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ABSTRACT

Different phenomena require separate measurement of
corrosion rate and sliding wear rate. The chemical
decomposition  between materials contacting their
environments results in corrosion but the friction generated
by moving surfaces causes sliding wear. Scientists studied
the sliding wear resistance of AISI 446 stainless steel alloy
which received thermal coatings made from diverse
concentrations of silicon oxide, silicon carbide and nickel-
aluminum (SiC + SiO2 + Ni-Al) ceramic powders. Thermal
spray welding torch (QH-2/H) served as the equipment to
apply the coatings. The testing procedure followed ASTM
D5963 standard specifications for a pin-on-dish apparatus
which operated at different vertical loads with speeds and
dish surface parameters. The experimental analysis revealed
that the utilized coatings demonstrated superior sliding wear
resistance than the original base alloy after the inclusion.
The wear rate of all tested samples rose steadily while the
loads increased. The alloy N 1 achieved the lowest
corrosion rate while containing 75% silicon carbide
combined with 25% Ni-Al binder material. The alloy
manifested a -60.36% decline of corrosion rate against the
base alloy when subjected to 26N of vertical force. The alloy
(N_6) composed of 75% SiC and no SiO; generated the
minimal sliding wear rate of 180 rev/min because of its -
45.42% enhanced performance. Sample (N_1) demonstrated
decreased performance compared to the uncoated alloy even
though its abrasive surface generated better wear resistance.
The result showed an increase of -13.24% in wear rates.

Keywords: Alloys, sliding corrosion resistance, thermal
spraying.
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INTRODUCTION

Thermal spraying technology is used in many modern industries to apply a coating to
surfaces, where molten or semi-molten materials are pushed to enhance the properties of the
surface to be treated. This technology includes a variety of materials such as metals, alloys, and
ceramics, and is applied to various types of stainless steel, giving them excellent resistance to
mechanical and chemical corrosion at temperatures up to, making them suitable for many thermal
applications such as steam generators and furnace parts (Mazin et al., 2022). Surface studies have
received great attention in many industrial applications that change the surface of the
manufactured metal or alloy to achieve specific properties. This modification of the surface occurs
in various ways, often using heat treatments or chemical heat to achieve precise modifications or
diffusion of material molecules such as carbon and nitrogen (Wang and Lee, 1997). It is possible
to obtain surface properties different from the uncoated base alloy. Thermal spraying techniques
depend on the thermal or kinetic energy of the melted raw material and the method of pushing it
into the base alloy as well as in the form of particles or droplets of the spray material. Many
materials can be thermally sprayed, according to the compatibility between the specific process
and the materials, the mechanical and physical properties of coated materials differ from those of
their components when they are uncoated, such as toughness, hardness, friction resistance, fatigue
life, corrosion resistance, insulation, and thermal conductivity (Tao et al., 2009). Many researchers
have focused their efforts on improving the mechanical properties of iron alloys and increasing
their ability to resist friction and corrosion. The results showed that the rate of erosion corrosion
increases linearly with many variables such as vertical sliding distance, linear velocity, and the
nature of the abrasive surface (Askeland et al., 2012). The experimental results also showed that
the corrosion rate also increases with the increase of other factors such as humidity, heat generated
as a result of the friction process, sliding distance, and applied load (Vafaeenezhad et al., 2012).
Therefore, these studies recommended the need to ensure the selection of appropriate materials
and coating methods to enhance corrosion resistance.

MATERIALS AND METHOD
Materials
AISI446 stainless steel alloy was chosen as the base alloy because it is used in the petroleum
industry, power generation equipment and chemical processing, due to its excellent properties in
resisting corrosion and oxidation at high temperatures, as it can be placed in thermal environments
(1100°C) without losing its mechanical properties in addition to its resistance to corrosion

resulting from erosion and crosin. (Table 1) shows the weight percentages of the base
alloy (AISI 446).

Table 1: Weight ratios of stainless-steel alloy to base alloy (N,) (AISI 446) (Tsukizoe and Ohmae,
1983).

