelted
material and porosity in the coating layer decreases [39],
[40].

Thickness (x10-1mm)
S

100

The findings of this study indicate that the percentage of
porosity and unmelted material rises as the stand-off
distance increases. Nevertheless, when the temperature
increased throughout the post-heat treatment procedure, the
amount of porosity and unmelt in the coating layer reduced
across all stand-off distances. This phenomenon arises due
to the elevation of the post-heat temperature, which
creates a more uniform microstructure. Consequently, this
reduces the presence of pores and enhances the
solidification of the coating layer. Moreover, raising the
temperature of the post-heat treatment promotes a more
efficient re-melting process. This will decrease the quantity
of presence and minimize pores while establishing a strong
metallurgical connection between the coating layers and the
substrate. The study's findings are consistent with research
by Fu Bin-You et al. (2009), which found that the
percentage of porosity and unmelt increases with increasing
stand-off distance. However, with increasing annealing
temperatures, the percentage of porosity decreases [41].
Additionally, Cheng et al. [42] found that increasing the
annealing temperature can decrease porosity and increase
hardness. This occurs because increasing the annealing
temperature causes an increase in  microstructure
homogeneity, reduction of porosity and higher
solidification of the coating layer [42]. Based on a study
conducted by Daram et al., [43] the re-melting process
during post-annealing treatment can eliminate pores and
create a strong metallurgical bond between the coating and
the substrate. The reduction in porosity after post-heat
treatment occurs because the microstructure contains more
oxide phases in the intersplat boundary layer, resulting in a
reduction in the number of open pores [43].

According to Zhou et al. [44] research, increasing the
heat treatment temperature causes recrystallization in the
coating layers. The recrystallization process leads to the
surface of the particles blurring and disappearing, numerous
pores closing, and the coating's porosity decreasing
significantly [44].

7.14 7.05 7.02

200 300

Stand-off Distance (mm)

= Non treatment

m500C

m700C

Figure 6. The effect of stand-off distance and post-annealing treatment on coating layer thickness
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Figure 6 depicts the effect of stand-off distance and post-
heat treatment on coating layer thickness. The results of this
study show that specimens without post-heat treatment with
a stand-off distance of 300 mm have the thickest coating
layer. The coating layer on this specimen is 0.714 mm thick.
The specimen's thinnest coating layer was then discovered
with a stand-off distance of 100mm and a post-heat
treatment at 700°C, yielding a coating thickness of 0.553
mm.

The results of this study show that increasing the
temperature in the post-heat treatment causes a decrease in
the thickness of the coating layer in all variations of the
stand-off distance. The percentage of unmelted material and
porosity have a significant impact on the coating layer
thickness [45]. According to the findings of this study, the
thickest coating layer is found on specimens with the
highest percentage of porosity and unmelted material. In
contrast, the thinnest coating layer is found in specimens
with the lowest percentage of porosity and unmelted
material. As the percentage of porosity and unmelted
material decreases, the interlamellar bond strengthens,
resulting in a thinner coating layer [43]. These results are in
accordance with research conducted by Daram et al. [43]
and Nayak et al. [46]. Their results show that increasing the
amount of porosity causes the thickness of the coating layer
to increase [43], [46]. Furthermore, the post heat treatment
temperature also had a significant impact. When the
temperature was increased from 500°C to 700°C, the
coating thickness tended to increase or stabilize. High
temperature during post heat treatment can improve the
adhesion of coating particles, resulting in a denser and more
stable coating [47]-[49].

Twin Wire Arc spray coating followed by post-heat
treatment with different temperatures in this study causes
the formed coating to undergo structural changes that affect
the thickness and properties of the coating layer. The effect
of stand-off distance and post-heat treatment on the
hardness of the coating layer is shown in Figure 7. The
results of this study show that specimens coated instead of
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post-heat treatment have a hardness of 800-1200 HV. The
specimens coated and post-heat treatment at 500°C had a
hardness ranging from 1000 to 1400 HV.

Coated and post-heat treatment at 700°C specimens have
a hardness range of 1100-1500 HV. The hardest specimens
were coated with a stand-off distance of 100 mm and post-
heat treatment at 700°C. This specimen produced a hardness
of 1460 HV. While specimens coated with a stand-off
distance of 300 mm and without post-heat treatment
achieved the lowest hardness of 893 HV. The results of this
study show that specimens with the highest hardness are
found in specimens that have the smallest percentage of
porosity and unmelted material. While specimens with the
lowest hardness are found in specimens that have the
highest percentage of porosity and unmelted material.
According to the findings of this study, increasing the
temperature in the post-heat treatment causes an increase in
the hardness of the coating layer at all stand-off distance
variations.

