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Abstract: Due to their superior mechanical properties, formability, corrosion resistance, and lightweight
nature, 6xxx series aluminum (Al) alloys are considered as a promising structural material. Nev-
ertheless, the successful application of these materials depends on their response to the external
environment. Recently, designers considered the surface properties an equally important aspect
of the component design. Due to this concern, these alloys are subjected to varieties of surface
modification methodologies. Many methodologies are explored to modify the 6xxx series Al alloys
surfaces effectively. These methods are anodizing, plasma electrolytic oxidation (PEO), cladding,
friction stir processing, friction surfacing, melting, alloying, and resolidification using high energy
beams, etc. This review work discusses some of these methods, recent research activities on them,
important process variables, and their role on the final properties of the surfaces.

Keywords: surface modification; aluminum alloys; microstructure; anodizing; plasma electrolytic
oxidation; laser cladding; friction surfacing

1. Introduction

The need for weight reduction and improvement in mechanical properties in automo-
bile, aerospace, sports, and health care industries has stimulated the development of new
materials and processes. In addition, the requirement of material with specific functional
properties has also contributed to the growth of this particular domain [1–6]. Aluminum
(Al) alloys and their derivatives form an important sector in this development. However,
the actual deployment of these materials and their components also depends on their
response to the environment, in addition to their microstructural and mechanical proper-
ties [7–10]. Hence, in a majority of the alloy applications, altering the surface behavior is
considered an equally important goal in materials development [11].

Al is available in plenty in the earth’s crust. Unfortunately, pure Al is highly soft and
ductile, hence, unusable for structural applications. For structural and other load-bearing
applications, Al is alloyed with various alloying elements so that the resultant alloy will
have desired mechanical, chemical, and physical properties, such as strength, stiffness,
toughness, corrosion resistance, and physical appearance [12]. Based on the added alloying
elements, alloys are classified into various groups, namely 2xxx, 3xxx, 4xxx, 5xxx, 6xxx,
etc. Mechanical properties of the Al alloys could be altered with thermal, mechanical,
or thermo-mechanical treatments. Most of the 6xxx series Al alloys are used in T4 or T6
temper conditions. T4 indicates that the alloy is solution treated and is naturally aged to
a stable state without the support of the cold work. T6 implies that the alloy is solution
heat-treated, and without any cold work, it is artificially aged to achieve precipitation
hardening [13]. The following section illustrates the predominantly used Al 6000 series
alloys, their mechanical properties, alloying elements, and intended applications.
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1.1. 6xxx Grade Al Alloys

6xxx series Al alloys consist of silicon (Si) and magnesium (Mg) as the primary alloying
elements, with Al as the host element. These alloys have good strength and ductility,
enhanced corrosion resistance, ease of formability, and anodizability [7]. Additionally, they
have good weldability, which makes them a strong candidate for structural applications.
Mg and Si are added in a ratio required to form quasi-binary alloy (Al–Mg2Si) alloys with
(Mg:Si:: 1.73:1) or with an excess of Si than required for the equilibrium magnesium silicide
(Mg2Si) formation. The formation of Mg2Si facilitates the scope for heat treatment and
improvement in strength [3,14,15].

1.1.1. Alloy 6005A

This alloy is considered a structural alloy with medium strength. It probably has
the lowest quantity of alloying elements in 6xxx series Al alloys, which are of practical
relevance. Moreover, this alloy has good bending properties. It is used in tubing form for
various profiles for furniture used in buses and railways.

1.1.2. Alloy 6061

The 6061 alloy is precipitation-hardenable, and it has good corrosion resistance. Be-
cause of these features, it has found applications in designing aircraft frames [16]. Since
the Al 6061 alloy is a common and reliable alloy for structural applications, it is called
“structural Al”. It is a first-choice material where higher strength and structural support
are required. It is used for building small multipurpose naval vessels, aircraft components,
such as fuselage and wings, bicycle frames, motorcycles, etc. Mechanical properties, such
as yield strength (YS), ultimate tensile strength (UTS), shear strength, and fatigue strength,
could be varied by using various processing or tempering. The 6061 alloys are extensively
used under T6 conditions, solutionizing followed by precip-itation hardening [17,18]. It
has a number of intermetallic compounds, namely, CuAl2, Mg2Si, MgZn2, etc., driving
precipitation strengthening [19].

1.1.3. Alloy 6063

This grade is most commonly used for extrusion. It could be extruded into thin-walled,
small, and intricate shapes and, hence, is used extensively for structural applications. For
such applications, invariably, T6 temper is used. AA6063 grade is generally considered
as an extrusion grade; hence, plates and rolled variants are gen-erally not available. This
grade has good corrosion resistance and average machinabil-ity characteristics. AA6063
alloy is used extensively in buildings. Anodic oxidation could be used to produce a surface
with beautiful colors and hence extensively used in architectural applications. It is used to
manufacture furniture, vessels, motor vehicles, window frames, door frames, roof support
systems, etc. Compared to 6061, 6063, it is more corrosion resistant and exposed to more
severe environments. Alloy 6063 with T6 tempering has average bending and folding
characteristics. Alloy 6063 tubes and bars of T6 temper can be bent reasonably, but that is
not a guaranteed feature. Compared to T6 temper, T4 temper has higher cold working and
formability characteristics.

1.1.4. Alloy 6082

It is another Al grade with commercial purity. It has the highest strength amongst
various 6xxx grade alloys with proper heat treatment, making it suitable for structural
applications involving welding and machining. It is used in various forms: sheets, plates,
bars (square and round), channels, and angles. It is generally used under T6 conditions. It
can be used even in outdoor applications. Grade 6082-T6 is amenable for polishing and
powder coating. Table 1 illustrates the mechanical properties of the im-portant 6xxx series
Al alloys [20].
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Table 1. Chemical composition and basic mechanical properties of important 6xxx series Al alloys.
YS, UTS, and Elongation in 50 mm gauge.