Alloy The code of . . .
designation Sample Chemical composition, weight percent
Fe Cr Mn Si Ni C P S
AIST 446 No 73 | 23.027.0 | 1.50 1.0 025 | 020 | 0040 | 0.030

Table 2: Weight ratios of bond coating powder ( Nq).

Powde name Chemical equation Sample Code Chemical composition, wt%
. . Ni Al
Bond coating Ni-Al Ny 50 50
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Table (3) shows the weight percentages of ceramic powders used as thermal barrier coatings.

Table 3: Weight ratios of the bond and thermal barrier coating powder.

) Chemical composition, wt%
Powder name Chemical Formula Sample Code - - -
SicC Sio, Ni-Al
N, 15 60 25
N, 30 45 25
Thermal barrier . . . N, 45 30 25
coating (TBC) | (SICHSi02Ni-AD N 60 15 25
Ng 75 0 25
N, 0 75 25

Samples preparation
The sliding wear resistance test samples for AISI446 stainless steel alloy were designed as
shown in Fig. (1).

h,

Fig. 1: Corrosion test sample.

This process includes several stages starting with roughening the samples using (320#)
sandpaper, then washing them with soap and water, then immersing them in an acetone liquid
solution using an ultrasonic cleaning device for (480 sec) to remove any remaining impurities and
contaminants, ensuring the cleanliness of the surface. Then they are washed again with distilled
water and dried quickly using hot air, then placed in sealed bags where they become ready for the
coating process.

Coating processes

The flame spray system was designed and assembled from the local market as shown in Fig.
(2). The samples were fixed on an electric motor that rotates at a constant speed to maintain the
uniform distribution of the paint on the part to be coated, and it is (12 cm) away from the nozzle of
the thermal spray gun. The thermal gun is used to spray the powder placed in the crucible by
pressing the regulators fixed in the body of the thermal gun so that a thermal flame is produced
from burning acetylene gas and oxygen gas in a stream that includes a mixture of the two gases.
This gas stream carries the paint powder stored in the reservoir (tank) at the top of the spray gun to
melt and flow smoothly and for the molten paint to adhere well to the surface of the samples. To
obtain a constant rate for the mixture of gas and molten powder, the pressure of the oxygen gas
should not exceed (4.07 Bar) and the pressure of the acetylene gas should not exceed (0.7 Bar).
The spraying process begins by heating the sample for (10 sec) using an oxy-acetylene torch, and
for the coating process to be completed on the surface of the sample to be coated, it takes (20 sec),
then the samples are left in the air to cool. Fig. (2) shows the spraying system used in the
coating process.



94 Ahmed S.A. Hussein et al.

Acetylene Oxygen
gas gas
) 'Y
Powder Spray
tray gun

Electric
motor

Fig. 2: Thermal spray system.

Thermal spraying
The powder is sprayed with the flame resulting from mixing oxygen with acetylene. The flame

can be controlled (increased or decreased) by changing the oxygen ratio, and then the coating
process begins, as shown in Fig. 3(b).

(a) (b)
Fig. 3: a) Thermal spray torch. b) Coating procedure.

The coating process was carried out using a Chinese-made flame spray welding torch model
(QH-2/H) shown in Fig. 3(a). (Table 4) shows the changes established in the thermal spraying
process while maintaining the base alloy temperature within the range (before the spraying
process, in order to avoid peeling during the final cooling stage).

Table 4: Thermal spraying process parameters.

Mixing Oxy-Acetylene 4: 0.7 Bar
Flame spray temp 2500° C
Powder feeding 4.177 gm/min
Spraying distance 12 cm
powder particle size 25-75 um
Time spent coating 10 to 20 sec
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Sliding wear test

The sliding wear test was conducted at room temperature using the gravimetric method on
all samples designed for this purpose. This was done to determine the mechanical wear rates in
both coated and uncoated samples, as they are affected by changes in applied loads, speed, or the
nature of the abrasive surface. Precautions were taken to reduce the testing period for each sample,
aiming to minimize the effect of temperature, which is a factor that influences sliding wear rates.

