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ABSTRACT

The method of thermal spraying with flame, which was used to conduct a coating consisting of a nickel base and
additions of three groups—(C=Ni-WC-B4C), (B=Ni-B4C), and (A=Ni-WC)—and with different reinforcement ratios from
these groups, forms the basis of cermet coating. The bases for thermal spraying were made by roughing up and cutting
out-of-service turbine blades that were 1 cm square in shape. The spray angle 90°, spray distance of 15 cm, thermal
sintering temperature of 1050°C, and mixing ratio of type (C=50%Ni-25%WC-25%B,C) of the three mixes were at their
ideal standard conditions. The results of the scanning electron microscope showed nearly good mechanical homogeneity
and crosslinking at the same percentage above, especially after the thermal sintering process. It was discovered that the
hardness is (240 Hv), the adhesion strength is (39 MPa), and the best coating thickness at each of the hardness and
adhesion strength is (1.5 mm). The (C) mixture, which had superior structural, physical, and mechanical capabilities

compared to the (B) and (A) combinations, was also reported to have produced the best outcomes.
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Introduction

The phrase “thermal spraying” refers to a group
of procedures that include depositing metallic or
non-metallic materials on substrates that have been
prepared in preparation for coating while they are
still molten or semi-molten. Typically, the coating
ingredients come in the form of metal rods or wires
or powder.! Depending on the heat source used to
melt the paint, thermal spraying processes can be
divided into two categories: chemical and electrical.
Flame spray, high velocity oxygen fuel spray (HVOF),
and explosive spray are examples of chemical kinds
(Detonation spray). The sorts of electric ones are
as follows: Electric Arc Spray and Plasma Spray.?
With the introduction of the oxyacetylene torch (Oxy-
acetylene Torch) between the years (1890-1910), the

thermal spraying method was discovered.® Following
that, these technologies continued to be developed
and updated. Since it used the oxy-acetylene flame
and the electric arc as a source of heat between
the years 1921 and 1909), the Swedish engineer
(Schoop) was able to develop twelve techniques for
thermal spraying. However, it was only capable of
spraying metallic and ceramic materials with a low
melting temperature, and only experimentally.* The
coating ingredients are heated by the combustion of
gases, such as flame spraying or electric arcs, or by
an electric arc that warms and ionizes a stream of
gases, as in Plasma Spray, as the coating materials are
typically in their solid states.* The coating process
can be summed up as follows: heating the material
to be coated, melting it, atomizing it, speeding it up
by compressing gases, and finally transferring it to
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the surface of the base (Substrate) by generating a
precise stream of droplets and by the action of the
gas push. Drops flatten and adhere to the base as
they come in contact with it, generating strips that
are joined to the base and to one another to produce
a lamellar covering.® One of the crucial methods for
producing protective coatings (Protection Coating)
is thermal spraying technology.® These coatings are
used for thermal insulation, protection against wear
and oxidation, chemical and mechanical corrosion,
rebuilding worn parts to their original dimensions,
and protection against wear and oxidation. This
method can be applied to coating metallic materials
and their alloys, ceramic and polymeric materials, re-
fractory metals (such as tungsten and molybdenum),
even materials with super conductivity, and on a
variety of substrates, starting with substrates with a
low melting temperature (such as plastic) and ending
with substrates with a high melting temperature
(such as ceramics and refractory metals).” The use
of thermal spraying techniques is widespread, for
example in optical fields or electrical applications. ®°
The matrix, the foundation material, is formed
using thermal spraying technology when creating
composite materials.'® The study aims to improve
the physical properties of the materials used in the
coating using thermal spraying by flame technique.

