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Abstract

Friction Stir Processing (FSP) has emerged as an advanced solid-state surface engineering
technique for tailoring high-performance surface architectures in metal matrix compos-
ites (MMCs). By combining localized thermo-mechanical deformation with controlled
material flow, FSP enables grain refinement, homogeneous dispersion of reinforcement,
and strong interfacial bonding without melting or altering bulk properties. This review
critically examines the role of FSP in enhancing the mechanical, tribological, and corrosion
performance of composites, with emphasis on process—structure—property relationships.
Key strengthening mechanisms, including grain boundary strengthening, load transfer,
particle pinning, and defect elimination, are systematically discussed, along with their
implications for wear resistance, fatigue life, and durability. Special attention is given to
corrosion and tribo-corrosion behavior, highlighting electrochemical mechanisms such as
micro-galvanic interactions, passive film stability, and interfacial chemistry. Furthermore,
the eco-efficiency, industrial viability, and sustainability advantages of FSP are evaluated
in comparison with conventional surface modification techniques. The review concludes
by identifying critical challenges and outlining future research directions for the scalable,
multifunctional, and sustainable design of composite surfaces.

Keywords: surface engineering; reinforcement dispersion; friction stir processing (FSP);
solid-state processing; hybrid composites; sustainable manufacturing

1. Introduction

Metal matrix composites (MMCs) have gained substantial importance in advanced
engineering applications due to their ability to combine the ductility and toughness of
metallic matrices with the strength, hardness, and thermal stability of reinforcements. These
materials are increasingly employed in aerospace, automotive, marine, biomedical, and
energy sectors, where lightweight design and multifunctional performance are critical [1].
Despite advances in bulk composite fabrication, the service life of components is often
governed by surface-related degradation mechanisms such as wear, corrosion, erosion,
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and fatigue crack initiation [2]. Conventional surface modification techniques, including
thermal spraying, laser cladding, physical and chemical vapor deposition, anodization,
and sol-gel coatings, have been extensively explored to address these challenges [3-5].
Although these methods can enhance surface hardness or corrosion resistance, they are
often associated with high energy consumption, material melting or vaporization, extensive
use of consumables, and complex post-processing. Furthermore, coating-based approaches
frequently suffer from issues such as weak interfacial bonding, porosity, residual stresses,
delamination, and limited load-bearing capability, particularly under cyclic or tribological
loading conditions [6]. From a sustainability standpoint, these drawbacks raise concerns
regarding environmental impact, material waste, and economic feasibility, motivating the
search for alternative surface engineering routes [7].

In this context, friction stir processing (FSP) has emerged as a promising solid-state
technique for localized surface modification of metallic materials and composites. Origi-
nally derived from friction stir welding (FSW), FSP utilizes a rotating non-consumable tool
to generate frictional heat and severe plastic deformation within a confined surface region,
while maintaining the material below its melting temperature [8]. This thermo-mechanical
environment promotes dynamic recrystallization, grain refinement, defect elimination, and
microstructural homogenization, thereby enhancing surface properties without altering
bulk composition or geometry [9]. A key advantage of FSP over fusion-based techniques
lies in its solid-state nature, which avoids solidification-related defects such as shrinkage
porosity, segregation, and hot cracking. The process also enables strong metallurgical
bonding between the processed surface layer and the substrate, leading to superior load
transfer and structural integrity [10]. In addition, FSP allows the in situ incorporation of
reinforcement particles into the surface layer, facilitating the fabrication of a composite sur-
face with tailored compositions and graded architectures [11]. This capability has opened
new avenues for designing high-performance surface layers with enhanced hardness, wear
resistance, corrosion stability, and fatigue life.