Alloy Type and Temper Composition (wt%) Mechanical Properties

6005A-T6
Si: 0.6–0.9, Fe: 0.3–0.6, Cu: ≤ 0.1,

Mn: ≤ 0.1, Mg: 0.4–0.6, Cr: ≤ 0.01,
Zn ≤ 0.1, Ti ≤ 0.1 Al: balance

YS: 200 MPa, UTS: 250 MPa,
Elong: 8%

6061-T6

Si: 0.4–0.8, Fe: ≤ 0.7, Cu: 0.15–0.4,
Mn: ≤ 0.15, Mg: 0.8–1.2, Cr:

0.04–0.35, Zn ≤ 0.25, Ti ≤ 0.15
Al: balance

YS: 276 MPa, UTS: 310 MPa,
Elong: 12%

6063-T6
Si: 0.2–0.6, Fe: ≤ 0.35, Cu: ≤ 0.1,

Mn: ≤ 0.1, Mg: 0.45–0.9, Cr: ≤ 0.10,
Zn ≤ 0.15, Ti ≤ 0.1 Al: balance

YS: 214 MPa, UTS: 241 MPa,
Elong: 12%

6082-T6
Si: 0.7–1.3, Fe: ≤ 0.5, Cu: ≤ 0.1, Mn:
≤ 0.4–1.0, Mg: 0.6–1.2, Cr: ≤ 0.25,

Zn ≤ 0.2, Ti ≤ 0.1 Al: balance

YS: 260 MPa, UTS: 310 MPa,
Elong: 10%

2. Need for Surface Modification of 6xxx Series Al Alloys

Many high-strength 6xxx series Al alloys are developed based on physical metallurgy
and materials design concepts. Many of these alloys are susceptible to degradations initi-
ated at the surface. For example, intermetallic compounds in the 6xxx series alloys make
them susceptible to corrosion forms, such as pitting and stress-assisted corrosion [21,22].
The Federal Aviation Administrative Advisory (FAAA) circular on corrosion control identi-
fies the following three corrosions experienced by the high strength Al alloys. They are:

(i) pitting corrosion;
(ii) stress corrosion cracking;
(iii) intergranular corrosion.

Protective coatings are used to protect Al alloys from corrosive environments [6].
Basically, such coatings isolate structural members from the environments, improving the
material’s corrosion resistance. Some of these coatings are developed following hard an-
odizing, cladding, priming, cold spraying, plasma electrolytic oxidation (PEO), and similar
methods [23–26]. When they are put into service, some of the Al alloys would be experi-
encing mechanical and tribological conditions. For such situations, surface modification
technologies, such as rapid solidification, using laser and electron beam remelting, friction
stir processing, and friction surfacing are employed [27,28]. The following sections deal
with these methodologies with reference to 6xxx series Al alloys as the substrate material.

3. Anodizing

Anodizing is one of the oldest, traditional electrochemical processes of Al finishing
in the metal industry. In general, anodizing is the process by which the surface of the Al
or its alloys is converted to porous Al oxide. By enhancing the thickness of the naturally
protective Al oxide on the surface (which is typically 5–25 nm), one can develop a high-
performance finish with a range of colors that is corrosion-resistant, non-toxic, durable,
paintable, abrasion-resistant, aesthetic in appearance, low-cost, and non-hazardous. An-
odizing is an electrochemical conversion process. Here, the part that will be surface
modified is made the anode in an electrolytic cell. The electrolyte could be of various types:
chromic acid, sulfuric acid, borate or tartrate baths, phosphoric acids, and organic acids
such as malic acid, oxalic acid, etc. The cell would be operated under DC voltages that
may run-up to a few tens of volts. A pre-treatment, such as electrolytic/abrasive polishing
that will influence the coating’s properties, would be performed before anodizing. The
developed porous surface can accept dyes, and one can impart a range of colors onto the
finished products. Based on the final applications, two distinct types of anodizing are
carried out. They are soft anodizing and hard anodizing. Hard anodizing is applied for
heavy (or experiencing wear conditions) industrial parts that are exposed to aggressive



Coatings 2022, 12, 180 4 of 25

and corrosive environments. They are thicker and harder, which helps in increasing their
durability. The anodized layer can cover the surface irregularities.

In contrast, the soft anodizing process produces a surface layer that is optically trans-
parent. Most of the mechanical properties remain the same, and they are mainly used for
decorative applications. The difference between these processes is the operating temper-
ature, use of additives, current density, and applied voltage. Being a group of Al-based
alloys, 6xxx series Al alloys have good anodizability. From an anodizing perspective, the
6060 Al alloy is explored much more compared to other types of 6xxx series alloys. Alloy
6060 is a treatable heat alloy offering moderate strength but better extrudability. It has good
corrosion resistance and weldability and is used for complex cross-sections. Polat et al. [29]
used the Taguchi method to design an optimum anodic polarization process for 6060 alloys.
Four parameters, such as additive type, dissolved Al concentration, bath temperature, and
current densities, were used to prepare an L9 orthogonal array. As a result, the anodized
samples exhibited a varied range of corrosion current densities and potentials that reflect
their changes with respect to characteristics of the anodized film, namely the pore size and
its distribution, geometry, and structure of the anodized film.

Wilson et al. [30] studied anodizing of 6060 Al alloy using sulfuric acid as the elec-
trolyte by a method called sulfuric acid anodizing (SAA). They explored the effect of
the tartaric acid addition on the anodization of AA6060-T6 alloy, focusing on improving
corrosion resistance and adhesiveness with the post painting layer. Tartaric-sulfuric acid
anodizing (TSA) was studied further to improve the corrosion resistance of the anodic
film. Since the same anodizing line was used for SAA and TSA, it was essential to assess
the commercial feasibility and cross-contamination. It was found that contamination in
the tanks was unlikely as they were rinsed with distilled water, and it did not affect the
adhesive bond strength values. Knudsen et al. [31] explored anodizing as a pre-treatment
prior to organic coating of EN AW-6060 (T6). Both alternating current (AC) hot anodizing
(80 ◦C) and direct current (DC) anodizing (20 ◦C) were performed as pre-treatment. Hot AC
anodizing developed 0.1–0.5 µm oxide thickness when the sample was treated in 15 wt.%
of H2SO4 electrolytes for 5 s. It performed better than DC anodizing due to its surface
cleaning effect. This process also removes Fe-rich intermetallics and decreases the cathodic
current density, thereby enhancing filiform corrosion resistance property. This process is
environmentally friendly as the chemicals used do not contain chromium and is robust due
to better voltage-current control. Tabrizian et al. [32] have conducted anodizing a 6060 Al
alloy to study optical properties. They tailored anodizing of 6060 alloys by opting for
cold-forging, heat-treatment, and diamond turning operations. They observed that prior
deformation increases anodized layer thickness. Heat-treatment levels offset the effect of
prior deformation. This is shown by the power spectral density measurements that pro-
duced lower scattering. Due to post-forging heat treatment, the distribution of intermetallic
particles such as Si and Mg2Si improved. These dispersed particles and defects in the oxide
film also contributed to lower brightness values for the anodized film measured using the
bidirectional reflection distribution function.

