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Friction Surfacing (FS) is a method to create coatings on surfaces, a commonly used 

approach for improving the surface properties of materials. This study investigated the 

deposition of an Al/SiC composite coating of AA2030 aluminum alloy and 250 μm SiC 

particles on a plain carbon steel substrate by FS. Holes of a 3.5 mm diameter were made 

in the AA2030 rod and filled with SiC powder. This consumable rod was then pressed on 

the surface of an St37 plate with an axial force of 450 N. The rod was rotated and moved 

around to coat the surface of the St37 substrate with a layer of Al/SiC composite. The 

results showed that SiC particles break down and get evenly dispersed over the surface. 

The deposited composite coating offered 41.6% better wear resistance and up to 70% 

better corrosion resistance than the non-composite coating. The electrochemical 

impedance analysis showed two time constants in the Nyquist plots. 

1. Introduction

Surface coating processes are widely used in
numerous industries, including aerospace, 
automotive, oil and gas extraction, and 
processing. These processes aim to improve the 
surface's mechanical properties (e.g., wear 
resistance), metallurgical properties, or 
electrochemical properties. Over the years, 
various coating methods, including powder 
metallurgy, laser cladding, chemical vapor 
deposition (CVD), nitriding, and physical vapor 
deposition (PVD), have been developed for this 
purpose [1, 2]. The FS process was introduced 
more than fifty years ago but has remained 
largely dormant. Although the process received 
some attention in the United Kingdom in the 
1980s, it was never seriously used. However, in 
recent years, the success of friction stir welding 
(FSW) and the need for alternative coating 
processes have led to renewed interest in the FS 
process [3]. The coating created by the FS process 
improves the substrate's mechanical and 
metallurgical properties (e.g., corrosion 
resistance and wear resistance) [4]. Since one 
way to improve the strength of light alloys 
relative to their density is to add reinforcements 
such as fiber or particles to their composition [5], 

there have been many efforts to find cost-
effective methods of creating high-quality 
composite coatings on alloys. One of these 
methods is friction stir processing (FSP). A non-
consumable stirring tool is forcibly applied to a 
surface, causing friction-induced deformations at 
high temperatures and microstructural changes 
in the deformed area [6]. According to studies on 
the deposition of aluminum coatings on steel 
surfaces by FSP, this process improves the 
corrosion resistance of these surfaces [7]. 

Typically, the cross-section of the coating 
created by FS is free of surface defects such as 
holes, pores, and porosity [8]. In FS, the substance 
deposited on the substrate is in the form of a rod 
consumed during the process. With the metal 
substrate well clamped, the consumable rod is 
rotated on the substrate surface under a constant 
axial force, creating intense friction at the rod-
substrate interface. This friction generates 
intense local heat, which, along with the axial 
force, causes plastic deformation in the rod. After 
a short time, the substrate moves forward, 
causing part of the plastically deformed 
consumable rod to remain welded on the surface. 
As the substrate moves, a coating layer is 
deposited directly on the surface of the base 
metal [9]. All the heat required for this process is 
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generated by the friction between the 
consumable rod and the substrate, which means 
there is no need for a separate heat generator. 
Thus, FS can be described as a coating process 
with a degree of energy consumption control [9]. 
The coating's interfacial properties revealed that 
it is metallurgically attached to the substrate 
without dilution. This is the advantage of the FS 
method over other coating methods. 
Metallurgical bonding was obtained by 
combining the two nascent surfaces generated by 
eliminating oxide layers due to intense rubbing 
under compressive strain [10]. 

The past studies on the deposition of 
aluminum coatings on steel surfaces by FSP have 
shown that it leads to enhanced corrosion 
resistance [11]. Also, aluminum alloys reinforced 
with ceramic particles have been shown to have 
remarkable strength, hardness, and low density 
[11, 12]. These properties make ceramic particle-
reinforced composites suitable for parts 
requiring high strength, hardness, and low 
density [13]. Since one of the primary purposes of 
coatings is to prevent corrosion, when assessing 
the applicability of a coating, it is essential to 
examine its behavior in corrosive environments. 
The FS process can also create a corrosion-
resistant coating on a substrate. However, 
reinforcing particles can significantly impact the 
resulting coating's physical, chemical, and 
electrochemical properties [14]. It has been 
reported that corrosion-induced cavities start 
from the pores in the coating matrix. In general, 
composites have more pores and cavities than 
non-composite matrices. Thus, corrosion 
resistance decreases with the increasing volume 
of ceramic particles in the coating [15]. 

