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Abstract: To improve the corrosion resistance of Mg alloy, Al alloy/alumina metal matrix composite
(MMC) coatings were formed by low pressure cold spraying (LPCS) technology followed by post
friction stir processing. The phase structure, microstructure, and corrosion properties of the cold-
sprayed metal matrix composite coatings before and after friction stir processing were investigated.
The effect of the friction stir process (FSP) on the corrosion characteristics of MMC coatings at
3.5 weight percent of NaCl solution was explored using a Tafel polarisation plot. Microstructural
studies were examined to investigate the electrochemical behaviour of the cold spray (CS) and FSPed
MMC coatings. The results demonstrated that an enhancement in corrosion protection of the MMC
deposits occurred at the 1st and 2nd runs of FSP, with superior corrosion performance observed
at the 2nd run of FSP. The enhanced surface state is the primary enhancement mechanism of the
electrochemical properties of the FSPed MMC coatings. For the higher run of FSP (3rd run), the
electrochemical performance of the specimens was lower owing to the amalgamate action of the
enhanced surface state with the aggravated interface of interior deposits.

Keywords: cold spray; friction stir process; metal matrix composites; electrochemical behaviour

1. Introduction

Aluminium metal matrix composites (MCC) are actively employed in numerous
fields like aerospace, marine, and automobile industries due to its great strength, excellent
modulus of elasticity, and superior tribological properties [1–3]. MMCs produced using tra-
ditional processes such as liquid and powder metallurgy [2,4–7] and various thermal spray
technologies [8,9] frequently have flaws like pores, larger grain size, weak bond strength,
and undesired interfacial reaction products. However, the most developing technology is a
solid-state coating method called “cold spray” (CS), which has been suggested to develop
MMCs due to its lower processing temperature and high velocity capabilities [10–14].
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Cold sprayed MMC coatings have less porosity and higher adhesive and cohesive
strength among the metallic elements than cold sprayed raw metallic deposits [15,16].
Due to the presence of ceramic components, they can effectively permit metallic particles
to deform plastically. Nevertheless, the cohesive strength is lower among the ceramic-
metal and ceramic-ceramic components, which may also occur through cold sprayed MMC
coatings. Significant cracks and micro or nano pores (unbounded regions) at these interfaces
cause strong localised corrosion, which decreases the electrochemical performance of the
deposits [17,18].

Some researchers have examined the electrochemical behaviour of cold sprayed
aluminum-based MMC coatings through electrochemical techniques [18–28]. The elec-
trochemical performance of the cold sprayed AA5056/SiC MMC deposit provided that
the addition of SiC particles lowered the current rate at a potential of >600 mV [21]. But
another study reveals the corrosion resistance of the cold spayed AA7075/SiC MMC de-
posit is lower in contrast to the cold sprayed pure AA7075 deposit. For cold sprayed
MMC deposits, the domination of the massive plastically deformed metal elements or
the existence of severely frail bonds affects the electrochemical behaviour of the coatings.
Therefore, it is anticipated that corrosion protection of the coating may initially increase
but then decrease as ceramic concentration increases [24]. It was discovered that Al with
70% and 30% alumina has superior corrosion resistance. As a result, optimising the ratio or
dimension of the ceramic components would enhance the electrochemical behaviour of
MMC coatings.

The commonly used post process method for cold sprayed deposits is heat treatment,
which enhances bond strength as well as reduces the inter-particle boundary among the
metallic particles that behave as preferred regions for corrosion [17,29,30]. Consequently, it
is the suggested method for the electrochemical behaviour of cold sprayed raw metallic
deposits [17]. Nevertheless, the impact of the cold sprayed MMC coatings is lower because
they will not enhance the bond strength among the metal/ceramic elements through atomic
diffusion. From this, there is a need to find post process techniques to increase the corrosion
resistance of cold sprayed MMC deposits.