Short and Bryant reviewed defects appearing on anodizing Al [33]. Ma et al. [34]
studied the streak formation during anodizing of AA6063 -T6 extruded alloy. Pre-etching of
the alloy followed by anodizing is associated with the formation of grain boundary streaks.
Etching steps and surface scallops are affecting the streaking regions during anodization.
In turn, grain size distribution and crystallographic orientation could affect the streaking
regions. Extruded AA6063 exhibited a strong texture, and it could affect the anodization by
promoting streaking regions and non-uniform anodization.

Bononi et al. [35] have explored the effect of current amplitude and frequency on
the anodizing of AA6082-T6 alloy, focusing on volumetric expansion ratio, anodic oxide
thickness, and hardness of the samples. A comparison with AA2024-T3 and AA7075-T6
showed the influence of precipitates and composition on the anodizing treatment. The
6xxx series exhibited a relatively better tendency to become anodized. Higher frequency
caused an increase in the thickness, but it reduced the compactness of the anodized layer.
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Hardness remained almost constant. Aggerbeck et al. [36] studied the optical appearance
of an anodized layer on AA6082. It is found that with an increased degree of alloying,
the second phase particles led to increased roughness of the as-etched surface, which is
indicated by the diffuse reflections in the bidirectional reflectance distribution function.
Wielage et al. [37] investigated the effect of pre-treatment of the substrate’s surface on the
thickness of the anodized films on EN AW-6082-T6 alloys. The film thickness was measured
using an atomic force microscope and surface profilometer. As-received samples exhibited
greater surface roughness. With the increase in coating thickness, as-received samples also
exhibited a more significant increase in the roughness values. Grober et al. [38] performed
hard anodizing on EN AW-6082 alloys to study the effect of anodizing on fatigue properties
for self-tapping screw applications. Although hard anodizing did not vary the static tensile
strength, it significantly reduced the fatigue performance of the specimens with respect to
the unmodified variants.

4. Plasma Electrolytic Oxidation (PEO)

Plasma electrolytic oxidation (PEO) is a surface treatment method used for obtaining
oxide coatings on metals, such as Al, Mg, and titanium. The coating obtained has excellent
properties, such as high corrosion resistance, wear resistance, and electrical insulation.
These coating properties help them to be used in applications such as medical, aerospace,
automotive, oil, and gas industries [39–41]. PEO is an anodic oxidation process. During the
PEO process, the alloy to be oxidized is the anode. A shrouding environment of oxygen
is ensured around the anode throughout the oxidation process. A high voltage is applied
between the anode and the second electrode, usually in the range of tens of voltage to
hundreds of volts. The applied voltage is sufficiently high to ensure continuous sparks
across the electrolytic environment, separating the anode and the second electrode. The
voltage exceeds the dielectric breakdown potential for the growing oxide film. Generally,
stainless steel container is used to hold the electrolyte, and it also serves as the second
electrode. The pictorial representation of PEO is represented in Figure 1. Sparks and
associated chemical reactions ensure a ceramic oxide coating that is less porous on the
anode surface. As a result, the coating will have high adhesion to the substrate [42].

Figure 1. Schematic presentation of the system used for the PEO process.

The PEO variables control the properties of the PEO-treated surfaces. Some of them are
dielectric medium or electrolyte composition and their concentration, electrical parameters
during oxidation, oxidation time, added additives, and their concentration and temperature
during oxidation [42–44]. In recent times, PEO treated surfaces have been popular due to
the convenience of the process and characteristics of the coatings obtained.
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The performance parameters, such as hardness and wear resistance of PEO coatings,
are influenced by the coating thickness, phase compositions, size, and amount of pores and
microcracks [45]. Some of the characteristics of the PEO coatings could be improved by the
incorporation of second phase particles, such as corrosion inhibitors, graphite, graphene,
carbon nanotubes (CNT), or by an overlay of epoxy coatings [46–49]. Some of the advan-
tages of PEO coatings are excellent adhesion to the substrate, even with complex geometry.
Growth rates are reasonably higher, and the possibility of adding species or modifying
the composition of the coatings always opens new application domains [46,50–52]. Under
certain deposition conditions, the coatings could be porous. This could be exploited for
the benefit of impregnating with the appropriate chemicals. This could help the designer
to introduce different functional properties to the surface, namely hydrophobicity, self-
lubrication, etc. [49,53]. The type of electrolyte decides some of the limitations of the PEO
process. For example, aqueous-based electrolytes are generally associated with a low
coating rate, a porous coating, electrolyte need to be cooled to make it a stable electrolyte,
encapsulation of undesirable compounds in the coatings, etc. The use of molten salts
reduces these limitations [42,54]. This also explains why most of the work on the PEO
was conducted using alkali salts. Another limitation could be the expensiveness of the
equipment, and the electrolytes are supplied as proprietary.

PEO has many synonyms. Some of them are micro-arc discharge oxidation (MDO),
anodic-spark deposition (ASD), micro-arc oxidation (MAO), micro-plasma oxidation (MPO).
Technology-wise, it is the derivative of conventional anodizing. However, PEO uses much
higher cell voltage and can produce a thicker coating, with very high adhesion to the
substrate [55,56]. In general, a PEO coating consists of three layers deposited one above
another on the substrate (Refer Figure 2), which is generally a light metal or an alloy. The
PEO coating has a comparatively higher porosity than anodizing, but it can efficiently
protect the substrate against corrosion. In addition, molten oxides can heal the pores
formed by discharge due to high local temperature in the plasma discharge channels.

Figure 2. Schematic of a cross-sectional micrograph of PEO coating on the Al substrate.

PEO is a relatively new technique, and it is being explored to modify the surfaces of
6xxx series Al alloys for improving wear resistance, microhardness, corrosion resistance,
self-lubrication behavior. In the 6xxx series Al alloys domain, the authors could not find
any investigation on 6005A alloy and limited research on 6063 and 6082 Al alloys. However,
many research articles are available for 6061 Al alloy compared to them. The following
section briefly explains the salient features of various 6xxx series Al alloys.