The first part of the test involved using several loads while keeping the rotational speed of
the friction disc (V), the radius of the friction circle formed by the sample (), the roughness of the
friction surface, and the sliding duration (t) constant.

The second part focused on changing the linear sliding speed while keeping the applied load
fixed.

In the third part, the type of the abrasive surface was changed, while both the applied load
and speed remained constant. The table below shows the key variables and constants tested on the
samples during the test period.

Table S: Sliding wear test parameters

Variable friction nature Variable sliding velocity Variable load
(100, 180, 240, 320, 400) # (60, 90, 120, 150, 180) min/sec (10N, 14N, 18N, 22N, 26N)
=20 mm, t=300 sec r=20 mm, t=300 sec =20 mm. =300 scc
V=120 min/sec, 320# 320# V=1 20’min Jsec
Weight=18N Weight=18N

A sliding wear apparatus designed according to ASTM D5963 specifications, with a screw-
on-disc arrangement, was used. The aim of this arrangement is to achieve a direct contact
condition between the cylindrical specimen and the rotating disc under the influence of vertical
load, which allows the study of wear effects under different conditions, as shown in Fig. (4).

Fig. 4: Corrosion testing device.

The device consists of a variable speed motor. The device also has a steel arm attached at
one end to the body of the device. The other end has a holder at its end to fix the sample in its
upper part. To place loads on its upper part, this part, fixed at its end, slides on the rotating disc,
the wear rate is practically calculated as follows (Bandar ef al., 2012):
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AW = W1 - Wz ......... (1)
Wear reat = “% [@ ......... (2)
Sp cm

Where:

AW : Denotes the variation in mass (gm).

W, : Sample mass before the test (gm).

W,: Sample mass after the test (gm).

Sp: The distance of sliding (cm) is articulated by the subsequent equation:

Sp=t.v e e e e (3)

Where:

t: The time of sliding (seconds), v: Sliding speed (cm/sec), derived from the following equation:
V =nDN .......c.ccce.....(4)

Where:

N: Disk speed (rpm), D: Sliding diameter (cm).
r: Sliding radius (cm).
By substituting equations (3) and (4) in equation (2), we get:

AW

Wear reat (W.R) = (2 tN)/60
RESULTS AND DISCUSSION
The curves drawn between the wear rate and the change in the applied loads, shown in Fig.
(5), generally show that the wear rate of both the base alloy and the coated one increases with the
increase in the applied load. The reason for this is that the increase in the plastic deformation at the
tops of the surface protrusions of the samples leads to an increase in the density of
dislocations (Eyre, 1976).
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Fig. 5: Sliding wear rate of coated and uncoated samples at different loads.

This leads to an increase in the hardness of the material and it gradually becomes brittle,
which causes an increase in the accumulation of dislocations and the formation of small gaps that
unite to form small cracks on the surface of the alloy, whether coated or uncoated. The small
cracks develop or expand and move under the influence of stresses towards weak areas, which
leads to the formation of larger cracks as a result of their rapid accumulation. The convergence of
these cracks contributes to the removal of thin layers of the alloy in the direction of the sliding
movement, which results in wear debris particles, which are formed as a result of fatigue or
exhaustion in the surface layers (Bandar et al., 2012). This process leads to the formation of a thin
layer of oxide on the metal alloy due to the high temperature of the two contacting surfaces, which
leads to covering the wear surface and reducing the friction process over time, and weather
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conditions play a decisive role in the rate of formation of this oxide (Venturi et al., 2020), The
oxide layer can reform after fracturing under higher loads, especially if the temperature is high and
the metal is exposed to air. The reformation rate of the oxide layer depends on factors such as
temperature, load, and environmental conditions. Higher temperatures and specific weather
conditions can accelerate the reformation of the oxide layer. The process of adhesion of the
protrusions between the two sliding surfaces depends on the applied load and occurs in three
stages. Initially, at low loads, a thin oxide layer forms, preventing actual contact between the two
surfaces. As a result, the force required to break the bond between the protrusions is lower than the
force between the alloy atoms, leading to low corrosion rates due to the absence of powdered
oxide being ejected from the sample surface. This first stage, characterized by minimal wear, is
referred to as light corrosion (Pulsford, 2022). As the load increases to intermediate levels, the
oxide layer starts to break down, and the surfaces begin to make partial contact, causing a gradual
increase in corrosion. At higher loads, the oxide layer is further disrupted, leading to more
significant wear and the transition to severe corrosion. This stage is marked by higher wear rates
and increased surface damage. Thus, the behavior changes gradually from light corrosion at low
loads to severe corrosion at higher loads, with a noticeable intermediate stage of partial oxide
breakdown and increasing surface contact.

