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Abstract

In this study, the low-carbon steel (AISI 1018 mild steel) substrate is coated with the aluminum alloys AA6082-T6, Al-20Zn, and
Al-2Si-15SiC to improve its corrosion resistance by the friction surfacing (FS) technique. To produce a high-quality coating, friction
surfacing process variables including spin speed, speed of travel, and the rate of feed are crucial. This experiment examines twelve
friction-surfaced plates with different parameter combinations. Scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDS) examinations were carried out in order to comprehend the microstructure and chemical composition of the
coating deposits and the area in contact between the coated surface and the substrate. Microstructure investigation reveals that
the intermetallic combination of Fe-Al at the coating interface region is an effect of the elemental diffusion of Fe to aluminum at
the contact interface. Then a uniform and fine-grained coating deposit is observed as a result of the continuous recrystallization of
the consumable rod under frictional stress and heat generation. According to the outcomes of the microhardness test, the coated
surface is roughly 15-16% harder than the consumable rod. The coating bond strength was measured using a ram tensile test,
and it ranged from 102 MPa to 135 MPa. Finally, evaluation of corrosion behavior through immersion testing and pitting corrosion

testing reveals that the coatings made of Al-20Zn and Al-2Si-15SiC exhibit good corrosive resistance in an alkaline environment.
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1 Introduction

Mild steel has many applications due to its excellent
mechanical characteristics and comparatively low cost,
but it has poor corrosion resistance, limiting its application
in the marine environment [1, 2]. In marine environments,
high chloride levels, dissolved oxygen, variable tempera-
tures, the UV rays of the sun, and microbial species are
some of the reasons contributing to high corrosion rates for
low-carbon steels [3]. To overcome these difficulties, vari-
ous corrosive resistance coatings are applied to mild steel
for its application in the marine environment. Aluminum
and its alloy have high corrosive resistance and are used as
anti-corrosion coatings for low-carbon steels [4]. The alu-
minum 6082-T6 alloy has good formability and mechan-
ical properties; it also has excellent corrosion resistance,
making it suitable for a wide range of applications in the
marine environment [5, 6]. Aluminum-based metal matrix
composites typically use silicon carbide as reinforcement
to enhance corrosion and wear resistance. Aluminum

reinforcement with 15% SiC particles results in an increase
in tensile strength, hardness, and wear resistance [7, §].
Al-SiC composites outperformed pure aluminum in terms
of corrosion resistance in an aqueous solution that con-
tains 3.5 weight % sodium chloride. The corosion resis-
tance of the Al/SiC composites increased as the volume
fraction of SiC particles increased [9, 10]. It is better than
pure aluminum that Al-Si alloys are strengthened with SiC
because they are less dense, have better mechanical prop-
erties, conduct heat well, and do not rust [11-13]. Al alloy-
ing with other elements, such as silicon and magnesium, to
create a coating on steel will prevent reactions with chlo-
ride ions in seawater and provide a shielding effect for the
corrosion environment [14]. Steel is well protected after
lengthy immersion in the solution of saline owing to the
19 weight% of Zn in Al, which also helps steel retain its
sacrificial nature. Major influences on corrosion behavior
are caused by the amount of zinc available in aluminum.
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These alloys have some extremely intriguing features that
protect steel [15, 16]. A large number of voids in the Al-Zn
coating on steel produced by the arc spray technique have
led to decreased corrosion resistance; the corrosion media
penetrates into the coating pore and causes internal corro-
sion on the steel surface [17, 18].

Usually, hot dip and thermal spray techniques are
fusion coating techniques that are the most commonly
used coating techniques for depositing aluminum and its
alloy on steel. In fusion coating, defects such as porosity,
blowholes, and surface cracks are unavoidable [19, 20].
To overcome these difficulties, the friction surfacing (FS)
coating technique is preferred. Fig. 1 illustrates the FS pro-
cess, a solid-state coating technique that unites two mate-
rials by applying high pressure and frictional heat [21, 22].
The FS coating technique is employed for the repair of
damaged or worn components, hard facing, increasing
corrosion resistance, improving the surface qualities of
parts and tools at a specific location, and creating metal
matrix composites [23—25]. The potential to deposit mate-
rials that are metallurgically incompatible with metals, lit-
tle dilution, and a small heat-affected zone are the most
notable advantages of FS over other coating processes.
In contrast to fusion-based methods, connecting materials
that are not the same has an advantage because the highest
temperature stays below the melting point of the rod due
to friction, which reduces the number of holes and cracks
that form when the materials solidify [26-28]. The alumi-
num alloy A356 surface is friction-surfaced with a SiC
reinforced AA 2124 composite. The creation of a strong
metallurgical bond with the substrate is responsible for the
excellent corrosion and wear resistance of the coating [29].