4.1. PEO of 6061 Al Alloys

Various researchers have explored the utility of PEO for improving specific functional
properties of the 6061 Al alloy. Zhu et al. [45] revealed improved microhardness and
frictional resistance using PEO coatings on the 6061 Al alloy. Their electrolyte was silicate-
based, and they used sodium hexametaphosphate as an additive to produce a thick, less
porous, and harder PEO coating on 6061 alloys. Their research indicates that sodium
hexametaphosphate can alter the microhardness, morphology, and thickness of the PEO
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coatings. Sharma et al. [43] used KOH containing Na2SiO3 as the electrolyte. They used
various ratios of KOH and Na2SiO3 to explore the effect of concentration on the PEO oxide
layer grown on the 6061 Al alloy, its morphology, and properties. They noted that a higher
fraction of Na2SiO3 produces a hard coating and increases the growth rate. They observed
that the coating with optimum properties could be obtained with KOH: Na2SiO3 equals to
3:2. Wang et al. [44] used an alkaline electrolyte containing NaOH, Na2SiO3, and NaCl for
the PEO of 6061 Al alloy. They used hybrid voltage conditions and noted that increased
values of DC voltages led to increased growth of the ceramic layer. The ceramic layer had a
double-layer structure consisting of a hard outer layer and a soft inner layer. Many research
investigations focus on improving the functional properties of 6061 by using the PEO
process. These properties could improve corrosion resistance, wear, friction, wettability
behavior, etc. Dzhurinskiy et al. [6] have used the PEO process for improving the corrosion
resistance behavior of 6061-O alloy. The authors used an electrolyte consisting of KOH in
Na2SiO3. They observed improved corrosion resistance compared to the bare substrate.
They could evaluate the coating formation stage distinctly. They also correlated the process
parameters, thickness, and corrosion resistance of the PEO coating. Tran [57] explored
the possibility of an electrolyte that is alkali-free. They explored an electrolyte containing
calcium phosphate and ammonia water for PEO of 6061 Al alloy. They noted that PEO
coating has improved hardness and corrosion resistance. Chen et al. [58] used PEO as a
process tool to protect the weldment involving dissimilar materials combination of 6061
and 7075 Al alloys. They noted that the PEO oxide coverage on the weldment has different
morphology and composition compared to PEO coating on the substrate materials. They
also noted that the PEO coating of the weldment reduces the potential difference between
various parts and is hence expected to have improved corrosion resistance.

Trevino et al. [59] investigated the effect of the PEO process on the wear resistance
of 6061 Al alloy. They produced coatings with thicknesses in the range of 100–150 µm
using an electrolyte of KOH and Na2SiO3 with a voltage in the range of 400–600 V. Figure 3
represents the scanning electron microscopic (SEM) images of the PEO coatings on The
oxide coating had phases, such as mullite, α-alumina, γ-alumina, and amorphous alumina,
due to which the coating was much harder than the substrate. The wear studies indicated
that the predominant wear modes are adhesion and abrasion. Peng et al. [60] used two
different types of electrolytes for PEO of 6061 Al alloy. The electrolytes were KOH + sodium
phosphate and KOH + sodium aluminate mixtures. pH value was close to each other in
both cases. They observed that the electrolyte with aluminate generated α-alumina rich
single-layered coatings and exhibited better wear resistance than the phosphate-based
coatings. PEO coating using phosphate-based electrolyte produced bilayer coatings. The
top surface was porous and less dense. The inner layer was rich in phosphorous, and it
was a dense layer. Therefore, it exhibited improved corrosion resistance compared to the
aluminate-based one.

Figure 3. SEM of the PEO coatings on 6061 Al alloy (a) cross-section and (b) surface using KOH+
Na2SiO3 electrolyte. Reproduced with permission from [59]. Copyright Elsevier, 2012.
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Many researchers used various additives to improve different functional properties
of the PEO coatings generated on the surface of the 6061 Al alloy. Sowa et al. [46] added
organic corrosion inhibitors to the PEO coatings developed on 6061 Al alloy. They reported
that 8-hydroxyquinoline in ethanol could fill the pores produced during the direct current
(DC) PEO process, and it exhibited improved corrosion resistance in the NaCl solution
medium. Figure 4 presents the surface structure of the PEO coating wherein pores are filled
with hydroxyquinoline. The profilometer measurements indicate a noticeable reduction in
roughness, which is attributed to the filling of the pores with the 8-hydroxyquinoline. They
also noted that thinner the coating, lesser the porosity, and sealing would be better [46].
Tran et al. [61] added diamond powders into the electrolyte containing Na2SiO3 and H3BO3.
Their results indicated that adding diamond powders improves coating characteristics,
namely thickness, wear, and corrosion resistance. Diamond powders of the level 6g/liter in
the electrolyte produced a coating with the optimum properties. It had the best corrosion
resistance, microhardness, and lowest friction coefficient. Ma et al. [47] prepared a compos-
ite coating using the PEO of 6061 alloys with graphite particles to alkali sodium silicate
electrolyte. They noted that the resultant coating has low friction and wear resistance than
the bare oxide coatings.

Figure 4. Planar view of the PEO oxide films formed on 6061 Al alloy under the processing conditions
of 440 mA/cm2 + 8-hydroxyquinoline + DC supply. Reproduced with permission from [46].

Byeon et al. [62] have conducted the PEO of the AA6061 alloy. They introduced N
during PEO to enhance hardness and anti-abrasion properties. The Oxynitride layer was
developed using a combination of electrolytes, such as NaNO3, NaAlO2, and NaOH. The
surface morphology of coatings comprised of pan-like microstructures, and the phase
composition was made of AlON, α-Al2O3, and γ-Al2O3. The NO3− ions in the electrolyte
reacted with γ-Al2O3 to form the AlON phase. Madhavi et al. [63] explored the effect of pre-
shot peening on the PEO of AA6061-T6 specimens and the influence of surface roughness
on the corrosion fatigue life of PEO-oxide-coated 6061-T6 specimens. They prepared both
50 and 90 µm PEO oxide-coated samples for bare and shot-peened conditions. The surface
characterization of the coatings exhibits a crater/pancake surface morphology. Figure 5
represents the SEM of the plain MAO coating on the bare and shot-peened substrate. This
is due to the subsequent melting+oxidation and quenching of the molten alumina from the
discharge channel. Irrespective of shot-peening, the pancake diameters increased for 90 µm
coated samples. The barrier oxide coating exhibited increased impedance and polarization
resistance and sub-surface compressive residual stresses.
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Figure 5. SEM micrograph of plain MAO coating of (a) 50 µm and (b) 90 µm; shot peened + MAO
coating of (c) 50 µm and (d) 90 µm coating deposited on 6061-T6. Reproduced with permission
from [63]. Copyright Elsevier, 2021.