The stage resulting from the increase in powdered oxide emitted from the sample is known
as the transition corrosion stage, and can be observed at loading rates ranging from 14N to 18N
(Rana et al., 2014). While the severe corrosion stage is considered the final stage, and occurs at
loading rates exceeding 22N, where the alloy does not have enough time to form an oxide,
resulting in the removal of thin layers from the surface of the alloy itself (Groover, 2007).

The stages mentioned above are an illustration of the sliding wear behavior of uncoated
basic alloys. When comparing the wear rates between samples coated with different types of
ceramic powders, it was found that these rates vary based on the nature and concentration of the
coating powders used. Referring to the previous figure, we find that the coated sample (Ng)
showed the lowest wear rate compared to the coated and uncoated alloys. The wear rate of these
alloys decreased by-60.36% when applying a load of 26N, which represents more than
half the wear rate of the uncoated alloys. This improvement in wear resistance is due to several
factors, most notably that the coating gave the alloys higher hardness, which reduced the plastic
deformation resulting from friction between the two surfaces (Dzhurinskiy et al., 2022). As
observed when the load was increased to (26N), the formed oxide layer was destroyed, resulting in
a strong metal contact protrusion, which makes the force required to cut or separate the connected
protrusions higher than the strength of the alloy atoms, thus increasing the corrosion rates
significantly. The reduced real contact area and lower shear force reduce the absence of sliding
wear equations. The broken coating layer during wear acts as a lubricant due to the contact
between the protrusions of the sliding surfaces, making the sliding weaker when the coating is
present on one or both surfaces. This requires less shear force, which results in a reduced wear rate
(Dzhurinskiy et al., 2022). In (Table 6), it is shown that the samples coated with various ceramic
coatings showed a significant improvement in sliding wear resistance compared to the
uncoated base alloy.

Table 6: Percentage improvement in sliding wear of coated alloys at load (26N).

No. Sample code Improvement percentage (%) Load (N)
1 No 0 26
2 N, -8.95 26
3 N, -42.851 26
4 N, -42.466 26
5 N, -43.448 26
6 Ng -58.554 26
7 Ng -60.36 26
8 N, -46.28 26
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After the coating process, all samples were heat treated at a temperature of (900°C), which
increased the hardness of the alloy.

It is clear from Fig. (5) that the coated alloy (Ng), consisting of 75% silicon carbide (SiC)
powder and 25% nickel-aluminum (Ni-Al) powder, showed the lowest rate of sliding wear
compared to other samples. This indicates an improvement in the resistance to sliding wear
depending on the type of coating used as well as the adhesion strength to resist the alloy from
corrosion due to the adhesion strength between the silicon carbide particles on the one hand and
the base alloy in addition to the nickel-aluminum bonding material on the other hand, while the
other coated alloys had a clear effect on corrosion at varying rates.