Ranjan and Das [16] discuss several 
substrates' mechanical and corrosion protection 
characteristics following the FS process; 
examples are as follows: Bararpour et al. [17] 
investigated the effects of non-isothermal aging 
on the microstructure and mechanical properties 
of the composite AA5083-15 wt% Zn coating 
applied to AA5052. The precipitation hardening 
mechanism was revealed to be the primary 
mechanism responsible for enhancing the 
hardness and strength of the zinc-rich coating 
during the non-isothermal aging phase. Sahoo et 
al. [18, 19] deposited AA6063 on the surface of 
EN8 [18] and AISI304 [19] steels using the FS 
technique. They studied the effects of the tool's 
rotational speed, feed rate, axial force, and 
substrate preheating on coating dimensions and 
bonding strength. They achieved optimal process 
parameters, which resulted in the most robust 
bonding strength. A comparable study was 
conducted on FS of IS2062 mild steel coated with 
AA6351 [20]. Yu et al. [21] FSed AA6061 on the 
surface of Q235 carbon steel. They discovered 

that intermetallic particles dispersed randomly; 
they obtained a highly refined coating, and the 
coating's corrosion resistance was increased.  

The literature analysis suggests that the 
coating of steel with various aluminum alloys has 
received little attention. Additionally, aluminum 
composites have unique properties [22], making 
them attractive for supporting coating 
applications. Thus, this work aims to use the FS 
method to create an Al/SiC composite coating on 
a steel substrate and investigate the coating's 
wear, microscopic, and electrochemical 
properties. 

2. Materials and Method 

2.1. Materials 

In this study, plain carbon steel plates (St37) 
of size 100 × 50 × 5 mm3 were used as the 
substrate, aluminum 2030 (AA2030) was used as 
the consumable rod, and 250-micron silicon 
carbide powder with 99% purity was used as the 
reinforcing particle. 

2.2. The Composite Coating Deposition Method 

The coating was deposited using a vertical 
milling machine. Figure 1 illustrates how the 
consumable rod was mounted on the machine 
and the substrate clamped on the machine's 
table. 

Figure 2a shows that the consumable rod was 
fitted inside a holder and under an axial force of 
450 N. This holder was clamped inside the milling 
machine's spindle (see Fig. 3). 

 

 
Fig. 1. a) Clamping of the substrate on the table of the milling 

machine b) Mounting of the consumable rod on the milling 
machine 

b
) 

a
) 
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Fig. 2. Schematic of coating deposition with the FS method 

[4] 

 
Fig. 3. The rod holder's bottom (left) and side (right) views 

The spindle angle, rotation speed, and feed 
rate were set to 6, 800 rpm, and 60 mm/min, 
respectively. After checking to ensure all 
parameters were correctly set and all parts were 
appropriately clamped, the machine was 
adjusted to have a minimum distance of 1 mm 
between the edge of the rod holder and the 
surface of the substrate. 

After turning on the machine, a 450 N axial 
force was applied to the rotating rod until it 
showed plastic deformation (Fig. 2b). At that 
point, the forward motion of the machine's table 
was triggered to start (Fig. 2c). The rod moved 
over the substrate, leaving a coating layer on the 
surface. In this process, the tool shoulder 
determines the thickness of the created coating 
and the smoothness of the surface (Fig. 2d). 

The silicon carbide particles had to be mixed 
with the alloy to create a composite coating. For 
this purpose, as shown in Fig. 4, one or two holes 
with a 3.5 mm diameter were created in the rod 
and filled with silicon carbide powder. The 
created specimens were named as shown in 
Table 1. The first case is considered with one hole 
(sample S3 in Table 1) and the second case with 
two holes (sample S4 in Table 1). The volume 
percentage of SiC particles equals the ratio of the 
hole area to the drilled aluminum rod area. 
Accordingly, the volume percentages of SiC 
particles in samples S3 and S4 equal 6.19% and 
13.19%, respectively. 