4.2. PEO of 6063 Al Alloys

Sobolev et al. [42] have investigated the corrosion resistance of the PEO coatings
generated on the 6063 Al alloy. They have used phosphate-based electrolytes containing
glycerin. They demonstrated that the addition of glycerin to the electrolyte increases
the solution’s stability and helps in obtaining a uniform, dense coating and these factors
enhance the corrosion resistance of the coatings. Zahng et al. [64] explored the effect of
current densities during PEO of 6063 Al alloy on the microstructure and corrosion resistance
of the PEO coatings.

Chen et al. [48] explored the effect of the addition of graphene particles during the PEO
process. They noted that the graphene particles reduce the breakdown voltage of the oxide
layer on the surface and promote coating formation. When the graphene concentration
is on the lower side, it fills the pores formed on the coating surface. When the graphene
concentration is higher, cracks appear on the oxide coating. The corrosion resistance of the
PEO coating improved with the addition of graphene particles.

4.3. PEO of 6082 Al Alloys

Malayoglu et al. [65] used PEO to create an oxide coating on the AA6082 alloy, and
further, they studied their mechanical and tribological properties. The coating consisted of
crystalline α-Al2O3 and γ-Al2O3 phases, and after the PEO coating, the samples exhibited
improved hardness and elastic modulus values. Further, PEO-coated samples also demon-
strated increased adhesion strength and excellent wear resistance. Typical features of a
PEO coating are presented by Shrestha et al. [66]. Though they had taken the AA6082 alloy
as the substrate (Figure 6), the features remain true for the PEO coating and any 6xxx series
alloy. It comprises several large pores of 5–10 µm, microscale pores of size <2 µm, along
with shrinkage cracks created during PEO. The coating is relatively dense (though some
porosity exists), and the microstructure comprises circular fused ceramic grains formed by
quenching of molten pools of oxide material.
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Figure 6. SEM micrograph of PEO surface on AA6082. Reproduced with permission from [66].
Copyright Elsevier, 2010.

Yurekturk et al. [67] explored the effect of carbon nanotubes (CNTs) on the electrolyte
during PEO of the 6082 alloys. It is observed that the addition of CNTs generates an
alumina coating with less porosity. CNTs also promote increased α-alumina content in
the oxide coating. This coating had higher hardness and wear resistance than the coating
produced without CNT addition to the electrolyte. The coating is also expected to have
better lubrication properties. Yan et al. [68] have explored the long-term corrosion and wear
protection of 6082 Al alloy subjected to the PEO process. The electrolyte was a mixture
of sodium silicate, sodium phosphate, potassium hydroxide, ammonium vanadate, and
deionized water. A top layer of Ti3C2Tx-epoxy coating exhibited good adhesion, and it
exhibited good corrosion and wear resistance.

Overall, the PEO process is a highly promising surface modification technique suitable
for light metals in general and 6xxx series Al alloys in particular. With more developments,
the coatings are expected to have more functional properties, and this will encourage more
and more applications for 6xxx series Al alloys in days to come.

5. Friction Stir Processing

Friction stir processing (FSP) is a surface modification technology based on the prin-
ciples of friction stir welding (FSW), which is helpful in enhancing specific properties by
facilitating local microstructural change [69,70]. FSW is used to join more than one plate or
sheet, whereas FSP is used to process the base material to enhance its surface properties by
refining the grain structure, adding a second phase material, altering the distribution of
second phase material, etc. Figure 7 demonstrates the schematics of the FSP. Here, a rotating
tool with or without a pin and shoulder would be inserted into the monolithic or substrate
materials. It would rotate and move with respect to the substrate, causing intense plastic
deformation, material mixing, refinement, temperature rise, etc., leading to the desired
surface modification. It has multiple benefits, such as solid-state microstructural evolution,
fine-tuning of mechanical properties using optimized tool design and process variables,
controlling the location and depth of the processed zones, the absence of deleterious gas
production, and minimum materials distortion. Friction stir processing could be employed
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with or without the addition of second phase particles. When a second phase material
is added during FSP, the second phase may act as a reinforcement phase, pinning point,
and controlling point for grain refinement, may react with the substrate to cause a new
strengthening phase, etc. [71–73].

Figure 7. Schematic of friction stir processing.

5.1. FSP without Any Additions

The purpose of FSP without any addition is generally to eliminate defects, such
as coarse grains, porosity, etc. Additionally, FSP improves grain refinement, ductility,
and superplasticity. Singh and Kandikonda [74] reviewed important process variables
affecting friction stir processing. Mehta and Badheka [75] explored the effect of FSP on the
tribological properties of Al6061-T6 alloy. The focus of the investigation was the influence
of the number of FSP passes and the direction of processing passes. The authors observed
better wear resistance on the FSP’ed component compared to the unprocessed sample.
They also reported improvement in wear resistance with the number of passes. With the
reversal in the processing direction, wear resistance increases. It is attributed to the extra
refinement of grains and more dispersion of the precipitates on the reversal of the FSP
direction. Zhao et al. [76] explored the effect of FSP on the microstructure development
and mechanical properties of the 6063 Al alloy. Figure 8 illustrates the inverse pole figure
and grain boundary map of 6063 Al alloy and FSP’ed 6063 Al alloy.

They noted that an increase in the tool rotation speed increases grain refinement in
the stir zone. Multi-pass stirring produces more refined grains than single-pass stirring
on the same line. The mechanical properties were weaker at a lower rotation speed, but
mechanical properties exceeded that of the base material at a higher speed.

Patel et al. [77] reviewed FSP as a means to achieve superplasticity behavior in Al
alloys. Zarghani et al. [78] investigated the effectiveness of friction stir processing for
enhancing metal properties of the 6082-T4 alloy. They noted that the intense plastic de-
formation occurring during FSP causes dynamic recrystallization, producing an ultrafine
grain structure. Additionally, the hardness of the alloy increased with a decrease in the tool
rotation speed. Kumar [79] explored the effect of superimposition of ultrasonic vibrations
and the FSP on 6063 alloys. The rotational speed and processing speeds were varied. It was
observed that ultrasonic vibrations help to generate heat in the stirred zone and encourage
material flow. It reduces the quantum of axial force and transverse force required for effec-
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tive processing. Senthilkumar et al. [80] explored the effect of the multiple passes on the
microstructural modification in AA6082 alloy. They explored the effect of various process
parameters, such as rotational tool speed, number of passes, etc., on the microstructural and
mechanical changes. Heat generation in the stirred zone was monitored using an infrared
(IR) camera. They noted considerable improvement in the tensile and impact strength,
whereas the improvement in the hardness was marginal.

Figure 8. Grain boundary identification using electron backscattered diffraction in (a) the base metal
AA 6063 and (b) the FSP’ed region. Reproduced with permission from [76]. Copyright Elsevier, 2019.