Over the past two decades, extensive experimental research has demonstrated the
effectiveness of FSP in modifying aluminum-, magnesium, titanium, and steel-based alloys.
Studies have shown that controlled grain refinement through severe plastic deformation
leads to improved strength and hardness via Hall-Petch strengthening, while simultane-
ously maintaining or even enhancing ductility [12]. Moreover, the elimination of casting
defects and homogenization of microstructure contribute to improved fatigue resistance
and damage tolerance. These benefits make FSP particularly attractive for safety-critical
components operating under harsh mechanical and environmental conditions [13]. Despite
these advantages, existing review articles on composites prepared using FSP emphasize
microstructural evolution and mechanical property enhancement, often presenting the
literature as a sequential compilation of experimental results. While such descriptions are
valuable, they frequently lack synthesis and fail to identify overarching patterns linking
processing parameters, reinforcement behavior, and surface performance [14]. Furthermore,
the eco-efficient aspects of FSP, such as reduced energy input, absence of consumables,
lower material wastage, and compatibility with repair and refurbishment, are rarely dis-
cussed in depth, despite being highly relevant to modern sustainable manufacturing
paradigms [15].

Another notable gap in the existing literature is the limited mechanistic discussion of
reinforcement behavior during FSP. Phenomena such as particle fragmentation, transport,
redistribution, interfacial bonding, and potential interfacial reactions play a decisive role
in determining the final surface properties of FSP-modified composites. However, these
mechanisms are often mentioned only briefly, without systematic analysis or comparison
across material systems [16]. Similarly, corrosion and tribo-corrosion behavior, critical for
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marine, biomedical, and energy applications, are frequently reported in terms of electro-
chemical parameters, while the underlying mechanisms involving grain boundary density,
micro-galvanic coupling, and passive film stability remain insufficiently explored [17]. The
motivation for the present review arises from the need to reposition friction stir processing
as more than a microstructural refinement technique. Instead, FSP is examined here as an
eco-efficient route for engineering high-performance surface architectures in composites,
integrating sustainability, performance, and manufacturability considerations. By critically
analyzing the relationships between processing parameters, material flow, reinforcement
characteristics, and functional surface properties, the review aims to provide a clearer
framework for both academic research and industrial implementation.

The current work offers a mechanism-driven and sustainability-focused analysis of
friction stir processing (FSP) for engineering composite surface architectures, with a clear
emphasis on surface-specific modification. Unlike earlier reviews, it distinctly differentiates
FSP from other friction stir techniques by highlighting its role in near-surface microstruc-
tural tailoring rather than bulk joining or casting remediation. Sustainability aspects,
including energy efficiency, optimal material utilization, elimination of consumables, and
favorable lifecycle performance, are critically addressed. The review synthesizes pro-
cessing parameter-microstructure-property relationships to identify mechanistic trends
instead of listing isolated studies. Reinforcement behavior is examined in depth, covering
particle fragmentation, transport, interfacial bonding, and stability within the processed
layer. Mechanistic insights into corrosion and tribo-corrosion performance are provided
by discussing electrochemical interactions and surface chemistry evolution. Industrial
relevance is further explored through discussions on scalability, hybrid manufacturing
integration, and process robustness, alongside structured future research directions empha-
sizing scale-up, modeling, and digital manufacturing integration. Alongside, Table 1 shows
the comparison assessment of the present review with existing reviews on the friction stir
processing of composites.

Table 1. Comparison of the present review with existing major reviews on friction stir process-
ing composites.

Author(s) Focus of Review Materials/Reinforcements Key Contributions Reference
Mishra et al. Fundamentals of FSP Alalloys Introducing FSP for surface modification [2]
Maetal. Grain refinement mechanisms Al,Mg Dynamic recrystallization in FSP [5]

Kwon et al. SPD comparison Al alloys Compared FSP with ECAP/HPT [12]
Kapoor et al. Mechanical behavior MMCs Strength & wear enhancement [13]
Dinaharanetal.  Reinforced surface MMCs Al-SiC, Mg-Ti Particle dispersion mechanisms [17]
Present work Surface MMC architectures Single & hybrid reinforcements Integrated mechanism—property-sustainability analysis -