2.3. Coating Examination Methods 

To eliminate the effects of initial irregularities 
in the coating process on the results, the first 30 
mm of all specimens were cut out. After that, the 
specimens were cut into 10 mm long pieces. The 
coated surfaces were examined with an FEI 
Quanta450 electron microscope equipped with 
an EDS detector model Oxford Ultim Max Large 
Area SDD. 

 
(a) 

 
(b) 

Fig. 4. The consumable road with (a) one hole and (b) two 
holes 

Table 1. The manufactured specimens and their 
characteristics 

Coating’s 

density 

(g/cm3) 

Volume 

percentage 

of SiC 

Substrate/Coating Specimen 

Name 

- - Steel (uncoated) S1 

2.70 0 Steel/Aluminum S2 

2.73 6.19 

Steel/Composite 

coating made 

with one hole in 

the rod 

S3 

2.77 13.19 

Steel/Composite 

coating made 

with two holes in 

the rod 

S4 

Wear testing was performed using the pin-on-
disk method with a 3 mm pin made of AISI 52100 
Chrome Steel with a hardness of 65 HRC. In this 
test, the axial force was 20 N, the pin sliding speed 
was 0.05 m/s, and the sliding distance was 300 m. 
The weight of the specimens before and after the 
wear test was measured with an A&D Weighing 
GR-120 laboratory scale. The disc specimens 
needed for this wear test were prepared in the 
dimensions 10 × 2 × 15 mm3 with a 5mm thick 
coating. 

Electrochemical tests were performed in a flat 
cell manufactured by EG&G, where 1 cm2 of the 
specimen gets exposed to the electrolyte. The 
temperature for all electrochemical tests was 
25°C. The Tafel and open-circuit potential tests 
(Eocp) were conducted in an Origa Flex OGF500 
potentiostat. The reference electrode was SCE 
(Saturated Calomel Electrode), and the auxiliary 
electrode was platinum with a surface area of 5 
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cm2. In the Tafel polarization test, the applied 
potential was changed from  -550 to -900 mV, and 
the scanning rate was one mV/s. The 
extrapolation of Tafel lines determined the 
corrosion current density. The Electrochemical 
Impedance Spectroscopy (EIS) tests were also 
performed in an Origa Flex OGF500 potentiostat 
with frequencies ranging from 10 kHz to 10 MHz 
and sine wave voltages in the range of ±10 mV 
relative to Eocp. 

3.  Results and Discussions 

3.1.  Microscopic Examination 

The EDS images of the specimens S2, S3, and 
S4 are depicted in Fig. 5. As shown in Fig. 5a, the 
surface coated with pure aluminum did not have 
any sign of silicon element. 

 

 

 

Fig. 5. MAP images taken from the specimens (a) S2, (b) S3, 
and (c) S4 

Figure 5b shows the coating created when one 
hole in the rod was filled with SiC micro-powder 
(specimen S3). As can be seen, SiC particles are 
well dispersed on the surface of this specimen. In 
Fig. 5c, which shows the coating created while 
having two SiC-filled holes in the rod, there are 
clear signs of large amounts of silicon on the 
surface. As the amount of reinforcing particles in 
the coating increases, so does the hardness of the 
formed layer [23]. Thus, having two SiC-filled 
holes in the consumable rod increases the 
product's hardness by ensuring that higher 
amounts of reinforcing particles are present on 
the composite surface. 

Figure 6 illustrates the SEM images taken 
from the surface of the coated specimens S2, S3, 
and S4. Given the size of the reinforcing particles, 
it is clear that they were very equally broken 
down during the process. As can be seen, the 
particle size has decreased from 250 microns to 
approximately 5 microns, and the particles have 
become well dispersed over the surface. Figure 6c 
shows the SEM image of the coating surface 
produced by the rod with two SiC-filled holes. SiC 
particles are more refined in this specimen than 
in the first specimen. The particle diameter has 
decreased from 250 to about 50 microns, and 
particles are almost evenly distributed over the 
surface. By comparing Fig. 5b and Fig. 6c, one can 
see that the reinforcing particles in Fig. 6b are 
much smaller and are more uniformly dispersed 
on the coating surface. Therefore, it is clear that 
the stresses applied to the reinforcing particles at 
the surface-rod interface have caused these 
particles to break down. According to these 
results, a smaller amount of powder results in a 
more extensive crushing of SiC particles and, 
therefore, smaller particles in the product. 