Fadhalah and Asi [81] explored the effect of FSP on the microstructure, aging kinetics,
and microhardness behavior of the AA6082 alloy. They noted that the stirred zone under-
goes dynamic recrystallization, leading to refined grains. When subjected to aging, the
same region became still finer due to recovery and recrystallization. In addition, there was
a texture change due to recrystallization. Sarvaiya and Singh [82] subjected rolled plates
of AA6082-T6 alloy to FSP. They explored the effect of rotational tool speed, processing
speed, and tilt angle on surface defects, surface appearance, heat generation, and flash
formation. The study concludes that the possibility of excess heat and insufficient heat
formation limits the range of processing parameters. When processing parameters go out
of these bounds, the process can create a defective material.

5.2. FSP with the Addition of Surface Alloying Elements

In this methodology, during friction stir processing, an element or an alloy that tends
to dissolve in the substrate will be added, either by making a groove or by drilling holes in
the substrate or by applying in the form of deposition on the surface. Though this type of
alloying is explored considerably for Al alloys belonging to the 2xxx, 5xxx, and 7xxx series,
it is relatively less explored in the case of 6xxx series alloys. Mane and Hosamani [83] used
copper as an additive during the FSP of AA6061 alloy. Before FSP, the copper powder
was thermally sprayed on the grooves made on Al6061 alloy. Defect-free stirred zone was
observed during FSP when the traveling speed was low. The stirred zone was exhibiting
grain refinement. The stirred zone was exhibiting accelerated aging kinetics to precipitate
Al2Cu. The stirred zone exhibited increased hardness and was attributed to the precipitation
of Al-Cu phases. Balakrishnan et al. [84] used FSP to alter the structure at the surface of
the cast Al 6061+Al3Fe composite. They observed that defects such as coarse grains, pores,
segregation of sharp particles, etc., could be eliminated using FSP. As-cast microstructures
of AA6061 + Al3Fe composites containing different fractions of Al3Fe are presented in
Figure 9.

Microstructural changes in the same composite after friction stir processing can be
easily visualized using micrographs presented in Figure 10. The microstructural changes
due to FSP improve mechanical properties, such as strength and ductility.
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Figure 9. Micrographs of cast AA6061/Al3 Fe composites containing different amounts of Al3Fe:
(a) 0 (b) 5, (c) 10, and (d) 15 vol. % of Al3Fe. Reproduced with permission from [84]. Copyright
Elsevier, 2019.

Figure 10. Micrographs of friction stir processed AA6061+Al3Fe composites: (a) 0, (b) 5, (c) 10,
and (d) 15 vol. % of Al3Fe reinforcements. Reproduced with permission from [84]. Copyright
Elsevier, 2019.
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5.3. FSP with the Addition of Hard Reinforcement Phases

Generally, composites exhibit high strength, high modulus, improved fatigue behavior,
creep and wear resistance, and a prospective structural material. However, these composites
exhibit low ductility and toughness, reducing their prospect of applications. In applications
such as wear and fatigue, where surface properties are essential, an appropriate alternative
would be to convert the material at the surface as a composite by adding the reinforcement
particles [71–85]. Figure 11 presents a micrograph of the commercial Al alloy with the
surface-modified SiC-reinforced composite, using the FSP process. Various types of hard
reinforcement phases are being explored in this domain. Some of them are Al2O3, SiC, B4C,
graphite, TiB2, etc. These particles could be microscale or nanoscale in size. In addition to
composite fabrication, FSP is also being used to develop functionally graded materials on
the surface of metallic substrates.

Figure 11. Successful composite formation at the surface, using FSP at two different travel speeds.
Base material here is commercial Al: (a) lower speed; (b) higher speed. Reproduced with permission
from [71]. Copyright Elsevier, 2011.

Functionally graded materials are materials with specific functional characteristics,
which are obtained due to changes in reinforcement volume, orientation, density, mate-
rials shape, etc. These variations bring specific functional characteristics to the substrate
surface [72]. Various researchers explored and reviewed the possibility of adding rein-
forcement particles to the surface of 6xxx series alloys using friction stir processing. It also
covers the improvisation of mechanical and surface properties.

Many researchers have explored the effects of the addition of SiC of various size
scales during friction stir processing. Choi et al. [86] explored the effect of the addition
of SiC particles during the FSP of AA6061-T4 alloy. They observed grain refinement
due to the presence of SiC during stirring. A combination of grain refinement and SiC
particles increased the hardness of the stirred zone. Eftekharinia et al. [87] processed Al6061
reinforced with SiC particles of 40 µm size using FSP and obtained a surface composite.
They explored the effect of pin geometry and the number of passes on microstructure, wear
rate, and microhardness variation. They noted that with the increase in the number of
passes, the distribution of particles became more uniform, and grain size was reduced.
Additionally, pin geometry and the number of passes played an essential role in grain
refinement and distribution of the particles. The pins with square and cylindrical profiles
exhibited minimum wear damage during FSP.

Researchers have investigated the effect of the addition of nanoscaled SiC particles to
6xxx series Al alloys during FSP. Salehi et al. [88] produced AA6061-SiC nanocomposites
using FSP. They explored the effect of process variables, such as rotational speed, traverse
speed, pin profile, and tool penetration depth, on the ultimate tensile strength. Using the
design of the experiment method, they identified tool rotational speed as the parameter of
maximum influence. Mehdi and Mishra [89] fabricated AA6082 matrix + SiC nanoparticles
reinforced composites. They considered a fixed tool rotation speed, feed rate, and tilt
angle. The number of FSP passes was the variable. Fragmentation of particles and uniform
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distribution of SiC particles was observed after the 5th pass. The UTS of the composite
increased progressively with the number of passes, and it is attributed to grain refinement,
fragmentation of SiC particles, and their improved dispersion. Salehi et al. [90] prepared
a graded Al-SiC composite by using SiC powders of 50 nm size using multistep friction
stir processing. The matrix material was 6061 alloy. The grading was with respect to the
percentage of SiC nanoparticles, and its range was 0 to 18 wt.%. The maximum hardness
achieved was five times that of the base material. Furthermore, they could correlate the
hardness values to the inverse of particle spacing.