The procedure parameters significantly influence the
quality of the frictional surface layer. Faster travel led to
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Fig. 1 Friction surfacing process
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thicker deposits, higher deposition hardness, and reduced
energy consumption. Wider and thinner deposits were pro-
duced when the axial force was increased; however, exces-
sive force led to an uneven deposition [30]. The axial pres-
sure, traverse speed, and rotating speed all worked together
to influence the coating thickness. The augmentation in
axial load resulted in the formation of a coating without
any defects at the interface in the in FS of A16061 alloy [31].

Despite the fact that low-carbon steel has a lot of appli-
cations that call for coatings made of aluminum alloy,
some of them include coating for underwater vehicles, tur-
bine blades, crack and damage restoration for marine bod-
ies, shipbuilding, and the construction of oil and gas plat-
forms. As a result, the primary focus of this work is on the
newly created friction surfacing of AA6082-T6, Al-19Zn,
and Al-2Si-15SiC alloys on mild steel, utilizing them for
application in corrosive environments. We subject the
coated surface, interface, and substrate to microstructure
investigation and elemental mapping. Then, in four dis-
tinct pH media, the corrosion responses of the three dis-
tinct coated surfaces and the untreated surfaces are exam-
ined and reported herein.

2 Materials and procedures for experiments

2.1 Materials

The substrate was made of a 10 mm thick mild steel plate
that was cut to measurements of 75 mm by 150 mm.
Then the three different consumables as AA6082-T6,
Al-19Zn, and Al-2Si-15SiC, are prepared through stir
casting. Aluminum (A11050), which is 99% pure in
nature, was used as a matrix material. As reinforcement,
2% silicon and 15% silicon carbide powder with a nor-
mal grain size of 40 um are utilized. Initially, the alu-
minum is melted to a liquid state in the stir casting fur-
nace, and the reinforcement Si and SiC are preheated at
1000 °C to avoid the moisture content being added to the
liquid aluminum. Magnesium is added to the mixture in
tiny amounts (0.5—1 weight %) in order to boost the flu-
idity of the molten metal. Additionally, Mg also strength-
ens the connection between the reinforcement and the
matrix [12]. The mixture is stirred properly for 30 min to
ensure a uniform distribution of reinforcement in the alu-
minum matrix. Next, the liquefied composite material is
poured into a cylindrical die, and the cast rod is machined
to 20 mm diameter and 100 mm length, which is used as
a consumable for FS. Similarly, we use stir casting to pro-
duce Al-19Zn. The chemical composition of Al-Si-SiC and
Al-Zn is presented in Tables 1 and 2, respectively.
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Table 1 Chemical composition of Al-2Si-15SiC

Composition weight %
SiC Si Mg Fe Cu Al
15 2 0.5 0.5 0.1

Balance

Table 2 Chemical composition of Al-19Zn

Composition weight %
Zn Mg Fe Cu Al
19 1 0.5 0.1

Balance

Then AA6082-T6, the special grade aluminum alloy
used for welding and corrosion environments, is read-
ily available in the form of a plain rod machined for the
above-mentioned dimensions, and its chemical composi-
tion is presented in Table 3.

2.2 Friction surfacing method and process parameter

A friction stir welding machine with positional and load
controllers was used to carry out the friction surfacing
procedure. Before the experimental operation, the steel
substrate plates were securely connected at the sides in a
manner parallel to the motion of the spinning rod. The sub-
strate was milled to create a flat, oxide-free surface, and
the end of the consumable rod was machined for absolute
flatness. To avoid contamination, the substrate and coated
rod were cleaned with acetone before surfacing. The sub-
strate roughness was maintained between 5.9 pm and
7 um to improve the generation of friction force between
the consumable and the substrate surface. A 20 s dwell
time was used to maintain consistency throughout coat-
ing depositions [22]. The process parameters were chosen
using a literature analysis and the number of trials carried
out in this study. Fig. 2 illustrates the experimental setup
for the FS process.