Materials and methods

The initial support material, tungsten carbide, with
a granular size of 75 um and made by (Metcol102)
with a purity of (99.8%), as well as nickel metal
powder with a granular size of 75 um were both
employed. The second support material was boron
carbide, which had micro-grains of 90 um in size and
a purity of 99.6% and was made by Metcol10. In
the current study, coated samples of a system based
on nickel metal were produced using three different
thermal spraying by flame techniques: the first uti-
lized different combinations of (Ni-%WC), the second
used (Ni-%B4C), and the third used (Ni-%WC-%B,4C)
and in different weight ratios given in Table 1. Fig. 1
illustrates a device produced locally that mixes the
powders using steel balls in a micro-mill. The device
employed two acetylene oxygen bottles, with the oxy-
gen ratio being 4 bar and the acetylene ratio being 1
bar (~0.7 bar). After being processed for two hours
in a homemade mill with steel balls, a unique powder
is put inside the spray gun so that the powder can
be mixed in it. The combination was then subjected
to a temperature of 100°C for 30 minutes to remove
the moisture from the powder. After the base mixture
was sprayed with three separate mixes, the powder
was deposited in the spray gun’s designated powder

BAGHDAD SCIENCE JOURNAL 2025;22(6):1919-1929

Table 1. Mixtures used in the practical part.

Type of Mixture Concentration%

A 95%Ni + 5%WC
90%Ni + 10%WC
85%Ni + 15%WC
80%Ni + 20%WC
75%Ni + 25%WC

B 95%Ni + 5%B4C
90%Ni + 10% B4C
85%Ni + 15% B4C
80%Ni + 20% B4C
75%Ni + 25%B4C

C 90%Ni + 5%WC + 5%B4C
80%Ni + 10%WC + 10%B4C
70%Ni + 15%WC + 15%B4C
60%Ni + 20%WC + 20%B4C
50%Ni + 25%WC + 25%B4C

Fig. 1. lllustrate the thermal spray system.

container, which included a powder of the primer
coating material with a binder of (80% Ni + 20%
Al). Additionally, all combinations were taken consis-
tently at the distance designated for coating, which is
(15 c¢m). To increase the adhesion strength between
the molten drops and the base of the coating that
was used from an out-of-service turbine feather cut
in a square shape with a dimension of 1 cm for each
side, the powder pellet is opened and the powder
starts to descend to the previously roughened base
by the method of serration. According to Table 2,
which displays the chemical analysis of the alloy used
as a coating basis, the X-ray fluorescence analysis of
the base is shown. Following the completion of the
prepared models, these samples exhibit some weak-
ness in the external coating, which urgently calls for
heat treatment. This treatment was carried out for the
samples through a German-made Muffle furnace for
the samples for a brief time—just two hours—at a
temperature of 1050°C. The next step is to carry out
laboratory testing, such as physical, mechanical, and
synthetic ones.
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Table 2. The chemical analysis of the alloy used
as a coating basis (St.St.316L).

Elements AISI -316L
C pct 03.0<

Si pct 00.1<
Mn 00 pct .2<
P Pct 04 .0=<
S 03 pct .0=<
Cr pct 00 .17
Mo 25 pct.2

Ni 00 pct .12
Fe Remain

Utilized tests

Hardness test

Hardness is the ability of a material to resist
persistent deformation (plastic deformation, which
happens as a result of indentation, cutting, wear,
and scratching), penetration, and machinability. The
kind of bonding force affects how hard a material
is. Among atoms or molecules, the type of surface,
high temperature, and heat treatment. The Vickers
micro-hardness test was performed using a French-
made hardness device of the type (METKON), which
includes a penetration tool that has a pointed mi-
croscopic head shaped like a diamond pyramid with
a square base and levels that intersect at an angle
of 136° at the top. The sample is fixed underneath
this tool for the test. The samples were divided into
pieces measuring 1 cm in length, 1 cm in width, and
1 cm in thickness. A force of 50 N was applied for 20
seconds. By measuring the lengths of the two diam-
eters (dy, d;) and their average values (D), and then
using the connection, the Vickers hardness number is
determined by Eq. (1).!!

P 2Psin 135
HV=1854 —=HV= ——— =

1
o . )

Where HV is Vickers hardness, P the applied load
(N) and dav represent mean impact diameter.

A rough estimate of the hardness rate was obtained
by measuring the hardness in several distinct places
of the sample, including the center and the edges.