Similarly, researchers have investigated the effect of the addition of micrometer and
nanometer-sized SiO2 particles during FSP. Zuhailawati et al. [91] have used amorphous
silica obtained from rice husk ash to reinforce 6061 Al alloy. They noted that the presence of
silica restricts grain growth in the Al matrix. The hardness of the alloy was sensitive to heat
generated during FSP. Mazaheri et al. [92] explored the effect of multiple passes during FSP
and nanoparticles of SiO2 on Al6061-based nanocomposite formation. Properties such as
microhardness, wear resistance, and corrosion resistance was investigated. They noted that
the higher the number of passes, the distribution of nanoparticles would be better, and it
results in an improvement in wear resistance. They also observed that the application of
FSP led to coarsening of Mg2Si and, in turn, reducing strength and corrosion resistance.

A couple of research investigations focus on using Al2O3 as the reinforcement during
FSP. Devaraju et al. [93] explored the effect of reinforcement particles (SiC and Al2O3,
separately) and rotational speed on making 6061-based surface composites. They used
reinforcement particles of 5 µm size and found uniformly distributed particles. In addition
to the reinforcement, they made square grooves of 3 mm width and 3 mm depth. The
composite had improved hardness and wear resistance. Qu et al. [94] prepared Al 6061-T651
alloy-based composite using sub-micrometer-sized Al2O3 and SiC particles (separately)
up to 3 mm thick. They added the Al2O3 reinforcement phase up to 20–30 by vol.%.
The composite improved friction and wear resistance by 40 and 90% compared to bare
Al 6061 alloys. Wear resistance was further increased by additional heat treatment. Naresh
et al. [95] added nano-alumina particles (40–50 nm) as reinforcement during the FSP of
Al 6061 alloy. They reported a significant improvement in microhardness. Guo et al. [96]
fabricated AA6061-based nanosized Al2O3-reinforced nanocomposites using FSP. They
used 2 mm deep and 1 mm diameter holes for adding nanopowders. Volume fractions of
powders were approximately 14%. They noted that the added particles act as pinning sites
and help in controlling the composite’s grain size. As a result, the composite significantly
increased microhardness and tensile strength.

Other than SiC, SiO2, and Al2O3, other hard oxides are also explored as a reinforcement
phase for modifying the 6xxx series Al alloys. Kheirkhah et al. [97] prepared a boron nitride
(BN)-reinforced Al6061-T6 surface composite by FSP. By employing four passes, they could
achieve a uniform dispersion of BN particles. Due to the combined effect of the pinning
effect from the hard BN particles and reduced grain size, the microhardness increased
drastically in the FSP zone. Additionally, increasing the number of FSP passes increased the
mechanical properties. Corrosion measurements also indicated the improvement with FSP
and the addition of BN particles. Patel et al. [98] modified the surface of the Al alloy 6063
using fine ZrO2 powder and friction stir processing. ZrO2 powder was spread finely due
to FSP. Both microhardness and tensile strengths of the FSP zone progressively improved
with the increased number of FSP passes.

Another important aspect of the fabrication of a composite using FSP is the way
in which the reinforcement phase is handled during the process. Rathee et al. [99] com-
pared the strengths of various particle addition methods during FSP to fabricate a surface
composite, and they observed that the use of grooves to deposit reinforcements exhibits
homogenous surface composite.

Another notable direction of research activity is using multiple reinforcement phases to
make a hybrid composite with 6xxx series alloy as the matrix material. Palanivel et al. [100]
successfully fabricated AA6082-based hybrid nanocomposites with TiB2 and BN particles,
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which is shown in Figure 12. The performance of the hybrid nanocomposite was compared
with AA6082, AA6082 + BN, and AA6082 + TiB2. It was noted that under optimum
conditions, the reinforcement particles were homogeneously dispersed within the stir zone.
The interface between the particles and the matrix was excellent, and there was extensive
grain refinement in the matrix. The addition of BN nanoparticles enhanced the wear
resistance of the 6082-TiB2 composite. They also reduced the wear of the counter material.

Figure 12. Micrographs of AA6082-based hybrid composites (a) and (b) at two different locations
showing coarse particles: TiB2 and fine particles: BN Reproduced with permission from [100].
Copyright Elsevier, 2016.

Barenji et al. [101] fabricated AA6061-based hybrid composites using Al2O3 and TiB2
powders through FSP. The effect of several passes on the microstructure, wear and hardness
was explored. They noted that an increase in the number of passes improved the dispersion
of the particles, which, in turn, improved the hardness and wear resistance. Anvari
et al. [102] prepared Al–Cr–O hybrid nanocomposite on the surface of the Al6061 by FSP.
They noted that the nanocomposite has higher wear resistance compared to plain 6061-T6
alloy. Anandhakumar et al. [103] fabricated Al 6061 alloy-based hybrid surface composites
using Al oxide, BC, BN, and graphite on an equal volume basis. They could achieve
uniform dispersion of reinforcement particles and good bonding between the matrix and
the reinforcement particles. They summarized that BC and Al oxide addition improves
mechanical properties compared to other reinforcement particles. Dinesh et al. [104]
prepared an Al 6063-based hybrid composite consisting of B4C and SiO2 with different
weight fractions. The friction tool was a non-consumable tool made using HSS. The results
indicated a uniform distribution of particles and refinement in grain size.

6. Friction Surfacing

Friction surfacing is a solid-state deposition method that can coat similar and dissimilar
materials. It allows the deposition of coatings materials in a layered, non-fusion manner.
In this method, the material to be deposited is used as a consumable tool and pressed
against the substrate surface with a normal force. Simultaneously, it is rotated on the
substrate surface resulting in frictional heating at the interface. The rise in pressure and
the temperature at the interface facilitate the formation of a viscoelastic zone, and bonding
develops between the substrate and the deposit [105,106]. The schematic of the friction
surfacing is represented in Figure 13.
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Figure 13. Schematic presentation of friction surfacing process. Reproduced with permission
from [106]. Copyright Elsevier, 2014.

Friction surfacing is a coating technology for materials carried out under solid-state.
Due to this, it imparts reduction in heat input compared to fusion-based processes, and
hence heat-affected zone (HAZ) is small, and distortion of the parts is minimum [107,108].
It is reported that the deposition efficiency is a function of energy input for a fixed volume
and affects the deposited material. The deposition geometry is also reported as a function
of the process parameters and temperature evolution during friction surfacing [109,110].
From the direction of friction surfacing, 6xxx series alloys as the tool material are more
explored than 6xxx series alloys as the substrate material [109–113]. In this review, the use
of the 6xxx series as the substrate material is considered. Yuvaraj [114] explored the effect
of adding ZrO2 during friction surfacing to make a surface composite on the surface of
6082 Al alloy. They noted improved hardness and tribological properties after making the
surface a composite.