The dispersion of silicon and carbon on 
specimens S2 and S3's surface suggests the 
dispersion of SiC particles on these coatings (Fig. 
7). As shown in Fig. 7, SiC particles have been 
crushed during the coating operation. A 
comparison of Figs. 7a and 7b show that in 
specimen S3, where lower amounts of SiC 
powder have been introduced, particles are more 
crushed, and fewer coarse particles are on the 
surface. More uniform dispersion of the 
reinforcing particles on the surface will have 
more uniform properties over the produced 
composite. Figure 6 also shows that specimen S3, 
which has a lower SiC content than S4, has a more 
uniform particle distribution on the surface, with 
far fewer large SiC particles. Therefore, it can be 
concluded that specimen S3, created with one 
SiC-filled hole in the consumable rod, has smaller 
reinforcing particles with better dispersion and 
more uniform distribution over the surface.

a
) 

b
) 

c
) 
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Fig. 6. SEM images taken from the surface of the specimens (a) S2, (b) S3, and (c) S4 at different magnification levels 

 

3.2.  Examination of Wear Resistance 
Properties 

The pin-on-disk test was performed to 
examine the wear properties of the specimens. 
With an axial force of 20 N, a sliding speed of 0.05 
m/s, and a sliding distance of 300 m, a pin 
diameter of 3 mm was driven onto the surface. 
The changes in the mass of the specimens and 
pins are given in Table 2. As can be seen, there 
was almost no change in the mass of the pins 
during the tests. But there were measurable 
changes in the mass of all specimens before and 
after this test. These results showed more 
significant mass changes in specimen S2 (which 
had no reinforcing powder) than S3 (which had a 
small amount of this powder). They also showed 
that specimen S3 experienced more significant 

mass changes than S4 (with a higher reinforcing 
powder). These results suggest that higher 
amounts of reinforcing powder on the coating 
surface lead to improved wear resistance, as 
indicated by more minor mass changes in the pin-
on-disk test. 

The diagrams in Fig. 8 show the coefficient of 
friction in terms of the sliding distance. In all of 
these diagrams, the curves can be divided into 
three parts: they ascend in the first 10 meters 
until reaching a peak and then remain almost 
constant until the end. There are minor 
disruptions in this trend, which could be due to 
the wear adhesion, i.e., the pin continuously 
sticking to and getting detached from the surface, 
or the presence of SiC particles that are not 
evenly distributed over the surface. 

   

(a) 

   

(b) 

   

(c) 
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Fig. 7. Dispersion of the constituting particles of the coating in the specimens (a) S3 and (b) S4 
 

Table 2. Change in the mass of pins and specimens in the pin-on-disk test 

Change in the mass of 

the pin (g) 

Change in the 

mass of the 

specimen (g) 

The final mass 

of the 

specimen (g) 

The initial mass 

of the specimen 

(g) 

Number of 

holes in the 

consumable rod 

Specimen 

0.0000 0.0105 27.5470 27.5575 0 S2 

0.0000 0.0086 19.8860 19.8904 1 S3 

0.0001 0.0074 11.0388 11.0462 2 S4 

 

 
By comparing the diagrams in Fig. 8, one can 

see that as the amount of reinforcing powder 
increases, the coefficient of friction decreases. 
The average value of the coefficient of friction in 
the steady part of the curve are 0.62, 0.58, and 
0.55 for samples S2, S3, and S4, respectively. In 
other words, increasing the SiC content increases 
the resistance of the produced coating to surface 
wear. 

