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Abstract. Flame thermal spraying is an important technique in surface treatment of many
materials exposed to external corrosion, including turbine blades in power plants, bridges, and
oil pipelines. Therefore, a ceramic material represented by aluminum oxide Al203 was used as
a base material and copper metal Cu was added at different reinforcement ratios of 5%, 10%,
15%, 20%, 25%Wst. To form a cermet alloy. The two powders were mixed after taking into
account the copper concentrations, and the mixture was placed in the flame thermal spraying
device crucible. The acetylene gas ratio was fixed at 0.7 bar and oxygen at 4 bar as the best
mixing ratios obtained. The coating process was carried out on out-of-service turbine blade bases
with dimensions of 20mmx5mm in a circular shape. After completing the coating process, the
samples were sintered in a thermal oven at 1100°C for only one and a half hours. The scanning
electron microscope (SEM) of the samples was examined and it was found that by adding copper
we get a regular and homogeneous structure, and it was found that the best reinforcement with
metal is 25%Wt. After sintering, it was also found that the average grain size is approximately
109nm. An EDX spectroscopy was also conducted to show the materials that were mixed for
both alumina and copper. Some mechanical properties were also examined which showed that
the best mixing ratio is (75%Wt.Al203-25%Ws1.Cu) after sintering, at which the micro-Vickers
hardness was found to be (605 kg/mm?2), and the wear rate was calculated which gave the lowest
value (1.84x10-6g/cm). While the adhesive strength was calculated for a coated and uncoated
sample to find that the best mechanical adhesive strength is (53 MPa). The true porosity and
water absorption were calculated to give the lowest values at the lowest reinforcement ratio
which is 25%Wt.
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1.Introduction:

Flame thermal spraying technology has a scientific history that began in the late
nineteenth century and extends to the present time, where the beginnings were on metal bases
for the process to develop into treating metal and steel surfaces[1]. Cermet materials, which
consist of ceramic and metal in a mixture, were also used to be coated on surfaces suffering
from cracks and pores, thus improving the mechanical properties as well as withstanding harsh
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conditions of temperature, pressure and corrosion[2,3]. Ceramic materials require high
temperatures, unlike metals, and thus the mixing process between the two materials works to
combine the physical and mechanical properties, thus producing materials with high durability
and giving properties that can be applied in materials exposed to high temperatures such as
aviation and space and in turbine blades that are exposed to high temperatures in power plants
and in many different industries[4,5].

Thermal spraying techniques vary to include plasma thermal spraying, high-speed
oxygen fuel spraying, electric arc spraying, blast spraying, and flame thermal spraying[6]. Each
technique has advantages and disadvantages, and the best of these techniques is plasma thermal
spraying because it gives very low porosity, high velocity of molten particles, and high adhesion
strength compared to other techniques, but the financial cost of the device is high, so we resort
to techniques that are relatively low in cost with acceptable results within the scientific
path[7,8]. Also, the transportation process and ease of working with these techniques differ
according to the industrial requirement, for example, the plasma thermal spraying device needs
a whole room to contain the device, and the coating process is somewhat complicated as there
is difficulty in controlling the high energy needed by the plasma, and difficulty in controlling
temperatures, in addition to the need for training and experience [9].

Flame spraying technology was a simple technology in terms of size, control, and cost
[10]. This technology consists of two oxygen and acetylene cylinders with a thermal spray gun
containing an upper crucible for the purpose of carrying the powders to be coated [11]. This
technology provides many properties, including surface resistance to corrosion, improved heat
resistance, improved properties of the coated surface, increased life of the coating on the
surface, and reduced economic costs [12]. Flame spraying technology can coat many powders
that may be metallic, ceramic, or a mixture of ceramic and metal, which is cermet [13].
Aluminum oxide is one of the ceramic materials that provides high resistance, scratch
resistance, and tolerance to high temperatures with flame spraying technology, especially if
mixed with another metal [14]. Many other ceramic materials can also be used, such as zirconia
ZrOy, silicon carbide SiC, tungsten carbide WC, silicon nitrate Si3N4, and other different
materials [15]. Therefore, the compatibility of the materials used physically and mechanically,
as well as the required application, must be taken into consideration in the flame thermal
spraying technique.