Friction stir processing (FSP) is a comparatively new technology with a wide range
of surface modification possibilities [1,31–34]. The extreme plastic deformed state and
the effect of raised stirred thermal energy [35–37] was developed through the friction stir
process. Grain refinement and uniformly distributed reinforcing elements are attained.
This leads to changes in surface microstructures and characteristics [32]. Previously, many
researchers had explored using FSP to cold spray deposits [16,38–42]. The benefit of using
the friction stir technique is that it enhances the tribological and erosion performance of
cold sprayed composite coatings. Furthermore, earlier research suggests that FSP could be
employed to enhance the mechanical behaviour of cold sprayed deposits [16,39]. The study
proves that FSP improved the hardness of the cold gas dynamic sprayed AA7075 coating
on the AZ31B substratum compared to as-sprayed coatings. This is due to the AA7075
deposit well refinement and the extreme plastic deformation produced by FSP [34].

From previous studies [1–58], it is evident that, to date, no research has been conducted
to improve the corrosion performance of magnesium alloy using low pressure cold sprayed
(LPCS) MMC coating by post process treatment.

Keeping the above point in mind, the present investigation was conducted to enhance
the corrosion resistance of LPCSed MMC coatings on AZ31B Mg alloy through FSP.

The cold sprayed MMC coating and post-treat FSP may have remarkable refinement
and redistribution of reinforcement particles and enhance the poor interface between the
particles [16,31]. As a result, it has the potential to improve the electrochemical properties
of cold sprayed MMC deposits. The aim of this research is to examine the practicability
of using FSP to enhance the corrosion properties of LPCSed MMC coatings. To determine
the impact of the FSP runs, a multi-run of FSP (with the first, second, and third runs) at
100% overlap is performed. The refining of alumina components and enhancement of
inter-particle bonding, which majorly influences the corrosion performance of the Al alloy



Coatings 2022, 12, 135 3 of 14

matrix with dislocation density (DD) [43,44], would be analysed in order to explore the
corrosion mechanisms.

2. Experimental Work
2.1. Manufacturing of MMC Coatings

In this experiment, the feed stock powder was an Al alloy (grade: AA2024) (4.6 wt.% of
Cu, 1.4 wt.% Mg, and Mn of 0.2 wt.%) with a particle size of 15 µm and an alumina of 20 µm.
The two powders were blended using a ball milling process with 80 vol.% of Al alloy and
20 vol.% of alumina powder, as shown in Figure 1. AZ31B magnesium alloy (Al—3.0 wt.%,
Mn—0.02 wt.%, Zn—1.0 wt.%, and Mg-balance) of 3 mm thickness was used as a base
material. Before coating, the base materials were ground by abrasive sheets at a grit range
of 1200 grit, washed by propane, and sandblasted (SEC-WB-9090, Sandstorm, Chennai,
India). This was done with aluminium oxide (grit size of 300 ± 450 µm), morphology:
blockish with fine edges, density of 2 g/cm3, and hardness of 3 × 104 MPa. The MMC
deposits were developed through the LPCS system (Dymet 423, Dymet, Tallinn, Estonia).
According to the trial and error method and published literature review [1–58], the cold
spray process parameters were optimised. These parameters provide the minimum porosity
and maximum hardness of the coating. The optimised parameters were found through the
Design of Experiment (DOE) using design expert software. Table 1 illustrates the optimised
parameters of the LPCS process.

Figure 1. SEM images of coating material (a) Al alloy powder (b) Alumina powder.

Table 1. LPCS spray parameters.

S. No Parameters Units Ranges

1 Air pressure bar 12
2 Air temperature ◦C 500
3 Powder feed rate g/min 20
4 Standoff distance mm 10

After LPCS, the post treatment was carried out on the surface of LPCSed MMC
coatings with various runs (1st, 2nd, and 3rd runs). In this experiment, a friction stir
welding machine (FSW RL54—090, RV Machine Tools, Chennai, India) was utilized as
shown in Figure 2. A H13 steel stir-tool with a Vickers hardness of about 510 HV, a thread
pin with a root diameter of 3.3 mm, a length of 2.8 mm, and a concave shoulder diameter
of 10 mm was used in this equipment. The stir tool is inclined at a 2◦ elevation angle to
eliminate surface flaws. The rotational orientation was counterclockwise at a rotational
speed of 800 rpm with a traverse speed of 40 mm/min and a plunge depth of 2.8 mm for
every run of FSP.
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Figure 2. Friction stir processing setup.