2.3 Material characterization and microstructure
analysis

The SEM analysis is done by ZEISS EVO 50 at 15 to
20 kV for the three different aluminum composition coat-
ings. Samples of 10 mm x 10 mm were polished using
emery sheets of grades 1000 and 2000, followed by alu-
mina gel for scratch removal. Mirror finishing was added
by utilizing diamond paste for further polishing of the

Table 3 Chemical composition of AA6082-T6

Composition weight %
Al Si Mg Fe Cr Zn
96 1.3 1.2 0.5 0.25 0.2

Fig. 2 Friction surfacing process setup

samples. The elements and proportion of elements present
at random points in composites were analyzed using EDS
coupled with SEM, and line mapping was also performed
along the region referred to as the coating, interface, and
substrate [20, 21].

2.4 Bond strength test

Ram tensile testing is employed in the universal testing
machine (UTM) to determine how effectively the sub-
strate is adhered to by the coating deposit layer. These
methods make it possible to ensure that the sample will
break at the interface when subjected to a tensile force,
which corresponds to bond strength.

The MIL-J-24445A (SH) standard [32] was specifically
used in the design of the ram tensile fixture. The mild steel
substrate was sized into the shape of an 8 mm inner hole
to create a concentric space between the coating layer and
substrate. To effectively clamp the specimen on the laid-out
fixture, the surfaces were suitably machined. The annu-
lar region, which was only meant for loading, is shown in
Fig. 3. The 6 mm diameter push rod is used to apply force
to the coating deposit to evaluate the bond strength [25].

2.5 Coating density

The density of the material is used to calculate the cor-
rosion rate. According to ASTM B311-22 [33], the water
displacement technique (Archimedean method) was used
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Fig. 3 Bond strength testing method (Ram tensile test)

to determine the density of the coating deposit. Using the
law of mixing, the theoretical density of the sample was
determined using Eq. (1) [9]:

Ma
Py =\

xXp. Q)]
MH—MW:| pw

where p_— actual density of sample, p, — density of water,
M, — sample mass in air and M — sample mass in water.

The samples are weighed with an accuracy of 0.1 mg
using an electronic balance. The calculated density values
are shown in Table 4.

2.6 Micro hardness test

The hardness of the coating deposit and the consumable
rod used for coating is measured through the Vickers
microhardness test. The indentations were placed on the
coating surface at three distinct points in both transverse
and longitudinal directions. The same indentation is also
made on the three different aluminum composition con-
sumable rods. The standard load of 10 N and a uniform
dwell time of 15 s are maintained throughout the test [28].

Table 4 Bond strength and coating density

Bonding strength Average coating

Sample  Coated material density
(MPa) (g/om’)
S-1 102
S-2 106
AA6082-T6 2.71
S-3 135
S-4 132
S-5 109
S-6 135
Al-19Zn 3.98
S-7 118
S-8 109
S-9 112
S-10 142
Al-2Si-15Sic 277
S-11 139
S-12 135
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2.7 Chemical resistance test

2.7.1 Immersion corrosion test

The ASTM G31-21 [34] criteria are followed when con-
ducting the immersion corrosion test to gauge the corro-
sion resistance of the materials. The test samples, with a
size of 20 x 20 x 3 mm, are prepared. The test involves
immersing the material in different pH solutions, as pH 3,
pH 5, pH 7, and pH 9. By combining 200 mL pure water
with 2 mL concentrated HCI, a pH of 3 was set. Similar
steps were taken to adjust the solution to the required pH
by adding HCI for pH 5. Then pH 7 and pH 9 are prepared
by adding NaOH and NaCl solutions to the distilled water.
The desired pH level is confirmed using a pH meter. After
the preparation of four different pH solutions, the coated
and uncoated samples are immersed independently for 24,
48,72, 96, and 120 h in each pH media.

2.7.2 Pitting corrosion test

The three different aluminum composition coatings and
substrate material were put through the potential dynamic
polarization test, and the samples measuring 1 cm? were
exposed to the electrolyte for one hour. Potentiodynamic
anodic polarization tests were carried out in accordance
with ASTM G5-14(2021) [35] in a solution of 3.5% NaCl at
a scan rate of 1 mV/s and over a voltage range of 0.5-0.9 V
at a temperature of 25 °C. A saturated calomel electrode
served as the reference electrode, and a platinum electrode
served as an auxiliary electrode [36, 37].