2. Aim of the Study:

The aim of the study is to improve the surface properties in terms of structural
composition by studying the results of scanning electron microscopy (SEM) and X-ray
diffraction spectroscopy (EDX) and knowing the consistency of the coated particles and their
interaction with each other. Also, determining the quality of the hardness of the resulting coating
and its resistance to scratching and knowing the rate of frictional wear, in addition to evaluating
the mechanical adhesion strength and determining the porosity ratio and the amount of water
absorption of the surface resulting from the coating.

3. Raw Materials:

The primer coating material was made of equal proportions of Al-Ni powders produced
by Amdry, USA, with a purity of 99.8% and a particle size of 53um. The matrix coating material
was alumina Al.O3 produced by (Rio Tinto Alcan), Canada, with a purity of 99.9% and a
particle size of 75um, while the reinforcement material was copper powder produced by Metal
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Powder Industries Federation (MPIF), USA, with a purity of 99.9% and a particle size of
100pm.

4. The Practical Side of the Study:

The coating process for the prepared samples was carried out by the flame thermal
spraying method using a device of type (GH- 4/h) of Chinese origin. The coating parameters
were determined to be shown in table (1). The metal ratios of copper were determined as 5%,
10%, 15%, 20%, 25%Wt. with the matrix material of alumina at ratios of 95%, 90%, 85%, 80%,
75%Wt. The mixing process was carried out for both the base material and the reinforcement
by a locally made mixer. After that, the coating bases were prepared, which were from a turbine
blade out of service from the power stations and were cut into dimensions of 20mmx5mm in a
circular shape. The bases were roughened to ensure the adhesion of the molten powder drops to
the base. Initially, the base is heated for a short time to avoid sudden expansion and contraction,
i.e. to get rid of any possible thermal stress. Then, the primary bonding material of (Al-Ni)
powders is coated in equal proportions, in order to benefit this coating in improving both
cohesion Adhesion, where aluminum contributes to increasing cohesion while nickel
contributes to increasing the adhesive strength. After completing the coating of the bonding
material with a thickness of approximately 100um, the two powders of Al>Os-Cu are coated,
which are approximately 500um thick. The resulting coating has a somewhat weak crystalline
structure, and therefore heat treatment must be carried out using an oven containing a reducing
gas such as argon to eliminate any possible oxidation processes during thermal sintering. The
thermal sintering process was carried out at 1100°C for an hour and half. The samples are left
in the oven and extracted the next morning. The resulting samples need mechanical processing
to be prepared for various structural and physical examinations.

Table (1) Parameters of Thermal Spraying.

oxygen gas 4 bar

acetylene gas 0.7 bar

thickness of bonding layer = 600um
spray angle 90°

spray distance 15cm

The best coating 75% Al203-25%Cu

5. Tests Used in the Study:

5.1.Scaning Electron Microscope (SEM) and EDX

Scanning electron microscope examination gives an idea about the surface structure
of the coating material, the external appearance of the surface, and the properties of the
reactants. The coating samples are cleaned, prepared, and dried in a suitable manner for the
examination device. In the present study, the examination was carried out by a (MIRA3
TESCAN) scanning microscope manufactured by (TESCAN Company) of Gecko origin. The
device features a wide range of lenses, a high magnification capacity of up to 1 million times,
a beam voltage of up to 30Kv, analysis by X-ray spectroscopy (EDX), and the ability to analyze
in three dimensions.
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5.2. Vickers Hardness Test:

The Vickers hardness tester was used to calculate the hardness values of the coated
samples. It is a French device that is characterized by high accuracy in finding the hardness.
The samples were cleaned well and suitable for examination. The applied load was 100g, and
the angle of the insertion was 136°. When the insertion is directed to the surface of the sample,
it will leave a mark. By measuring the depth of the resulting mark and using the following
mathematical equation [16], the hardness values for a specific place can be known through the
display screen in the device. By repeating the process for different areas, the microhardness rate
of the samples can be known. The process is repeated for the samples before and after thermal
sintering.

sin(22).2F

HV = (;2) (1)

Where: Hv: is the Vickers hardness(kg/mm?), F: is the effective force (load) kg, d: is
the average diameter of the mark (mm?).