2.2. Characterization of Materials

The scanning electron microscope (SEM) (6410—LV, JEOL, Tokyo, Japan) was em-
ployed to examine the surface properties of the corroded specimens. The phase structural
behaviour was determined using X-ray diffractometer equipment (XRD, ULTIMA-III,
Rigaku, Tokyo, Japan) under Cu Kα radiation at 23 ◦C. All XRD results were captured at a
2θ angle from 20 to 80◦ with a step resolution of 0.032◦. For an LPCS sample, the hardness of
the coating is measured using a Vickers hardness measurement system (HM-200, Mitutoyo,
Tokyo, Japan), and the porosity of the deposit is estimated using an optical microscope
(MIL—7100, Meiji, Tokyo, Japan) with image analysis software (Metal Vision, Version 6,
2016, Metavision Technology Pvt. Ltd, Bangalore, India).

2.3. Electrochemical Experiment

The electrochemical experiments were conducted with the traditional three electrodes,
as illustrated below.

• Reference as saturated calomel electrode (SCE),
• Counter as a platinum electrode,
• Working as MMC coatings.

The electrochemical performance of the LPCSed as well as FSPed samples was in-
vestigated through cyclic polarisation measurement at 3.5 wt.% NaCl solution at ambient
temperature (23 ◦C) under neutral conditions with a scan speed of 0.34 mV/s. Before corro-
sion measurement, samples were polished and washed, and the operative circular region
of the MMC electrode had a circumference of 4.9 mm. The open circuit potential (OCP)
was measured at one hour, during which the samples were immersed in a 3.5 wt.% NaCl
solution to maintain the samples in a static condition. The polarisation of the specimen was
obtained in the range of −700 to 400 mV, which corresponds to the OCP. Then ZSimpWin
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(3.2, 2019, Ametek Scientific Solution, Bangalore, India) software was used to study the
spectral analysis.

3. Result and Discussion
3.1. Coating Microstructure and Characterization

The optical microstructure view and XRD pattern of the Al alloy/alumina MMC
coatings on AZ31B Mg alloy are shown in Figure 3a,b. From Figure 3a, it is inferred
that the coating consists of deformed Al alloy and alumina particles. The first layer of
coating is developed with greater adhesion between the substrate and coating due to
the sandblasting process [19,24]. The adhesion strength of the coating was determined
through a universal tensile testing machine (FIE02, Fuel Instruments and Engineers Pvt.
Ltd., Chennai, India). The adhesion strength of the coating was about 48.2 MPa. Due to
low processing temperatures [19,23,24], oxidation does not occur on the deposit. Due to
low pressure process parameters [10,11], the metallurgical bonding between the interface
of the matrix (Al alloy powder) and reinforcement (alumina) phase is not better. Numerous
research studies arrived at the same results [3,19–24]. Figure 3b illustrates the XRD pattern
of the coating. The peak shifting to a lower 2θ value indicates an expansion to a higher
lattice parameter and the peaks confirm that the deposit is a metal matrix composite coating
because the two peaks, aluminium and alumina, were found in the coating.

Figure 3. (a) Cross-sectional optical microstructure view (b) XRD of the LPCS MMC coatings.

Figure 4 illustrates cross-sectional SEM images of MMC coatings after the FSP process.
From the figure, it is evident that the level of splitting and dispersion of alumina particles in
the matrix phase rises after FSP due to the shearing force developed by the stirring motion
of the tool on the coated sample.