2. Fundamentals of Friction Stir Processing for Surface Architectures

Friction stir processing (FSP) is a solid-state thermo-mechanical surface modification
technique derived from friction stir welding but fundamentally distinct in objective and
implementation. While friction stir welding aims to join materials, FSP is designed to
locally alter the microstructure and composition of a material surface without affecting
its bulk integrity. This distinction is crucial, as FSP enables the creation of engineered
surface architectures—such as refined grain layers, particle-reinforced zones, and functional
gradients tailored to specific service requirements [18-20]. The absence of melting during
FSP eliminates solidification defects and preserves chemical stability, making it particularly
suitable for surface modification of composites [21]. The FSP mechanism is governed by
the combined effects of frictional heat generation and severe plastic deformation induced
by a rotating non-consumable tool. As the tool traverses along the material surface, friction
between the tool shoulder and the substrate generates localized heating, while the tool pin
imposes intense shear deformation (Figure 1) [22]. The temperature typically reaches 0.6-0.8
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of the melting temperature of the base material, sufficient to activate dynamic recovery and
recrystallization without entering the liquid phase [23]. This thermo-mechanical coupling
is central to the ability of FSP to refine grains, homogenize microstructures, and eliminate
casting- or processing-induced defects [24].

Unlike conventional surface treatments that rely on external energy sources such as
lasers or plasmas, FSP generates heat internally through plastic work. This localized and
controlled heat input allows precise tailoring of surface layers with minimal thermal impact
on the surrounding material [25]. The intense plastic deformation promotes dynamic
recrystallization (DRX), leading to the formation of ultrafine or fine equiaxed grains with a
high fraction of high-angle grain boundaries. These microstructural features are responsible
for the enhanced mechanical and functional performance of FSP-modified surfaces [26].
A defining feature of FSP is its ability to induce complex material flow patterns within
the processed zone [27]. Material is transported around the rotating pin in a highly non-
linear manner, resulting in effective mixing, redistribution of second-phase particles, and
breakup of agglomerates. This flow behavior distinguishes FSP from conventional severe
plastic deformation techniques such as equal-channel angular pressing or high-pressure
torsion, which primarily affect bulk material and offer limited control over localized
surface modification [28]. In FSP, the interaction between tool geometry, rotational speed,
and traverse speed dictates the extent of material flow, strain accumulation, and thermal
exposure, ultimately controlling surface architecture formation [29].

From a surface engineering perspective, the processed region can be understood as
a functionally modified layer rather than a simple deformation zone. Although classical
terminology refers to regions such as the stir zone, thermomechanically affected zone,
and heat-affected zone, their detailed description is of limited relevance in a surface-
focused review [30]. Instead, the emphasis lies on how the processed surface layer exhibits
refined grains, redistributed reinforcements, and modified residual stress states, all of
which directly influence surface performance [31]. The depth and width of this functional
layer can be controlled by tool design, plunge depth, and processing parameters, enabling
customization for specific applications [32]. One of the most significant advantages of FSP
in surface engineering is its ability to incorporate reinforcement particles directly into the
surface layer in a solid state. Ceramic particles, intermetallics, carbon-based nanostructures,
and bio-ceramics have been successfully introduced into aluminum, magnesium, titanium,
and steel matrices using FSP [33]. During processing, reinforcement particles undergo
fragmentation, redistribution, and alignment due to intense shear forces and material flow.
The resulting particle-matrix interfaces are typically clean and metallurgically bonded,
enhancing load transfer and minimizing interfacial debonding [34].