5.3. Wear Rat Test:

Wear rate is used to determine the ability of materials to withstand harsh conditions
of pressure, friction and corrosion under a certain load and for a certain time. One of the
common methods for calculating the friction wear rate is to weigh the sample before work m;
and after work m., taking into account the weight or load as well as the number of cycles of the
device and the time taken. The device used to find wear rate values is the (Pin-on-Disk Wear
Tester) of Swedish origin, which contains a lower disc that rotates at a specific speed and an
upper disc that holds the sample and presses with a certain force on the sample and in contact
with the lower disc. The mathematical equation used to calculate the wear rate is [17,18]:

m; —m;
Wear Rate(W) = — (2)

Where: my = Weight Before Work(g), m2 = Weight After Work(g), d = Distance
Traveled by the Disk(cm).
X =2nrn (3)

Where: r = The radius of the Coating Samples, n = The Number of Turns.

5.4. Adhesion Force Test:

The adhesive strength test of coated samples by flame thermal spraying is one of the
common methods to determine the adhesion strength of the coating to the substrate surface. The
method is performed using a substrate coated with Al>O3-Cu and another uncoated substrate,
and an epoxy adhesive is applied and left for 24 hours, after which the uncoated substrate is
pulled in the opposite direction. When the two samples are pulled apart, the device records the
highest adhesion strength in MPa. The device used is the (Pull-Off Adhesion Tester) from the
American, company Instron. The mathematical relationship used to calculate the mechanical
adhesion strength is [19]:

F
Adhesion Force = A (4)

Where: F = Compressive Strength(N), A = Surface area of the Coated Samples(mm?).

5.5. Porosity Real and Water Absorption Test:

Archimedes' method is one of the most important techniques through which some
physical properties can be found, including true porosity and water absorbency, which are
considered an important physical property to know the percentage of pores on the surface of the
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paint sample as well as the extent of the paint's absorption of water. The method consists of
weighing the resulting paint while it is dry to represent the first weight my, after which the
sample is immersed in distilled water for 24 hours and the sample is extracted and weighted to
represent the second weight my, while the third weight ms is by weighing the sample while it is
suspended in distilled water and is usually called the suspended weight. From the relationships
below, both true porosity and water absorbency can be calculated[20]:

mz - m1
Porosity Real% = (—) X 100% (5)
mp — mgy
Where: mi= Dry Weight, mz= Saturated Weight,ms= Hanging Weight.
m, —m
Water Absorption% = % «100%( 6)

1
Where: wi= Dry Weight, w.= Saturated Weight.

6.Results and Discussions:

6.1. Scanning Electron Microscope SEM and X-ray Spectroscopy EDX Results

The topography of the coated surface was studied by the flame thermal spray method
and for samples reinforced with different proportions of copper metal Cu on a base of alumina
Al>0s. The test was conducted for the samples after the thermal sintering process at 1100°C for
an hour and a half. Figure (1) shows images of the scanning electron microscope and X-ray
energy analysis after thermal sintering and at a resolution of 500nm and a magnification of
50KX. The figure shows the five concentrations of copper on an alumina substrate and shows
that increasing the proportions of the reinforcement material contributes effectively to
improving the surface topography. At low proportions, we notice the presence of some pores as
in figure (1-a) which gradually disappear with increasing proportions as in figure (1-e), where
we notice an improvement in the cohesion and surface adhesion because copper acts as a
suitable bonding material during coating [21], especially since the temperature of the spray gun
reaches approximately 3000°C, which is a temperature sufficient to melt the copper granules
that merge with the alumina, thus forming a cohesive cermet surface [22]. Copper also increases
flexibility, which contributes to improving the mechanical and thermal properties of the coating,
which contributes to reducing cracks in the surface layer [23]. Copper can also contribute to
increasing thermal distribution, as copper is a good conductor of heat, and thus we obtain a
regular, consistent, less wrinkled and more aesthetic surface [24]. As shown, we find that the
best mixing ratio is 25% Wt. At this point, a surface with high mechanical and physical
interlocking is obtained. The proportions of the materials entering the reaction can also be
known through the energy X-ray diffraction analysis test (EDX) corresponding to Figure (1-€),
where copper and alumina appear clearly without any noticeable impurities.