The coating properties are greatly influenced by porosity
[50]-[52]. The hardness of the coating layer increases as the
percentage of porosity and unmelted material decreases.
The presence of unmelted or compacted particles entrapped
within the coating is generally associated with higher
porosity. Porosity causes inadequate coating cohesion and
reduces the ability to endure indentation loads, resulting in
a decrease in hardness. Furthermore, porosity in the coating
can result in rising corrosion rates and wear [50]-[52]. The
porosity of a coating is inversely related to its hardness. The
hardness of the coating increases as the porosity decreases.
A study on HVOF-sprayed WC10Co4Cr coatings, for
example, discovered that optimising process parameters
resulted in coatings with low porosity (0.2 VVol. Percentage)
and maximum hardness (1325.26 HVx) [53]. Furthermore,
a study found that the presence of the lowest porosity causes
the Fe-based amorphous coatings to have the highest
hardness [50]. These findings show that decreasing porosity
leads to an increase in coating hardness.

200 300

Stand-off Distance (mm)

= Non treatment

m500C

m700C

Figure 7. The effect of stand-off distance and post-annealing on the hardness of the coating layer
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The greater the stand-off distance, the oxide content
attached to the coating increases, the increase in the value
of oxide content will make the hardness value of the coating
tend to decrease [54]. In addition, the increase in post-heat
treatment temperature made the coating layer increase in
hardness value. This is due to a decrease in tensile residual
stress in the coating layer [55], [56]. According to Zhang et
al. [57] study findings, high-temperature annealing
(>700°C) results in a homogeneous microstructure with low
porosity. This will increase the number of microcracks,
which will increase hardness as well as fracture toughness
[57]. The same phenomenon was also found in research
conducted by Dhiflaoui et al. [58] and Kosasih et al. [59].
Their results show that the increase in annealing
temperature improves the hardness.

Figure 8 shows the effect of stand-off distance and post-
heat treatment temperature on adhesive strength of coating
layers. Pull off bonding test conducted in this study is used
to determine the amount of adhesive strength between the
coating layer and the substrate.

The results of this study show that the highest adhesive
strength is found in specimens coated with a stand-off
distance of 100 mm and post-heat treatment at 700°C. This
specimen produced a hardness of 24.86 MPa. Meanwhile,
specimens coated with a stand-off distance of 300 mm and
without post-heat treatment produced the lowest adhesive
strength of 18.52 MPa. In general, the adhesive strength
produced in this study meets the ASM standard for twin
wire arc spray, which is 10—40 MPa [60].

The results of this study indicate that specimens with the
highest adhesive strength are found in specimens that have
the smallest percentage of porosity and unmelted material.
While specimens with the lowest adhesive strength are
found in specimens that have the highest percentage of
porosity and unmelted material. According to the findings
of this study, an increase in temperature in the post-heat

30

o4 22.16

18

12

Adhesive Strength (MPa)

100

treatment led to an increase in the adhesive strength of the
coating layers at all variations of stand-off distance.

According to this study, increasing the stand-off distance
will reduce the adhesion strength of the coating layer to the
substrate due to the greater value of porosity and unmelt
contained in the coating layer [61]. In contrast, the
specimens with 500°C and 700°C post-heat treatment, the
adhesion value tended to increase compared to the coating
without post-heat treatment. This occurs because the
annealing process results in a decrease in percentage of
porosity and unmelt materials, thus increasing the adhesion
of the coating [62]. Increased porosity can result in reduced
adhesion between the coating layer and the substrate. This
is caused by poor mechanical and chemical adhesion, as
well as incomplete pore filling. As a result, interlocking and
adhesion are ineffective.

According to other reports, the higher the percentage of
porosity and unmelted material, the lower the adhesive
strength of the coating. Porosity in the coating reduces bond
strength due to pores giving pathways for crack
propagation. Furthermore, the presence of porosity leads to
the coating layer delaminating from the substrate. When
porosity is reduced, the coating has an increased density and
an additional continuous structure, which strengthens the
bond between the coating and the substrate [63]. The
coating layer's porosity is defined as the existence of voids,
pores, or holes in it. The coating's bonding strength
increases with decreasing porosity.

This is because reduced porosity indicates fewer coating
defects, which may reduce the bonding strength. The
bonding strength of a coating can be significantly affected
by the presence of numerous small particles and unmelted
materials caused by porosity in the coating. Thus, lowering
the coating's pore number and other defects could assist in
improving the coating's adhesive strength [64].

23.74

22.66

200 300

Stand-off Distance (mm)

= Non treatment m500C ®=700C

Figure 8. The effect of stand-off distance and post-annealing temperature on coating adhesive strength
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Figure 9. The effect of stand-off distance and post-annealing temperature on coating wear resistance

The effect of stand-off distance and post-heat treatment
temperature on the wear rate of the coating layer is shown
in Figure 9. The results of this study show that the lowest
wear rate was found on specimens coated with a stand-off
distance of 100 mm and annealed at 700°C. This specimen
produced a wear rate of 3.8 x 10 mm?/s.