3 Results and discussion

3.1 Quality of the deposit

The coating deposition quality of FS is greatly influenced
by the forging pressure, rotation speed, and feed rate;
therefore, 12 samples are friction-surfaced with varied
parameter combinations as presented in Fig. 4.

The different parameter combinations and the depo-
sition quality observed through visual inspection are
shown in Table 5. For the AA6082-T6 coating, it was
found that the bonding was intermittent and uneven over-
laying with a constant rotating speed of 900 rpm and a
constant pressure of 4 bar in samples S1 and S2. Then, for
S3 and S4, continuous and uniform coating is obtained
by increasing the forging pressure to 5 bar and speed
to 1100 rpm by maintaining a constant feed of 80 mm/
min. In the case of Al-19Zn, a uniform and good coat-
ing deposit is obtained in sample S6 alone. In the Al-Si-
SiC consumable rod, a uniform and continuous coating
is observed in samples S10 and S11 for an increased load
of 5 bar and at 1200 rpm with a feed rate of 80 mm/min.
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Fig. 4 Friction surfaced coating appearance for various parameter combinations listed in Table 5

Table 5 FS coating outcomes for various parameter combination

Sample  Coating rod Pr(e;s:rl;re Spin((irn;p ced Tzrilvrfll/rsnpi‘::;d Outcomes Acceptance
S-1 4 900 60 Intermittent and uneven deposition No
S-2 AAGORDTE 4 1000 80 Discontinuous deposit No
S-3 5 1100 80 Continuous, good overlaying throughout the bead Yes
S-4 5 1100 80 Continuous and uniform thickness with narrow deposition Yes
S-5 4 1500 80 Discontinuous and uneven deposition No
S-6 5 1200 60 Continuous and uniform thickness with narrow deposition Yes
S-7 AlI9Zn 5 1200 80 Discontinuous, varying width and poor coating deposit No
S-8 4 1100 80 Continuous but uneven coating width No
S-9 5 1400 60 Non uniform, continuous deposit No
S-10 Al-2Si- 5 1200 80 Continuous, uniform, narrow deposition and very good overlaying Yes
S-11 15Sic 5 1200 80 Continuous but uneven coating width Yes
S-12 5 900 60 Poor deposition and uneven ripples and bead No

The same process parameter is adopted for both S10 and
S11 samples.

3.2 FE-SEM and EDS analysis

The SEM picture of AA6082-T6, Al-19Zn, and Al-2Si-
15SiC coating cross sections is shown in Fig. 5 (b), (d),
and (f), respectively, and it reveals a well-bonded interface
and no signs of porosity there. Then the SEM image of
three different aluminum composition consumable rods is

displayed in Fig. 5 (a), (c), and (e). From the test, it is noted
that the average grain size of AA6082-T6, Al-19Zn, and
Al-2Si-15SiC consumable rods used for FS ranges from
56 um to 65 um approximately, while for the three dif-
ferent aluminum composition-coated surfaces of the sam-
ples (S3, S6, and S10), it is measured at 5.5 pm to 12 um,
as depicted in Fig. 6. It is found that the overall reduc-
tion in the grain size obtained for three different compo-
sition-coated surfaces is 70—-80% in comparison with the
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Fig. 5 SEM image of coating, interface and substrate at 500x magnification (a) A16082-T6 consumable rod, (b) A16082-T6 coating,
(c) Al-19Zn consumable rod, (d) Al-19Zn rod coating, () Al-2Si-15Sic consumable rod, (f) Al-2Si-15Sic coating

grain size observed for the consumable rods used in FS.
This is because while the tool is moving, the intense plas-
tic flow causes the coarse aluminum grains to break into
fine grains, allowing them to distribute equally [26, 27].
The fine and equiaxed morphology of the coating is mostly
formed through dynamic recrystallization. An increase in

temperature or a drop in plastic strain enlarges the recrys-
tallized grain size, while an increase in plastic strain and
a decrease in temperature produce fine grains [38—40].