Figure (2) shows SEM images for the same added copper concentrations. The images
show the sizes of the particles participating in the reaction at nanoscale, and the nanoscale
particle size can be calculated for each added ratio. Thus, when extracting the average nanoscale
particle size, it was found to be approximately 109nm. The reason for the transformation of the
particles into nanoscale can be attributed to several reasons, including the chemical and physical
reactions occurring between copper and alumina during the melting of the particles. The effect
of sudden cooling also has an effect on the transformation of the particles into nanoscale due to
the complete melting of the powders, as well as the effect of high pressure and temperature,
which has a significant effect on the structure and composition of the materials involved in the
reaction[25] .
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Figure (1) Scanning electron microscope (SEM) images and energy-dispersive X-ray
(EDX) analysis of alumina base and copper metal reinforcement at ratios of (a-5%, b-10%, c-
15%, d-20%, e-25%WH1.) after thermal sintering.
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Figure (2) Scanning electron microscope (SEM) images and energy-efficient X-ray
(EDX) analysis to calculate the grain size of an alumina base and copper metal reinforcement
at ratios of (a-5%, b-10%, c-15%, d-20%, e-25%WH1.) after thermal sintering.

6.2. Vickers Hardness Results:

Figure (3) shows the relationship between Vickers hardness and the different addition
ratios of copper metal before and after thermal sintering, as we find that the best mixing ratio
of the metal reinforcement material is 25%Wt. Before and after sintering. The hardness value
before sintering was 468kg/mm?, while the hardness after sintering was 605kg/mm?2. This
increase in the micro hardness values, which is directly proportional to the added copper ratios,
is attributed to the spread and distribution of copper metal on the alumina floor, thus forming a
mixed composition of copper and alumina with a high hardness that exceeds the hardness of
pure alumina. The high density of copper also contributes to increasing the hardness in terms
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of the size distribution of particles and high density [26]. As for thermal sintering, we notice an
improvement in the hardness, which is due to the importance of sintering in smoothing the outer
surface and merging and reducing pores, in addition to getting rid of cracks that occur during
coating [27]. In general, we find that the effect of copper is clear through its work as a binding
material that helps in the cohesion between the particles, and it also led to improving the
mechanical properties of the cermet coating while improving the crystalline structure of the
system as a whole[28].

700 -

.

0 10 20 30
Cu %Wt.

Figure (3) The relationship between Vickers hardness and different copper addition
ratios before and after thermal sintering.
6.3. Wear Rate Results:

Figure (4) shows the relationship between the wear rate and the percentages of copper
addition before thermal sintering, as it shows that the value of the wear rate decreased with
copper additions to be at the best result at a percentage of 25% Wi., as it reached (1.74x10*
g/cm). As for figure (5), it shows the relationship between the wear rate and the percentages of
copper addition after thermal sintering, as the best copper mixing ratio was obtained at 25%
Wt., which gives the lowest wear rate, which is (1.84x10°® g/cm). Thus, we conclude that the
repeated addition of copper contributed to reducing the wear rate, especially after thermal
sintering. This behavior can be interpreted as an improvement in the crystalline structure as well
as an improvement in the surface hardness of the coating, which in turn led to a reduction in the
wear rate, which shows the possibility of using this coating in industries that are exposed to
pressure and load force with the presence of heat, such as turbine blades [29]. The addition of
copper also helped to form compounds with strength and hardness with resistance to corrosion
during operation in terms of increasing mechanical properties [30]. The effect of thermal
sintering is clear on the paint samples, which in turn helped reduce surface defects and increase
the density of the material, thus leading to increased hardness, as sintering also contributes to
making the material withstand mechanical pressures and friction[31].
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Figure (4) The relationship between the friction wear rate and the different copper
addition ratios before thermal sintering.
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Figure (5) The relationship between the friction wear rate and the different copper
addition ratios after thermal sintering.