The micro hardness measurement was conducted on the cross-section of the coated
sample under a 250 g load with a 10 s holding span. The micro hardness of the coating
was measured using a Vickers micro hardness tester at 15 different regions of the sample,
and the average value was measured as 140 HV. The deposit reveals excellent hardness
due to the presence of alumina particles in the deposit [19–22]. The optical microscope
with image analysis software was utilised to examine the porosity of the coatings based
on the ASTM B276 standards. The sample was metallographically (polished), developed,
and etched. The images obtained with optical microscopy under 900× were selected for
porosity evaluation to investigate the image properties like pores and a consistent pattern of
cracks. A 500 micron square region was chosen on the deposit and the image was examined.
The study was repeated five times in various regions to determine the average percentage
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level of porosity, and the porosity of the as-sprayed coating was about 3%. After FSP, the
porosity of the coatings was reduced to 1%. The thickness of the coatings was determined
through a digital vernier calliper (0.001 mm accuracy) (CD-6CSX, Mitutoyo, Tokyo, Japan).
The thickness of the as-sprayed coating was about 5 mm. After FSP, the thickness was
about 1 mm.

Figure 4. Cross-sectional SEM image after 2nd run of FSP.

3.2. Microstructural Study
Refinement of Alumina Particles

The SEM photographs of the LPCSed and FSPed Al alloy/alumina coatings are shown in
Figure 5. When compared with LPCSed samples, the level of splitting and dispersal of ceramic
particles in the matrix phase rises after FSP, with some alumina particles retaining their earlier
larger size. That is owing to the shearing force developed by the stirring motion of the tool
on the coated samples. Then refining can result in enhanced mechanical properties due to a
dispersal strengthening mechanism, as verified by previous research [16,31]. Although the
continual disturbance of alumina particles formed during every run of FSP results in a
decrease in their size, the higher the rise of FSP (3rd run), the breakage of ceramic particles
becomes very small. The alumina particle size and dispersal levels of the second and third
runs of FSPs are more or less equal, as shown in Figure 5c,d.

The alumina particle distribution became non-uniform after FSP, with increased de-
grees of splitting in both the upper and lower regions of the samples. This is owing to the
flow of materials and stirring motion [31].

In comparison to bulk, the interfacial between the matrix and reinforcement phase in
CSed deposits acts as a favourable location for corrosion [45–49]. Although the addition of
alumina is expected to reduce the region that can be affected by an electrolytic solution of
LPCSed MMCs, the impact can really be stronger around the alumina particles owing to the
poor bond strength between the alumina particles and the matrix phase [18,22]. As a result, it
has a low corrosive performance. Based on the previous study [1], extreme plastic deformation
formed at the time of FSP has the ability to spread the alumina particles in the matrix phase
as well as the capability to generate diffusion between the metallic components, thereby
reducing the interparticle space among the particles. The outcome of space reduction between
the particles and the refinement/redistribution of ceramic elements after FSP enhances the
electrochemical behaviour of LPCSed Al alloy/alumina deposits.
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Figure 5. SEM images of (a) LPCS, (b) 1st, (c) 2nd, (d) 3rd runs of FSP.

3.3. Williamson–Hall Measurement

Figure 6a depicts the XRD patterns of the LPCSed and FSPed samples. The XRD
plot reveals that some of the peaks belong to the alumina elements in the FSPed samples,
which have become smaller when compared with the LPCSed sample [50]. This is due to
the lower size and higher levels of splitting between the alumina elements after FSP. The
Williamson–Hall technique was utilised to find the Al alloy matrix dislocation density (DD)
and micro strain (MS), as shown in Figure 6b. The results are illustrated in Table 2. [16,51,52]

d = kλ/(B cos θ) − (4 ε sin θ) (1)

ρ =
2
√

3
(
ε2)1/2

db
(2)

Then the abbreviations for,

• k: Shape factor constant
• λ: X-ray wavelength
• d: Crystalline dimension
• ε: Lattice strain
• θ: Bragg angle
• ρ: Dislocation density
• b: Burgers vector
• B: Peak broadening width
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Figure 6. (a) XRD pattens of the LPC sprayed and FSPed samples and (b) Williamson—Hall graph.