Meanwhile, specimens coated with a stand-off distance
of 300 mm and without annealing produced the highest wear
rate of 6.1 x 10* mm?%/s. According to the findings of this
study, increasing the temperature in the post-heat treatment
causes a decrease in the wear rate of the coating layer at all
variations of the stand-off distance.

In other words, increasing the temperature in the post-
heat treatment led to an increase in the wear resistance of
the coating layer at all variations of the stand-off distance.
In the study of Zhu et al. [65], the wear resistance of
AICrTiSiN coating made by arc ion plating was improved
after annealing treatment [65]. Based on the findings in this
study, the specimen with the highest wear rate is found in
the specimen that has the highest percentage of porosity and
unmelted material. While the specimen with the lowest
wear rate is found in the specimen that has the lowest
percentage of porosity and unmelted material. Higher
porosity of materials causes increased wear rates, as
confirmed by a research study by Lavrys et al. [66]. Pores
act as stress raisers and are a source of crack propagation,
which can cause damage to a material system [66].

The wear rate obtained in this study is strongly related to
the hardness and thickness of the coating layer, in addition
to the percentage of porosity and unmelted material. The
results revealed that the specimen with the highest wear rate
had the lowest hardness and thickest coating thickness. The
specimen with the lowest wear rate was discovered to have
the highest hardness and thin coating thickness. According
to the findings of this study, the wear resistance of coatings
is dependent on the hardness and thickness produced. The
findings of this study are consistent with the findings of
Zhai et al. [66]. According to their findings, the hardness
and thickness of the coating layer determine wear resistance
and friction coefficient.

Hardness is directly related to wear resistance; hard
materials wear less than soft ones. Thickness, on the other
hand, is one of the factors influencing abrasive wear
resistance as a result of mass sliding friction. Gas nitriding
(GN) and combined deformation-diffusion treatment

(DDT) of porous titanium lead to the creation of a nitride
layer accompanied by a diffusion zone underlying it. Based
on XRD examination, the intensity of the nitride phase is
greater for titanium after DDT than after GN. This suggests
that a thicker surface nitride layer is formed due to DDT. As
a result, the surface microhardness is greater after DDT than
itis after GN. Therefore, porous titanium with GN and DDT
exhibits superior wear resistance compared to ball
burnishing (BB) products in these specific tribo interaction
settings [66].

Decreasing the hardness of the coating will make the
wear resistance of the coating material tend to be low [35],
[67]-[73]. A increase in stand-off distance results in a
decrease in hardness value which will make the mass loss
and wear rate of the specimen tend to be high [24], [28].
This can be improved by annealing after the coating process
is finished. This study demonstrates that increasing the post-
heat treatment temperature reduces the wear rate due to
the increased hardness of the coating layer [74], [75].
Furthermore, at all stand-off distance variations, the wear
rate on specimens without post-heat treatment treatment is
higher than the wear rate on specimens with post-heat
treatment.

Conclusions

The application of Twin Wire Arc Spray (TWAS) as a
coating technique to prevent wear, cavitation, and corrosion
in pump impellers is discussed in this study. The effects of
post-heat treatment temperature and stand-off distance on
the coating properties are the primary focus of this study.
The coating was characterized by several tests and analyses,
including microstructure, hardness, wear, thickness,
adhesive strength and SEM.

The results of this investigation demonstrate that as
stand-off distance increases, correspondingly increases the
percentage of porosity and unmelted material. Nevertheless,
after post-heat treatment, the percentage of porosity and
unmelted material decreased. The findings of this
investigation show that at all stand-off distance variations,
an increase in temperature during the post-heat treatment
decreased the percentage of porosity and unmelted material
in the coating layers. An increase in the percentage of
porosity and unmelted material leads to an increase in the
thickness of the resulting coating layer. Furthermore, an



© 2024 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 18, Number 2 (ISSN 1995-6665) 335

increase in the percentage of porosity and unmelted material
leads to a decrease in hardness, wear resistance, and
adhesion strength of the coating layer.

In comparison to other specimens, specimens coated
with a variation of 100 mm stand-off distance and post-heat
treatment at 700°C have the lowest percentage of porosity
and unmelted material. As a result, the coating layer in this
specimen has superior thickness, hardness, adhesive
strength, and wear resistance than the other specimens. The
percentage of porosity and unmelted material, thickness,
hardness, adhesive strength, and wear rate total of this
specimen are 7.1%, 5.53 x 10"t mm, 1460 HV, 24.86 MPa,
and 3.8 x10™* mm?/s, respectively. At a stand-off distance of
100 mm, specimens treated with post-heat treatment at
700°C decreased porosity and unmelted material (%) and
thickness (mm) by 29% and 2% compared to specimens
without post-heat treatment. Furthermore, the hardness and
adhesive strength of these specimens increased by 23% and
17%, respectively. In addition, the specimen with post-heat
treatment at 7000C showed the best wear resistance. This is
indicated by a 10% decrease in total wear rate compared to
specimens without post-heat treatment.
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