6.4. Adhesion Force Results:

Figure (6) shows the relationship between the mechanical adhesion strength with the
repeated copper addition ratios before and after sintering. It is clear that the best mixing ratio
obtained for copper is 25%Wt. This is the best mixing ratio obtained from the above results, if
it is found that the value of the adhesion strength before sintering at the above ratio is 33MPa,
while this ratio increased to be 53MPa after thermal sintering. The reasons for the increase in
the adhesion strength are attributed to the improvement of the physical and chemical properties
as a result of the increased interaction and convergence between the particles during the
recrystallization process[32]. Also, the coating distance between the coating gun and the steel
base is suitable for the molten droplets to reach the base while they are hot, which gives them
enough time to merge and interact with the rest of the previous droplets, as well as the
roughening method of the base, which contributed to the good cohesion between the droplets
and the base[33]. The sizing and increasing the interaction between hot droplets is very
important than if the droplets are cold, because the flattening and merging process will be small
if the coating distance is large. Also, thermal sintering has a great effect on recrystallizing the
surface grains and improving the roughness of the outer surface, as the smoother the surface,
the higher the adhesion strength [34]. Also, the angle of the coating with the paint gun has a
great effect, as the vertical angle of 90° gives a coating with an almost even surface, unlike the
oblique angles that give coatings with varying thicknesses. Thus, when the coating was carried
out at a vertical angle, it gave high hardness and adhesion strength [35].
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Figure (6) The relationship between the adhesion strength and the different copper
addition ratios before and after thermal sintering.
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6.5. Porosity Real and Water Absorption Results:

Figure (7) shows the relationship between the actual porosity and the addition ratios
of copper metal before and after thermal sintering. We find that the best ideal mixing ratio is
25%Wst. of copper, which is what was obtained by all the mechanical tests above. The porosity
value before thermal sintering was found to be 11%, while after thermal sintering it was 5.5%
at the same ideal added copper ratio. Therefore, the decrease in porosity with the continued
addition of copper is due to the behavior of copper metal in terms of high density and filling the
open pores during the coating process, as copper granules work to bind the interacting
components with each other and block the generated bubbles[36]. The heat treatment process
also affected the treatment of some of the air gaps formed during coating and thus reduced the
percentage of pores. Also, high temperatures work to recrystallize and rearrange the particles
between copper and alumina[37]. It is also possible to form a liquid of copper metal that can
extend between the pores, fill them, reduce their number, and remove the formed crystalline
defects [38].

Figure (8) shows the relationship between the water absorption ratio with different
copper additives before and after thermal sintering. As is known in the current study, the best
copper mixing ratio is 25%Wt., at which it was found that the water absorption before sintering
is 1.25%, which decreased after thermal sintering to 0.81%. This behavior in the decrease in
water absorption values is attributed to several reasons, the most important of which is the
decrease in pores that may contain water and increase water absorption, as well as the presence
of copper, which is considered a filling and binding factor that contributes to reducing
absorption values, and also heat treatment, which contributed to reducing pores and thus
reducing water absorption [39]. Also, the coating that contains a water absorption ratio higher
than 1% is considered a porous coating, while the coating that contains a water absorption ratio
of less than 1% is considered a glazed coating, and here after thermal sintering, a glazed coating
was obtained [40].

25 - Aftersintering mR
°_\° 20 - Before sintering @
o
e 15 -

Fy
‘» 10 - -\-\.\-
(]
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a
0 T T T T T 1
0 5 10 15 20 25 30
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Figure (7) The relationship between the true porosity and the different copper addition
ratios before and after thermal sintering.
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Figure (8) The relationship between water absorption and different copper addition
ratios before and after thermal sintering.

7.Conclusions:

The present study shows the possibility of cermet coating from the (Al.03-Cu) system,
with a clear improvement in the structural, mechanical and physical properties of the system, if
the best ideal mixing ratio is obtained, which is (75%Wt.Al.03-25%Wt.Cu). The scanning
electron microscope results showed a clear regularity on the coating surface with mechanical
and interlocking interference between the coated components. The mechanical results gave the
highest hardness and the highest mechanical adhesion strength with the lowest possible wear
rate at the same ideal mixing ratio, while the physical results showed a decrease in the values
of true porosity and water absorption in inverse proportion to the copper addition ratios. In
general, we conclude that the resulting coating layer can be used to treat equipment exposed to
harsh conditions of corrosion, high pressure and temperature, such as turbine blades, missile
bases and space applications.
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