Fig. (6) shows the relationship between the linear sliding velocity and the sliding wear rate,
where it was observed that the wear rate for all coated and uncoated samples gradually decreases
with increasing linear sliding velocity. When comparing the sliding wear behavior when changing
the concentration of coating powders, it was observed that there is a clear decrease in the sliding
wear rate for the coated alloy (Ng) consisting of (25 wt% Ni-Al) and (75 wt% SiC), which was the
lowest compared to the rest of the coated and uncoated alloys. This is due to the rapid erosion of
the coating layers, which led to filling the voids or cavities formed by the sliding process due to
the high sliding velocity, forming a layer that isolates the alloy surface from the friction surface,
which led to increased wear resistance and the adhesion of the separate coating particles as a result
of the erosion process with the surface. Meanwhile, the coated alloy (N;) consisting of the binder
coating showed the highest

Sliding wear rates, and this comes as a result of the decrease in the bond strength between
the coating layer and the base alloy, as a result of for the distortion process to occur. Because the
heat generated by friction at low speeds is greater than at high speeds, this leads to increased
softness of the protrusions at high speeds, which makes the force required to cut the contact points
less than the bonding force of the alloy or coating metal atoms, and thus a decrease in the wear
rate with an increase in the sliding speed.
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Fig. 6: Sliding wear rate of coated and uncoated samples at different speeds.

In (Table 7), we can see that the other coated samples showed significant improvement in
sliding wear resistance compared to the uncoated base alloy. However, the coated sample N;
showed a higher wear rate than all alloys except the uncoated base alloy, with an
improvement of 2.25%.
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Table 7: Increases in coated alloys' sliding wear rates at (180 rev/min).

No. Sample code Improvemt(a(r;(t) )percentage Number of revolution (rev/min)
1 Ny 2.25 180
2 N, -24.99 180
3 N, -18.35 180
4 N, -11.20 180
5 Ne -16.14 180
6 Ng -45.42 180
7 N, -43.42 180

When performing the sliding wear test by changing the nature of the abrasive surface, by
changing the friction surfaces, shown in Fig. (8), it was found from the figure that the sliding wear
rate decreases with increasing roughness of the granular surface. The reason for this is due to the
small number of granules present on the surface area of the paper or the abrasive surface, i.e. in
other words, the smoother the granular surface of the abrasive surface, the greater the
amount of wear (Dzhurinskiy et al., 2022).
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Fig. 8: Sliding wear rate of coated and uncoated samples at different grain surfaces.

As for the samples coated with the remaining ceramic coatings, we note that they also
showed a significant improvement in varying percentages in the resistance to sliding wear,
compared to the uncoated base alloy, shown in (Table 8), except for the coated sample (N;), which
demonstrated higher wear rates than the uncoated base alloy by (-13.24%).

Table 8: Percentage increase in coated alloys' sliding wear at a grain size of (400#) for the nature of
the abrasive surface

No. Sample code Improvement Percentage Grain size of friction surface

(%) #
1 N; -13.24 400
2 N, -30.97 400
3 N, -19.09 400
4 N, -14.98 400
5 Ne -18.37 400
6 N -30.07 400
7 N, -23.71 400
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CONCLUSIONS

The research evaluates how different ceramic powders including silicon oxide; silicon
carbide combined with nickel-aluminum (SiC + SiO; + Ni-Al) influence the sliding corrosion
behavior of AISI 446 stainless steel alloys. Studies evaluated the coatings' performance after steel
samples got treated with thermal spraying methods through both sliding wear tests and corrosion
testing methods. The applied coatings demonstrated substantial enhancement of the wear
resistance in AISI 446 alloys beyond the uncoated base material properties. Under 26N vertical
force the alloy containing 75% silicon carbide with 25% Ni-Al binder absorbed the most
protection through a 60.36% decrease in corrosion while the wear rate showed increased rates in
response to higher applied loads. The research discovered that the sliding wear rate directly
depended on the number of ceramic particles in the covered layers. The alloy with 75% SiC and
no SiO; exhibited the minimum wear rate at 180 rev/min which led to enhanced wear resistance
performance. A subset of examined samples displayed wear rates exceeding those of both
untreated alloy samples and particular experimental conditions. Thermal spray coatings show
great potential according to study results for improving material resistance against sliding
corrosion.
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