The interaction between reinforcement particles and the dynamically recrystallizing
matrix plays a crucial role in defining the final microstructure. Fine particles can act
as pinning agents, restricting grain boundary migration and stabilizing ultrafine grain
structures through Zener pinning effects [35]. At the same time, excessive particle clustering
or insufficient mixing can lead to local stress concentrations and property degradation.
Therefore, understanding reinforcement behavior during FSP is essential for designing
high-performance composite surfaces [36]. Thermal management during FSP is another
fundamental aspect influencing surface architecture development. The balance between
heat generation and dissipation determines whether grain refinement or grain coarsening
dominates [37]. Excessive heat input may lead to abnormal grain growth or undesirable
interfacial reactions, while insufficient heat can result in poor plastic flow and incomplete
reinforcement dispersion [38]. Unlike fusion-based techniques, FSP offers a narrow but
highly controllable thermal window, allowing optimization of surface microstructures with
reduced energy consumption.
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Residual stress evolution during FSP also contributes to surface performance. The
severe plastic deformation and thermal gradients generated during processing lead to
the development of complex residual stress states within the modified layer. Properly
optimized FSP conditions can introduce beneficial compressive residual stresses near the
surface, improving fatigue resistance and crack initiation behavior [39]. In contrast, poorly
controlled parameters may induce tensile stresses that compromise long-term durabil-
ity [40]. From an eco-efficiency standpoint, the fundamental characteristics of FSP provide
several advantages over conventional surface modification routes. The process operates
without consumables, filler materials, or shielding gases, significantly reducing material
waste and environmental emissions [41]. Its solid-state nature minimizes energy con-
sumption compared to melting-based techniques, while the ability to selectively modify
only the surface layer enhances material utilization efficiency [42]. Furthermore, FSP is
inherently compatible with repair and refurbishment applications, enabling restoration
of worn or damaged surfaces without component replacement [43]. In summary, the
fundamentals of friction stir processing for surface architectures are rooted in its unique
combination of solid-state thermo-mechanical deformation, controlled material flow, and
in situ reinforcement incorporation. These characteristics distinguish FSP from traditional
surface engineering techniques and position it as a versatile, eco-efficient, and scalable
approach for enhancing the surface performance of composites. A mechanistic understand-
ing of these fundamentals is essential for interpreting experimental results, identifying
process—structure—property relationships, and guiding future developments in advanced
surface engineering.

Axial
Force

2

Tool y

Rotation -

Shoulder

—Stir Zone

Figure 1. Schematic illustration of the friction stir processing (FSP) mechanism showing the rotating
non-consumable tool with shoulder and pin, applied axial force, tool rotation and traverse direction,
and the resulting stir zone formed within the processed surface region [44].

3. Eco-Efficiency and Sustainability Aspects of Friction Stir Processing

The growing emphasis on sustainable manufacturing has significantly influenced the
selection and development of advanced surface engineering techniques. In this context,
friction stir processing (FSP) has attracted increasing attention not only for its ability to
enhance surface performance but also for its inherent eco-efficient characteristics. Unlike
conventional surface modification routes that rely on melting, vaporization, or chemical
reactions, FSP operates entirely in the solid state, offering a pathway toward energy-
efficient and environmentally responsible surface engineering of composites [45]. One of
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the primary contributors to the eco-efficiency of FSP is its solid-state processing nature,
which fundamentally reduces energy consumption. Fusion-based techniques such as laser
cladding, plasma spraying, and thermal spraying require high energy densities to melt
feedstock materials and substrates, leading to substantial energy losses through radiation
and convection [46]. In contrast, FSP generates heat internally through friction and plastic
deformation, confining the thermal input to a localized surface region [47]. This localized
heat generation minimizes unnecessary thermal exposure of the bulk material and reduces
overall power demand, making FSP comparatively energy efficient. A key sustainability
advantage of FSP is the elimination of consumables and auxiliary materials [48]. Many
conventional surface treatments require filler powders, binders, fluxes, shielding gases,
or chemical precursors, all of which contribute to material waste and environmental bur-
den [49]. FSP employs a non-consumable tool and does not require shielding atmospheres
or externally supplied coating materials when modifying monolithic surfaces [50]. Even in
the fabrication of composite surfaces, the reinforcement particles are incorporated directly
into the substrate with minimal waste, improving material utilization efficiency [51].