7. Laser Cladding

Laser-based surface modification techniques are widely applied in diverse fields
of applications to enhance the surface integrity and surface mechanical properties of
metals and alloys. This includes laser shock peening [115], laser cladding [116], laser
remelting [117], and laser surface alloying [5]. Among these techniques, laser cladding is
a superior surface strengthening and repair technique introduced in the early 1980s. The
coating can be made in a single stage or double stage process. In a single-stage process, the
coating material in a powder form is preplaced in the substrate material or injected either
in coaxial/off-axis mode or fed as a wire into the molten melt pool created on the substrate
surface [8,118–120]. In a two-stage laser cladding, a slurry deposited on the substrate
material is melted with the help of a laser beam. Figure 14 demonstrates the schematic
diagram of the coaxial laser cladding system. In laser cladding, a high-power density laser
beam scans over the surface of the substrate material to form a molten melt pool when the
powder is injected onto the substrate through the nozzle with the help of carrier gas. The
laser and powder interaction causes the powder to enter a melt pool, forming a cladding
layer. Due to laser irradiance, there will be a sharp temperature gradient in the clad layer,
interface, and surface of the substrate material, promoting grain refinement. In this process,
a shielding gas is employed to prevent oxidation in the melt pool. Each of these processes
has its advantages as well as disadvantages. Laser cladding using powder injection is the
widely adopted technique among the mentioned process [121]. Laser cladding leads to
the formation of a uniform coating on the substrate material with no signs of crack, and
they offer enhanced mechanical properties [122]. Laser cladding has added advantages of
high energy density, enhanced metallurgical bonding with the substrate, uniform coating
thickness, high compactness, and high performance in comparison with physical vapor
deposition (PVD) and chemical vapor deposition (CVD) techniques [123,124].
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Figure 14. Schematic showing coaxial laser cladding system. Reproduced with permission from [120].
Copyright Elsevier, 2018.

Grohl et al. [8] performed laser cladding through the off-axis powder injection of Al
alloy 6061 powder on a 6061–T6511 substrate material using a 4 kW high power diode
laser. The authors used different power, scan speed, and feed rate in this experiment and
performed several experiments to optimize the parameters. The authors summarized that
power of 3625 W, feed of 0.18 g/s, and a scan speed of 2.5 mm/s can provide the highest
clad and maximum hardness in the heat-affected region (HAZ). The authors reported
fine and large precipitates in the cladding, which accounts for the maximum hardness in
the HAZ. The nickel-based cladding was widely used for surface strengthening because
of the wear-resistance and high-temperature properties. Wang et al. [125] laser cladded
Ni60 layers with three different rare earth oxides, such as CeO2, Y2O3, and La2O3, with a
varying weight percent on Al 6063 alloys. The authors observed that Ni60 cladding layers
that do not contain rare earth oxides showed many pinholes and furrow gullies in the
direction of cladding, and these are detrimental. This is attributed to the poor mobility of
the molten pool and the entrapment of gases in the molten pool. However, the addition
of rare earth oxides showed a remarkable reduction in surface pores and enhancement
in surface roughness. The surface density of the cladding layer with rare earth oxides
was high. This is due to the presence of rare earth oxides that enhanced the convection
in the molten melt pool, promoting the uniform distribution of cladding elements and,
subsequently, easy removal of trapped gases from the molten pool. The addition of rare
earth improved surface hardness and refined microstructure of Ni60 layers compared to
Ni60 layers without rare earth on the substrate. Wang et al. [126] studied the influence
of rare earth on tribological properties of the nickel-based claddings on Al 6063 alloys
and compared it with nickel-based cladding without rare earth. The authors divulged
that the wear volume loss of nickel-based claddings containing rare earth elements was
0.0974 mm3, while the cladding layers added with La2O3, Y2O3 and CeO2 are 0.0018, 0.0159
and 0.0031 mm3, which is one magnitude less than the nickel-based cladding without
rare earth. The wear depth and wear resistance were superior for nickel-based claddings
containing rare earth elements. The improvement in wear resistance can be correlated
with hardness as per Archard’s equation [127]. This equation demonstrates that the wear
volume is inversely related to the hardness.

Q = K
Wx
H

(1)
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where Q is the wear volume, K is the wear coefficient, W is the normal load, x is the sliding
distance, and H is hardness. The authors reported a 75% improvement in hardness when
rare-earth were incorporated in the nickel-based cladding. The coefficient of friction (COF)
was similar for both the claddings initially, and COF increased for cladding that does not
contain rare earth. The authors reported the lowest COF for the cladding that has rare
earth. This is because of the compact dendritic microstructure with refined grains and the
absence of pores in the clad. Among the various rare earth oxides in the nickel cladding,
the cladding that contains 5 wt.% CeO2 showed the lowest COF. Figure 15 demonstrates
the CoF of nickel cladding that has rare earth and without rare earth.

Figure 15. COF of the nickel cladding layers containing rare earth and without rare earth. Reproduced
with permission from [126]. Copyright Elsevier, 2017.

The figure shows that the presence of rare earth in the laser cladding reduced the
COF and improved the wear resistance. Thus, laser cladding can significantly enhance the
surface mechanical properties of the substrate materials.

Overall, laser cladding is a vital surface modification technique for Al alloys that can
enhance surface mechanical properties and integrity, ultimately improving components’
performance in extreme conditions.

8. Conclusions

This review article elucidated a comprehensive discussion on various surface modifi-
cation techniques for 6xxx series Al alloys. Surface modification techniques can enhance
the surface mechanical properties and surface integrity of the component. Various sur-
face modification methods such as anodizing, plasma electrolytic oxidation, friction stir
processing, friction surfacing, and laser cladding were considered in this review. This
process can effectively improve the surface mechanical properties of Al alloys used in
the medical, aerospace, automotive, oil, and gas industries. This study also incorporated
current state-of-the-art of these surface modification techniques on the most widely used
6xxx series Al alloys. The mechanism and most influential process parameters pertaining
to these processes were explained for predominantly used 6xxx series Al alloys. The effect
of these processes on mechanical properties and microstructural features was summarized.
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This review article can offer better insights when choosing the surface modification for
6xxx series Al alloys for diverse applications.
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AC Alternating Current
BC Boron Carbide
BN Boron Nitride
CNT Carbon nanotube
DC Direct Current
FSP Friction Stir Processing
FSW Friction Stir Welding
SEM Scanning Electron Microscopy
PEO Plasma Electrolytic Oxidation
UTS Ultimate Tensile Strength
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