From Equation (2), the values calculated are illustrated in Table 2. When compared
with the LPCSed sample, the dislocation density and micro strain of the FSPed sample
were very small. This is owing to the dynamic recrystallisation produced by the stir motion
developed through FSP, as evidenced by multiple investigations. [53,54]. As a result of this,
lower dislocation densities improve corrosion resistance [55,56]. Nevertheless, when MMC
coatings are exposed to the 3rd run of FSP, higher dislocations are formed with severe micro
strains but no effective breakup of the alumina particles. The 3rd run of FSP causes grain
refinement as well as higher frequencies of greater angle grain boundaries [55,57], all of
which negatively affect corrosion resistance.

Table 2. Results of dislocation density and micro strain.

Samples
Crystalline
Dimension

(d) (nm)

Dislocation Density
(ρ) (mm2)

Micro Strain
(ε) (%)

LPC Sprayed 192.3 2.04 × 1020 0.111
800 rpm

(1st run of FSP) 73.1 2.83 × 1019 0.038

800 rpm
(2nd run FSP) 97.3 2.28 × 1019 0.034

800 rpm
(3rd run FSP) 59.2 3.76 × 1019 0.042

3.4. Corrosion Performance and Morphology

The conventional cyclic polarisation of the LPCSed and FSPed MMC coatings at
3.5 wt.% NaCl solution is illustrated in Figure 7 (the red arrow represents the scanning
orientation of the sample). At the time of ahead scanning, a passive area was detected at
LPCSed and FSPed conditions, in which a passive protecting layer was developed. When
the coated sample reaches the pitting potential (Epit), the current density rises rapidly
at a specific rate, and thereafter the potential rises at a moderate rate. At the time of
backward scan, repassivity occurred at the repassivation potential (Erp), corresponding
with the potentials from which the polarisation curves intersect at backward scan. Figure 7
demonstrates the corrosion potential of the 2nd run of FSP. During this experiment, negative
hysteresis loops were observed for all four corroded samples (corrosion potential greater
than repassivation potential), which indicates the lower repassivity capacity of the samples
and an adverse situation for pitting formation [45,46]. That is due to the significant energy
stored in LPCSed and FSPed MMC coatings [45].
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Figure 7. Tafel polarisation curves.

Table 3 illustrates the measured potentials of the cyclic polarisation plots. Differentia-
tion between the pitting and corrosion potentials is a measurement of pitting nucleation.
Whereas a greater differential indicates enhanced resistance to pitting corrosion. Similarly,
the distinction between repassivation and corrosion potentials is related to repassivation
capability [47,48]. Following successful completion of the 1st and 2nd runs of FSP, the
differentiation between (Epit−Ecorr) and (Erp−Ecorr) is higher when compared with the
LPCSed sample. As shown in Figure 8c,d, this indicates that the samples have improved
repassivation capability and superior pitting corrosion resistance. The respective current
densities of (Ecorr, Epit, and Erp) of the first and second runs of the FSPed sample are obvi-
ously lower than those of the LPCSed sample. The comparison of the first and second runs
of FSP revealed that the corrosion resistance of the second run was improved, as shown in
Figure 8c,d, due to alumina element refining and redistribution, reduced space between
the inter-splat boundary, re-oxidized aluminium phase on the surface, and reduced dis-
location density in the matrix phase. Nevertheless, with higher runs of FSP (3rd runs),
this difference reduces dramatically, pointing to a loss in corrosion behaviour as shown in
Figure 8e. Because during FSP, after the 1st and 2nd run, a new layer of surface appears. In
that layer, the interface bonding between the alumina particle and the matrix phase is poor
and also FSP induces more grain refinement with higher frequencies of greater angle grain
boundaries [54,57], which leads to poor corrosion behaviour on the sample.

Table 3. Outcome of Tafel polarisation analysis.