The consumable rod undergoes thermo-mechanical
changes during processing, which results in a reduction in
the grain size of the deposited material.
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Fig. 6 Average grain size of coating surface and consumable rod

For three different composition-coated samples, the
EDS line mapping along the coated surface, interface, and
substrate is done. For sample 3 (AA6082-T6), it is evident
that the substrate and the covering materials mix at the
interface region and form a third-phase FeAl at the inter-
face, as depicted in Fig. 7 (a). Then the Fig. 7 (b) reveals
the dispersion of Fe in the coating deposit layer, which
forms a strong intermetallic link, whereas Fig. 7 (c) illus-
trates an uneven dispersion of aluminum particles at the
interface with the iron layer. Then, a homogeneous and
uniform distribution of Si and Mg on the aluminum com-
position-coated surface is seen in Fig. 7 (d) and (e). In the
case of the Al-19Zn coating (S6), a comparable interme-
tallic combination of Fe and Al at the interfacial region
is seen in Fig. 8 (a). Fig. 8 (b) and (c¢) shows how Fe and
Al are mutually diffusing at the coating interface area.
The distribution of Zn on the Al coating deposit surface is
presented in Fig. 8 (d). Similarly, for the Al-Si-SiC (S10)
coating, it is seen that there is a third phase of Fe-Si and
Fe-Al present at the interface, separating the aluminum
from the mild steel recorded in Fig. 9 (a). Between alu-
minum and carbon steel, a thin composite layer formed
that resembled the material transfer under the frictional
condition. In Fig. 9 (b) and (c), the diffusion of the coat-
ing and substrate material is depicted at the interface
region. The elemental distribution of Si and C is found to
be almost homogeneous on the coating surface, as shown
in Fig. 9 (d) and (e), respectively. For all three samples, it
confirms that the mild steel and aluminum did mix along

the interface, forming a third phase (Fe,Al). Inevitably,
the intermetallic compound formed during FS due to the
elemental migration of Fe from the steel to the aluminum
alloy caused by the thermo-mechanical effect.

In addition, elemental details for specimens 3, 6, and
10 were examined in the middle region of the deposition
interface through the EDS spot analysis shown in Fig. 10,
which provides information on the composition of the
essential components. In Fig. 10 (a) for the AA6082-T6
coating, spectral data demonstrate the presence of Al,
Fe, Si, Mg, C, and O at the interface that forms a metal-
lic composite at the interface region. In Fig. 10 (b) for
Al-19Zn, it is found that Al, Fe, Zn, C, and O elements
mixed together and formed a strong composite bond
at the coating interface. Similarly, in the case of the
Al-2Si-15SiC-coated sample of Al, Si, C, Mg, and O
found in the Fe interface region, the carbon content at its
interface is 9.91%, indicating a stronger bonding between
carbon steel and aluminum, as noted in Fig. 10 (c). Then
the results also show that all three tested samples had
an oxide level at the interface of the coatings. The oxide
present in the coating will be advantageous because alu-
minum oxide or alumina, which is a refractory mate-
rial, ceramic in nature, and creates hard material, would
enhance the hardness of the coating deposit. As the
amount of oxide increases, the hardness of the coating
will also increase [40]. The elemental mapping at the
contact confirms that the material transfer occurs under
frictional conditions due to inter-diffusion at the contact
interface. During friction surfacing, broken Fe particles
are incorporated in a soft Al layer and become deposited.
Deposited Al had tiny Fe particles that were scattered
throughout it, showing that Al and Fe are mechanically
adhered to the area where the coating and substrate meet.

Aluminum, titanium, and chromium oxides are harder
than their metals. This hardness enhancement improves
coating wear, scratch resistance, and durability. On the flip
side, these oxide layers can reduce coating-substrate adhe-
sion energy. When metal interacts with oxide rather than
metal, the adhesion energy decreases [41—43]. In this exper-
imental study, the coating surface primarily forms oxide,
whereas the interface only exhibits a slight presence of
oxide. Simultaneously, at the interface, the substrate-coat-
ing materials experience mutual diffusion, resulting in a
strong interlocking phenomenon. Because of this diffusion
effect, a small amount of oxide at the interface does not
have a significant impact on bonding strength.
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Fig. 7 EDS analysis on AA6082-T6: (a) Graphs of line scanning at interface from coating surface to substrate, (b) Fe distribution at coating and
interface region, (c) Al distribution at coating and interface region, (d) Zn distribution on coating surface
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substrate interface