The wear properties of the coatings were 
studied by performing the pin-on-disk test. The 
changes in the mass of coated specimens and the 
pins are given in Table 2. From the results 
presented in Table 2, it can be concluded that the 
higher the amount of reinforcing particles in the 
coating, the smaller the change in the mass of the 
specimen will be. The plots of friction coefficient 
versus sliding distance for the specimens S2, S3, 
and S4 are drawn in Fig. 8. This figure shows that 
the higher the amount of reinforcing particles in 
the coating, the lower the coefficient of friction. 

From Table 2 and Fig. 8, it can be concluded that 
as the SiC content of the coating (specimen) 
increases, so does its wear resistance. 

3.3. Examination of Corrosion Resistance 
Properties 

The electrochemical results obtained from 
short-term exposure of the specimens to 
corrosive environments are presented in Fig. 9. 
The diagrams in Fig. 9 are the plots of changes in 
the open-circuit potential versus time of 
immersion in the 3.5% NaCl solution. The open-
circuit potential of the uncoated steel (S1) had 
dropped steadily during the immersion. The steel 
exhibits a declining open-circuit potential over 
the 16 hours of immersion without becoming 
passive. This decline is due to chloride ions' 
absorption, oxygen concentration changes, and 
dissolution of oxides formed on the surface [24]. 
This indicates the continuous dissolution of the 
steel in this corrosive solution. 

 

(a) 

 

(b) 
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Fig. 8. Plots of friction coefficient versus sliding distance for the specimens (a) S2, (b) S3, and (c) S4 

 
Fig. 9. The open-circuit potential of the specimens in terms 

of immersion time in 3.5% NaCl solution at 25°C 

This dissolution occurs because of corrosive 
chloride ions and oxygen in the solution. The 
performance of the specimens S2, S3, and S4 is 
entirely different from that of uncoated steel (S1). 
The open-circuit potential of the steel with 
composite coating increases during the 
immersion until reaching a constant level. This 
could be due to the reduced active surface of the 
composite coating because of SiC particles that 
replace the Al particles. 

The cyclic polarization curves of the 
specimens S2, S3, and S4 are drawn in Fig. 10. As 

can be seen, all three curves have similar trends. 
The information extracted from these curves is 
presented in Table 3. There are some differences 
in the Ecorr values of S2, S3, and S4, related to the 
amount of SiC particles in the composite coating. 

The corrosion resistance properties of 
coatings were investigated using the polarization 
method. Figure 10 shows the potentiodynamic 
curves of uncoated steel and coatings S2, S3, and 
S4. It should be noted that the immersion time 
was set to 15 hours to ensure that the observed 
corrosion properties are related to the interface 
of the coating with the base metal. As shown in 
Fig. 10, the Al/SiC composite coatings showed 
higher corrosion resistance than the uncoated 
steel. Steel has a higher corrosion potential (Eocp) 
than composite coatings. The electrochemical 
information extracted from the potentiodynamic 
diagrams by curve fitting at their Tafel region is 
presented in Table 3. Using the Icorr values, the 
corrosion rate can be obtained using the 
following equation and Faraday's law: 

𝐶. 𝑅 =
3.27 𝐼𝑐𝑜𝑟𝑟  𝐸. 𝑊

𝜌
 (1) 

 

Table 3. Electrochemical information extracted from the potentiodynamic diagrams 

C.R (μm/year) Icorr (μA/cm2) Ecorr (V vs SCE) Samples 

195 25 -710 S1 

128 11 -860 S2 

110 8 -803 S3 

95 5 -780 S4 

 

 

(a) 

 

(b) 

 

(c) 
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Fig. 10. Potentiodynamic diagram of the specimens for 

exposure to 3.5% NaCl solution at 25°C 

In Eq. (1), C.R is the corrosion rate in terms of 
(μm/year), and Icorr is the corrosion current 
density in terms of (μA/cm2). Also, E.W is the 
equivalent weight (g/mol), and ρ is density 
(g/cm3). 