Adhesion force

The painted model is the primary component of
the task, thus it is required to calculate the adhesion
force, which is the adhesive force between the sys-
tem’s coating and the base, which is meant to depict
an oil pipe or a turbine vane. (Time Group Inc.) When
a coated and uncoated sample is taken; an adhesive
is placed between the two samples and pressed using
the device (Universal Testing Machine Type Hoytom)
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Fig. 2. Shows the adhesion force device.

for a period of 24 hours. Then, the above device is
used to pull between the coated and uncoated sample,
and when the two samples are uncoated, the adhesive
is measured in units of (MPa). As demonstrated in
Fig. 2, some devices will record the highest contact
force in Pascal’s. '?

Wear test

The wear rate of coating samples made of mixed
material was measured using the (Amsler) equip-
ment. The wear tester comprises of a set gears with
the an axis for attaching the paint sample and an
electric motor revolving at a rotational speed of
(190 rad/min). In order to gauge the degree of wear,
the disk on disk approach was used. The quantity of
paint loss due to sliding wear was also determined
using the weight method. Before and after the wear,
the sample is weighed on a sensitive scale with a sen-
sitivity of (£0.001 g), using a type (Metll H311). The
sample is positioned in the Amsler device’s assigned
location, in close proximity to a fixed disc of high
hardness, and while being subjected to a force (100
N). The test was continued for 30 minutes, and the
wear rate could be estimated by using the following
equation. '®

M1 - M2
Wear Rate = —5 2)

Whereas: M1 represents the sample’s mass prior to
investigation, M2 represents the sample’s mass fol-
lowing examination, and, D: the route taken during
the examination, D: the route taken during the exam-
ination, like in:

D=2ran 3
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Where: r~ is the sample’s radius (20 mm), and the
number of cycles is n~ (calculated from the number of
cycles in the test device).

Porosity

The quantity of percentage of pores on the surface
of the coating, which is directly proportional to the
hardness, is one of the physical tests of great im-
portance for measuring the number of pores present
within one sample. Porosity increases with weaker
hardness and vice versa. The following Eq. (4) was
then applied, as the Archimedes immersion method
was used (Immersion Method), where the weight of
the paint was calculated, which is (W1), after which
the painted model was immersed in distilled water
for a period of 24 hours, and then the weight was
calculated after immersion (W2). The painted model
was then suspended in distilled water, and the third
weight (W3) was calculated. '*

W, —W;

Porosity = ( Wil W
2 — W3

) « 100% @

Scanning electron microscope

In order to understand the outer surface of the gen-
erated samples and how they are cohesive, the surface
topography of the samples formed was investigated.
Due to its many benefits, including its ability to mag-
nify objects up to hundreds of times more than light
microscopes while providing a distinct description of
the external surface structure, a scanning electron
microscope was employed for this task. The kind of
microscope being utilized is a TESCAN with a French-
made model named MIRA3.

Results and discussion

The findings from looking at a few physical char-
acteristics of the prepared samples are summarized
below. Because the results acquired before conduct-
ing the thermal sintering process were insufficient
and weak, these samples were tested under the most
critical standard conditions, the most critical of which
was after conducting the thermal sintering process for
the samples.

The effect of reinforcement materials on the coating
hardness

The relationship between the reinforcement addi-
tive content and the Vickers hardness values after
sintering, obtained during the sintering process is
depicted in Fig. 3. for various reinforcement addi-
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tion proportions. When the reinforcement material
was added in different amounts, the Vickers hard-
ness value increased. The best reinforcement ratio
was achieved at the mixture (Ni-WC-B4C) 25% by
(240 Hv). As the sintering process increased the re-
sults of the Vickers hardness, it can be seen that
adding the content of the reinforcement material re-
sulted in a rise in the percentages of the Vickers hard-
ness values, with the content of the reinforcement
material obviously increasing the Vickers hardness
values. The percentage of Vickers hardness values in
the three mixtures increased to a specified percent-
age, which is the ratio (50%Ni-25%WC-25%B4C), as
a result of increasing the content of the reinforcement
material. The addition of the reinforcement material
B4C results in the coating, and as a result, the ex-
pansion and multiplication of the contact surfaces.
The heat treatment is the second factor that increased
Vickers hardness, and this is because it increased the
homogeneity and bonding of the coating layers. Heat
reduces pores and their size, which increases the ho-
mogeneity of the coating components and, in turn,
lowers the sublime values, increasing the hardness
values. 1°