Specimens
Current Densities Potentials

Icorr
(A/cm2)

Corrosion
(VSCE)

Pitting
(VSCE)

Repassivation
(VSCE)

Pitting–
Corrosion (V)

Repassivation–
Corrosion (V)

LPC Sprayed 1.31 × 10−6 −0.575 −0.483 −0.762 0.092 −0.187
800 rpm

(1st run of FSP) 1.40 × 10−7 −0.612 −0.517 −0.780 0.095 −0.168

800 rpm
(2nd run FSP) 1.21 × 10−7 −0.636 −0.510 −0.781 0.126 −0.145

800 rpm
(3rd run FSP) 1.33 × 10−6 −0.594 −0.504 −0.777 0.090 −0.183
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Figure 8. SEM morphology of corrosion performance of (a) AZ31B Mg alloy, (b) LPCSed; and (c) 1st,
(d) 2nd, (e) 3rd runs of FSP after cyclic polarisation test.
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3.5. Mechanism of Corrosion

According to the FSPed, corrosion microstructure, and cyclic polarisation test out-
comes, the corrosion performance of the LPCSed and FSPed MMC (Al alloy/Alumina)
coatings were examined. Based on earlier research [18,45], the range of (Epit−Ecorr) and
(Erp−Ecorr) influences the surface behaviour of deposits, such as flaws between particles
and oxides of Al. After completion of FSP, the significantly enhanced surface state outcomes
are measured by the rise of both (Epit−Ecorr) and (Erp−Ecorr) values. Based on the FSPed
corrosion microstructural evaluation as shown in Figure 8, it is recommended to enhance
the surface state of the FSPed Al alloy/Alumina due to: (i) the refinement/redistribution of
the alumina element; (ii) the decrease in space between the inter-splat boundary; (iii) the
re-oxidization of the aluminium phase on the surface; and (iv) the decrease in dislocation
density in the matrix phase. However, at the higher run of FSP (3rd run), the dislocation
density is increased due to newly formed coarse alumina particles and poor interface
bonding between the matrix and reinforcement phase.

As shown in Figure 8e, weak interface states among the elements in the inner area
of the deposits will be responsible for the reduction in corrosion resistance in the third
run of FSP. This is due to the breakage of the oxide layer at the inner area of the coated
Al alloy elements. During FSP aluminium phases are re-oxidized on the surface of the
FSPed sample. At the higher run of FSP (3rd run), there is significant breakage of the oxide
layers of the interior coated Al alloy elements and a reduction in protective performance.
Previous investigations have proved the same behaviour [58]. FSP can enhance the surface
state but also worsen the interior deposit of the FSP sample. To conclude, it can be inferred
that the major enhancement mechanism of corrosion behaviour after the friction stir technique
is the enhanced coating surface, which results in the rise of (Epit−Ecorr) and (Erp−Ecorr) values.
At the lower run of FSP (1st and 2nd run), the values of (Epit−Ecorr) and (Erp−Ecorr) take
a dominating position, resulting in improved corrosion resistance of the MMC deposit.
At higher runs of FSP (3rd run), the (Epit−Ecorr) and (Erp−Ecorr) values do not reveal
the better corrosion resistance compared to the 1st and 2nd runs of FSP. From this, the
amalgamate action of the enhanced surface state and damaged interfaces of the interior
deposits determined the disappointing corrosion behaviour.

4. Conclusions

The following are the conclusions that were attained:

(i) The size of the alumina components could be decreased by utilizing FSP. Multiple
runs of FSP improved the rate of scattering and separation of alumina particles due to
the high stir motion created by FSP.

(ii) The matrix phase (Al alloy) dislocation density and micro strain are lowered after the
friction stir technique. The lower dislocation densities improve corrosion resistance.
However, the dislocation density and micro strain were higher in the third run of FSP,
which harmed corrosion resistance.

(iii) Furthermore, the lower (1st and 2nd) runs of FSP can significantly improve the
protection against corrosion of the LPCSed Al alloy/alumina coating, and the 2nd run
of FSP provides outstanding resistance to corrosion. The enhanced surface state is the
primary enhancement mechanism for the FSPed MMC coatings.

(iv) The amalgamate action of the enhanced surface state and damaged interface of
interior deposits would be accountable for the poor corrosion rate in the third run of
the friction stir method.

(v) Changes in the weight percentages of aluminium alloy and alumina powder, as well
as post-treatments such as laser remelting and heat treatment techniques, could be
investigated further. The samples’ corrosion performance must then be analyzed
further using electrochemical impedance spectroscopy experiments.
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