The results presented in Table 3 clearly show 
that the uncoated steel has a higher corrosion 
rate than the Al/SiC composite coating. These 
results indicate that while the uncoated steel is 
sensitive to corrosive environments, the coated 
steel gains a significant level of corrosion 
protection from its coating. In uncoated steel, the 
corrosion current increases with the potential, 
indicating that corrosion occurs without a 
passive layer. However, the composite-coated 
steel exhibits a level of passive protection under 
anodic polarization. The presence of more SiC 

particles in the coating leads to reduced 
corrosion current and a slower corrosion rate, 
probably due to the blockage of corrosive 
solutions from entering the substrate-coating 
interface. Thus, it can be stated that the Al/SiC 
composite coatings increase the corrosion 
resistance of steel in the corrosive environment 
of 3.5% NaCl. A higher amount of SiC particles in 
the composite coating results in a lower 
corrosion rate. 

EIS may be used to explore the corrosion 
behavior of an Al/SiC composite coating on a steel 
substrate over various exposure durations. 
Figure 11 shows the Nyquist plots and the 
corresponding equivalent circuit of the specimen 
S4 for six hours, 24 hours, three days, seven days, 
and 24 days of exposure to the corrosive solution. 
The Nyquist plot for 6 hours of exposure has two 
semicircles. Therefore, it can be stated that the 
system has two time constants. The time constant 
at high frequencies is related to the coating, and 
the one at low frequencies is related to the 
corrosion in the coating [2, 25]. In the equivalent 
circuit, the electrical resistance between the 
working and reference electrodes is Rs, the 
resistance of the pores of the coating is Rp, the 
constant phase element (CPE) capacitance is Cc, 
the charge transfer resistance is Rct, and the 
double layer capacitance is Cdl. The parameters Rp 
and Cc are related to coating defects at high-
frequency cycles and the parameters Rct and Cdl 
are related to corrosion in the coating at low-
frequency cycles [24]. 

 
(a) 

 
(b) 

Fig. 11. (a) Nyquist spectra of the specimen S4 for 6 hours, 24 hours, three days, seven days, and 24 days of exposure (b) 
equivalent circuit 
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Table 4. Impedance parameters for S4 sample steels in 3% NaCl solution 

Exposure time Rs (Ω.cm2) Rp (kΩ.cm2) Rct (kΩ.cm2) Cc (µF.cm-2) Cdl (µF.cm-2) 

6 h 6 4.1 8.5 40 254 

24 h 4 5.3 11.1 74 161 

3 days 7 7.8 15.4 91 115 

7 days 6 8.2 17.5 122 92 

24 days 5 10.6 23.1 145 71 

 
The electrolyte can penetrate the coating 

through the pores, causing corrosion in its active 
areas. This occurs in a capacitance observed at 
low frequencies. The electrolyte is less likely to 
corrode the substrate since the Al/SiC composite 
is more active than the steel substrate upon 
reaching it. 

The parameters extracted from the simulation 
of impedance diagrams with equivalent circuits 
are presented in Table 4. 

As in Table 4, the Cdl values decrease with 
increasing exposure time. Therefore, it can be 
stated that the area inside the coating that is 
exposed to the corrosive solution decreases with 
the immersion time. This is because the pores get 
blocked by the corrosion products as time passes. 
Also, the Cc value increases with increasing 
immersion time. This indicates an increase in the 
area in the coating exposed to corrosive 
electrolytes because of the increased area of the 
pore walls. As the immersion time increases, the 
accumulation of corrosion products in the pores 
and their blockage increases Rp. 

4. Conclusions 

The results obtained in this study can be 
summarized as follows: 

1- The composite-coated specimen created 
with one hole in the rod (S3) had 22.1% better 
wear resistance than the specimen with the 
aluminum coating (S2). Correspondingly, the 
composite-coated specimens created with two 
holes in the rod (S4) had 16.2% better wear 
properties than S3. 

2- Lower amounts of SiC particles in the 
process led to the increased presence of smaller 
particles in the coating. 

3- The specimen S3 showed a more uniform 
distribution of SiC particles in its composite 
coating than S4. This observation indicates that 
the process conditions for various configurations 
of the holes in the aluminum rod (i.e., different SiC 
volume percentages) should be optimized 
separately. 

4- The deposition of aluminum coating on the 
steel substrate increased its corrosion resistance. 
Furthermore, Al/SiC composite coating showed 
better corrosion resistance (lower corrosion 
rate) than the pure aluminum coating. 

5- The examination of electrochemical 
impedance showed that two time constants 
emerge in the Nyquist plots. 
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