Effect of coating thickness on vickers hardness

Experimental research verified a relationship be-
tween the thickness of the cermet coating layers and
the distribution of surface flaws that affect hard-
ness after sintering. Given that the higher values of
hardness was at (240 Hv) for the mixing ratios of
(25%) of the mixture (C), after heating the samples
to (1050°C), and after, it was determined that the
optimal thickness is (1.5 mm) and it is free of surface
flaws. As it reached (150 Hv) at the same ratio with
this thickness, the hardness values were clearly on
the decline, as illustrated in Fig. 4. The results also
demonstrated that the hardness values of the ceramic
coating layer decrease when it is less than or greater
than (1.5 mm), and the onset of cracking and de-
lamination is evident. The increase in thickness has
a negative effect on all properties because the coat-
ing layers become more susceptible to cold as they
thicken, leading to agglomerations. The thicknesses
(1.5 mm) were chosen for physical measurements and
when performing testing on samples since the layers
are placed continuously and stresses arise inside the
layers. 1

The effect of additive materials on the coating ability
to stick

The experimental results showed that the adhesion
strength less valuable when the proportion of the
additive materials is less, then this force gradually
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Fig. 4. The relationship between coating thickness and Vickers hardness.

increases as the proportion of the material increases
until we reach the best value for the adhesion strength
at the ratio (25%) of the mixture type (Ni-WC-B4C),
with a value of (39 MPa), as shown in Fig. 5. This
decline happens as a result of the binding substance’s
efforts to weaken the adhesion between the paint
layer and the base by working to establish bonding
spaces between the atoms of the paint itself. As a
result, both hardness and adhesion strength rise.!”

Coating thickness’s effect on adhesion strength

The results of experimental tests showed a relation-
ship between the adhesion strength and the thickness
of the cermet coating layers. As the adhesion strength
was (39 MPa) for mixing ratios (25%) for all mixes
steadily and after heat treatment of the samples and at
1050°C degree, it was noted that the best thickness is
1.5 mm and it is free from surface flaws, but after this
thickness it lost adhesion. The hardness values clearly
decreased after reaching a of 29 MPa at the same

ratio, as seen in Fig. 6. The findings also demonstrated
that the adhesion strength values of the ceramic coat-
ing layer decrease when it is less than or greater than
1.5 mm, and the onset of cracking and dislocation
is evident. The results also showed that an increase
in thickness has a negative impact on all properties
because the coating layers become more prone to
dislocations as they thicken. The thickness (1.5 mm)
was chosen for physical measures and when testing
samples because the layers continuously agglomerate
and there are strains inside the layers. '

The effect of percentage additives materials on the
rate of coating wear

Fig. 7 depicts the link between the wear rate
and percentages of additive materials, which for
all the developed samples reduces when the rein-
forcing percentage is raised. Additionally, it can be
seen that the wear rate decreases when (25%) (Ni-
WC-B4C) compared with the rest of the ratios is
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added to the mixture. As a result, the coating layers’
mechanical properties improve, and their hardness
increase. There is also no plastic deformation, which
increases wear resistance and particle attachment to
the surface. As a result of the occurrence of plastic
deformation brought on by friction and high temper-
ature, which resulted in a decrease in the hardness
values, the presence of cracks, and the beginnings
of a separation process, the bond between the base
and the paint layer weakens when the percentage
of addition to the rest of the mixtures is reduced.
Regarding the models that contain an additional pro-
portion (25%) of all combinations, there is a process
of paint layer separation, the existence of cracks, and
a considerable reduction in wear rate. The bond be-
tween the base and the paint layer weakens when
the percentage of addition to the other mixtures is
decreased because of the occurrence of plastic de-
formation caused by friction and high temperature,
which resulted in a decrease in the hardness val-

ues, the presence of cracks, and the beginnings of a
separation process. There is a process of paint layer
separation, the presence of cracks, and a noticeably
lower wear rate for the samples that have an addi-
tional portion (25%) of all combinations. According
to the results for wear rate, hardness is the most
significant factor influencing it. Increasing hardness
decreases wear rate and enhances adhesion strength,
according to the research by E. Rabinowicz,'® who
looked at how wear rate changed as a function of
hardness.