3.3 Coating bond strength

The specimen loaded in the UTM is depicted in Fig. 11 (b),
and using the ram tensile test, the bond strength values
in MPa were determined. All twelve samples prepared
(shown in Fig. 11 (a)) are put through a ram tensile test,
and the results show that the FS process parameter greatly
influences the coating bond strength. The bond strength
values obtained for all the twelve samples tested are
given in Table 4. For a lower spindle speed of 900 rpm
and a lower forging pressure of 4 bar, the bond strength
has decreased, while for a spindle speed of around 1100

Wl

]

Sample Loaded (S2) =2
a7

Fig. 11 (a) Sample prepared for ram tensile testing, (b) Sample loaded
inUTM

to 1200 rpm and an increased forging pressure of 5 bar,
the bond strength has drastically increased. Moreover, it
is found that a further increase in rpm of 1400 shows poor
bonding strength. The samples S3, S4, S6, S10, S11, and
S12 show a good bonding strength of more than 130 MPa.
Whereas the average range of coating bond strength
achieved in fusion-type coating of aluminum on steel is
around 20—40 MPa [44], Here, the maximum bonding
strength of 142 MPa is observed in the Al-Si-SiC coat-
ing deposit for sample S10. In the case of 4 bar pressure,
the samples (S1, S2, S5, and S8) tested showed a bonding
strength value less than 110 MPa. It has been found that
higher axial loads combined with significant rotational
and traversal speeds increase the bonding strength.

3.4 Micro hardness

The hardness of the three distinct coating surfaces and the
consumable rod is assessed using Vicker's microhardness
test. The average hardness value observed from the coat-
ing deposit as well as from the raw consumable rod used



in FS is shown in Fig. 12. Al-2Si-15SiC coating deposits
(S10 and S11) have a maximum hardness value of 148 HV.
Then the hardness value of the Al-19Zn coating is found
to be higher when compared with the A16082-T6 coating
deposit. This demonstrates that the coating layer's hard-
ness has improved when compared to the consumable rod.
It is clearly observed that for all three different types of Al
composite coating, the hardness value of the coated sur-
face is increased by about 15-16% in comparison with the
hardness of consumable rod. A finer equiaxial grain micro-
structure within the coating, as opposed to the rod's aniso-
tropic microstructure, is the cause of this improvement in
the hardness of the coating surface [39]. The ultra-fine-
grained microstructure produced on the coating deposit
layer during FS is due to the high forging force. Because
of the intense plastic deformation brought on by FS, the
coated surface exhibits a sub-micrometric granular struc-
ture within the grains, which enhances the hardness [5].

3.5 Immersion tests

The coated and uncoated samples submerged in various
pH media are depicted in Fig. 13. Every 24 hours, the
weight reduction is calculated, and the calculated data are
displayed in Fig. 14. The experiment's findings revealed
that the weight loss of the three different aluminum com-
position-coated samples was smaller than that of the
uncoated substrate material. Additionally, it is noted that
for all samples assessed in various pH solutions, weight
loss increases as immersion time increases. When com-
pared to immersion in pH 3 and pH 5, the weight loss seen
at pH 7 and pH 9 is significantly less, which confirms that
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Fig. 12 Vickers micro hardness for coated surfaces and consumables
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Fig. 13 Immersion corrosion test in different pH solutions

0.025

0.02 -

0.015 -

weight loss (grams)

pH3 pH5 pH7 pH9
pH Medium

H Mild Steel ~ BAA6082-T6  HEAL-19Zn 1 Al-2Si-12Sic

Fig. 14 Weight loss observed for 120 h of immersion in various
pH media

the corrosion resistance of the coated sample is higher in
the alkaline media. Equation (2) is applied to calculate the
corrosion rate (CR) using the weight loss data in an alka-
line environment [5, 45—47]:

CR = Kxm

- =7 @
Axtxp )

where K — conversion constant (8.76 x 10%), m —mass loss (g),
A — surface area exposed (cm?), ¢ — immersion time (h), p —
material density (g/cm?) and corrosion factor (mm/year).
The corrosion rate assessed for various time periods
is illustrated in Fig. 15. It is found that the corrosion rate
is higher at the first 24 h of immersion, then drastically
reduced due to the formation of an aluminum oxide layer
in the coating deposit. The corrosion rate continues to
decrease even after refilling the solution every 24 h, indi-
cating that saturation is not the underlying cause. The pro-
duction of oxide layers and their impact on corrosion resis-
tance, with experimental evidence indicating that oxide
layer formation reduces corrosion rates independent of
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Fig. 15 Corrosion rate at various immersion times

solution saturation [48, 49]. Instead, it is supported by the
development of a protective oxide layer. The corrosion rate
observed for uncoated steel is higher in comparison with
the other three coated samples. Then, while comparing the
rate of corrosion for three different aluminum composition
coating materials, it was clearly found that Al-19Zn and
Al-2Si-15SiC show lower levels of corrosion rate in com-
parison with the AA6082-T6 coating.