The effect of percentage additives materials on the
coating porosity

The findings of the porosity measurements revealed
that the coating material appeared to have pores
in varying percentages depending on the three sed-
imentation rates that were permitted for use in our
research (Ni-WC, Ni-B4C, and Ni-WC-B4C). According
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to Fig. 8, observation the percentage of pores ranged
between 8 % and 19 % for the 25 % (Ni-WC-B4Q),
whereas the percentage for the 25 % (Ni-WC) was
equal to 12%. According to Fig. 8, all of the employed
sedimentation ratios have very large porosities when
the cementing ratios are low. As the cementing ra-
tios rise, the porosity gradually decreases until it
reaches its lowest level at the mixing ratio (25%)
(Ni-WC-B4C). Due to the speed and temperature of
the molten particles being higher in the center of
the spraying than at the borders, the molten parti-
cles do not distribute evenly throughout the surface
of the base 131, and as a result, they do not be-
come molten. This change in porosity is the result
of the cermet coating layers forming bonding areas
between them as a result of sintering and atom diffu-
sion occurring due to the movement of atoms between
them, and their attempt to seal the pores during heat
treatment. 2°

Scanning electron microscope

Thermal spray coating of flame was used to exam-
ine the surface topography of the samples sprayed
using the thermal spray technique. The scanning
electron microscope with a depth of 10 um and mag-
nification is shown in Fig. 9 (5KX). Before the heat
sintering process, it provides samples for the scanning
electron microscope. The scanning electron micro-
scope is shown in Fig. 10. After thermal sintering
at 1050°C for an hour and a half with three dis-
tinct combinations that included (Ni-WC-B4C) 25%,
(Ni-B4C) 25%, and (Ni-WC) 25%, the samples were
examined under (5KX) magnification and at (10 um
depth). Although the image (Ni-WC) depicts the coat-
ing process’ success, the sample still had random
atom distribution throughout its surface, as well as
cracks with distinct features. However, after carrying
out the thermal sintering process, it was found that
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Fig. 9. Scanning electron microscopy (SEM) images of the three mixtures before the thermal sintering process at 1050°C.
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Fig. 10. Scanning electron microscopy (SEM) images of the three mixtures after the thermal sintering process at 1050°C.

the sample has clearly improved and had accept-
able homogeneity. Regarding the picture (Ni-B4C),
it was observed the reinforcement material is obvi-
ously dispersed throughout the nickel, as evidenced
by the randomness of the surface and the existence
of pores through the surface, which adversely affects
the physical and mechanical properties of the sam-
ples. However, after the thermal sintering process,
the surface and structural characteristics of the pre-
pared samples improve.??? The reinforcing rate for
the image (Ni-WC-B4C) is 25%. It was observed that
a very uniform and clean surface is produced, and
each of the base and support materials has crystalline
interweaving. The topography of the surface has a
significant bearing on understanding the composi-
tion of the external coating and how the crystalline

granules of the three elements grow, as the size and
shape of the granules have a significant bearing on
the results obtained in hardness, porosity, and adhe-
sion strength. After conducting the thermal sintering
process, it was noticed notice that the three over-
lays are distributed in all parts of the surface. Due
to these factors, dependence is placed When used to
cover turbine blades or other items that are subjected
to high temperatures, cermet coatings can be highly
useful. 2%24

Conclusion

It was possible to apply the coating method by
thermal spraying with a flame to paint each of the
three metals—nickel, tungsten carbide, and boron
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carbide—in an integrated manner and to obtain en-
couraging physical properties that allow it to paint
turbine blades that have external cracks and pores.
This is a clear and significant conclusion. When a
type C mixture of 50% Ni, 25% WC, and 25% B4C
was sprayed at a distance of 15 ¢cm, an angle of 90°,
and a temperature of 1050°C, the best results were
obtained, the hardness was 240 Hv, and the adhesion
strength was 39MPa. The best coating thickness for
both adhesion and hardness is (1.5 mm), while the
least amount of wear is 2.21x107°g/cm and poros-
ity has dropped to 8%. In particular, following the
heat sintering procedure, the results of the scanning
electron microscope showed good homogeneity and
mechanical crosslinking at the same ratio mentioned.
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