3.6 Pitting corrosion test

The electrochemical polarization test curve produced by
the GillAC software for the coated and uncoated samples
submerged in the 3.5 weight % NaCl medium is shown in
Fig. 16. Table 6 displays the corrosion current (/) and
corrosion potential (£, ), which are derived from the
electrochemical data obtained from potentiodynamic dia-
grams. The relationship between corrosion current and cor-
rosion rate is direct [8, 9]. Uncoated steel has a higher 7,
of 23 nA/ecm?, while the other three coated samples' shows
lower values range from 4.2 to 10.5 A/cm?. According to
the 7 values, it is observed that untreated steel corrodes
more quickly than the three samples that were coated with
various compositions of aluminum. These results show
that coated steel has significant corrosion protection pro-
vided by the coating, whereas uncoated steel is sensitive
to corrosive conditions. The uncoated steel exhibits an
increasing corrosion current, which leads to rapid dete-
rioration of the material over time. The composite-coated
steel does, however, exhibit some passive protection when
exposed to anodic polarization [50]. The corrosion rate of
the samples was calculated using the /, measurements

through Faraday's law [2, 36] given by Eq. (3):

I xEW
CR =327 x 2o XEW €)

p

= AA1050-19Zn

— AAG082-T6
107 — AA1050-2Si-15SiC
= Mild steel
108 . -
-1000 -900 -800 -700 -600 -500

Potential(mV)

Fig. 16 Potentiodynamic diagram — 3.5 weight % NaCl immersion at 25 °C

Table 6 Electro chemical polarization test report

Sample E, . 1, Corrosion rate
(mV) (nA/cm?) (um/year)
Mild Steel =718 23 272
AA6082-T6 =790 9 97
Al-19Zn —875 10.5 78
Al-2Si-15Sic =765 42 45

Average equivalent weight @
=Y. (weight fraction x equivalent weight),

where /.~ current density (uA/cm?®), EW — equivalent
weight (g/equiv), and p — material density (g/cm?).

From Table 6, a lower corrosion rate of 45 um/year is
observed for Al-2Si-15SiC in comparison with the other
two coatings. Consequently, it is found that the Al/SiC
composite coating deposit boosts steel's resistance to cor-
rosion in corrosive environments containing 3.5 weight %
sodium chloride. More SiC particles in the coating's alu-
minum matrix cause a decrease in corrosion current and
a slower rate of corrosion, which is likely because they
prevent corrosive solutions from penetrating the substrate
and coating interface. The AA6082-T6 Al-19Zn coating
has also shown better corrosion resistance in compari-
son with the uncoated steel substrate. According to these
findings, coated steel receives a large amount of corro-
sion protection from its coating, whereas bare steel is
sensitive to corrosive situations. Al serves as the outer
layer in three different aluminum composition coatings,
protecting against corrosion by readily generating alu-
minum oxide on the surface [51, 52]. This electrochem-
ical test shows that Al-Si-SiC coating is the best option
for preventing corrosion in a chloride environment, and
AA6082-T6 is also preferred.



4 Conclusions

The key findings obtained from this experimental study is

listed as follows:

* By using friction surfacing, AA6082-T6, Al-19Zn,

and Al-2Si-15SiC consumables were effectively
deposited on mild steel substrates. The interface had
good bond strength and was devoid of porosity.

The interface layer materials exhibited elements
from both the steel substrate and the aluminum com-
posite coatings, due to thermo-mechanical reactions.
It was possible to identify elemental diffusion of Fe
to the coating side of the interface for each of the
three different coatings.

The high plastic flow that is created while the alu-
minum consumable is in motion splits the coarse
metal grains into fine grains, allowing the grains
to disperse evenly. When coatings are deposited,
extremely fine-grained microstructures are created
that are much harder than consumable rods.
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