From a lifecycle perspective, FSP aligns well with principles of resource efficiency and
circular manufacturing. The ability of FSP to modify or restore surface properties enables the
repair and refurbishment of high-value components, rather than their replacement. Worn
surfaces suffering from abrasion, corrosion, or fatigue damage can be reprocessed to restore
or even enhance functional performance, thereby extending service life and reducing material
consumption [52]. This repair-oriented capability is particularly relevant for aerospace, marine,
and tooling applications, where component replacement is both costly and resource-intensive.
The absence of melting and solidification during FSP also contributes to sustainability by
reducing defect formation and rework requirements. Fusion-based surface modification tech-
niques often introduce porosity, cracking, and segregation due to solidification phenomena,
necessitating post-processing or rejection of defective parts [53]. In FSP, the solid-state nature
eliminates such defects, leading to higher process reliability and reduced scrap rates. The
refinement and homogenization of microstructures further enhance consistency in surface
properties, which is critical for industrial scalability [54]. Environmental considerations ex-
tend beyond energy and material consumption to include emissions and workplace safety.
Processes involving thermal spraying or laser cladding may generate fumes, particulates,
and hazardous by-products, requiring extensive ventilation and protective measures [55].
FSP, by contrast, produces negligible emissions, as no material is vaporized or chemically
decomposed during processing. This cleaner processing environment reduces environmental
impact while improving occupational safety and regulatory compliance [56].

The eco-efficient nature of FSP is further reinforced by its compatibility with lightweight
materials, such as aluminum and magnesium alloys, which play a crucial role in reducing
energy consumption during service. By enhancing the surface performance of lightweight
composites, FSP enables their use in more demanding applications without resorting to
heavier materials or thick protective coatings [57]. This indirect contribution to sustainability
through reduced fuel consumption and emissions during operation is particularly significant
in transportation and aerospace sectors. From an economic sustainability standpoint, FSP
offers advantages related to process simplicity and integration. The process can often
be implemented on modified CNC milling machines or dedicated friction stir platforms,
reducing capital investment compared to specialized laser or plasma systems [58]. The
relatively low tool cost, combined with long tool life when properly designed, further
enhances economic viability. Additionally, the ability to tailor surface properties in a single
processing step reduces manufacturing complexity and associated costs [59]. Despite these
advantages, it is important to acknowledge that eco-efficiency in FSP is parameter dependent.
Excessive heat input, inefficient tool designs, or multiple unnecessary passes can negate
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energy savings and reduce sustainability benefits [60]. Therefore, optimization of processing
parameters is essential to fully realize the eco-efficient potential of FSP. Recent studies
have emphasized the need for balancing heat generation, material flow, and reinforcement
dispersion to minimize energy input while achieving desired surface properties [61].

The integration of FSP with hybrid manufacturing approaches further strengthens its
sustainability profile. For instance, combining FSP with additive manufacturing or casting
processes enables defect correction, microstructural refinement, and surface enhancement
in a single manufacturing chain [62]. Such hybrid approaches reduce the need for multiple
standalone processing steps and improve overall manufacturing efficiency. Additionally,
advances in digital process monitoring and control are expected to further reduce energy
consumption and variability in FSP operations [63]. Another emerging sustainability as-
pect of FSP is its potential role in green materials development. Surface modification of
biodegradable magnesium alloys for biomedical applications, for instance, allows tuning of
corrosion rates and biocompatibility without introducing toxic coatings or chemicals [64].
Similarly, FSP-modified surfaces in marine environments can reduce reliance on environ-
mentally harmful anti-corrosion coatings [65]. These applications highlight the broader
societal and environmental benefits of adopting FSP as a surface engineering tool. In
summary, friction stir processing represents an eco-efficient and sustainable alternative
to conventional surface modification techniques. Its solid-state operation, low energy
consumption, elimination of consumables, minimal emissions, and compatibility with
repair and refurbishment align strongly with modern sustainability goals (Figure 2). When
combined with optimized processing parameters and integrated manufacturing strategies,
FSP offers a viable pathway for developing high-performance surface architectures in com-
posites while minimizing environmental impact. These eco-efficient characteristics justify
the growing interest in FSP not only as a scientific research topic but also as a practical
solution for sustainable industrial surface engineering.

| Surface Engineering Route ]
IT

¥ L 4
Friction Stir Processing (FSP) [ Conventional Techniques ]
. ! , ¥ :
L Friction Stir Processing —»| Processing Nature 4—( Conventional Techniques ‘
o o : . o e _—— :
l Solid-State Processing == Energy <—I=b Melting / Vaporization Based Processing —i
A — ——— Requirement .
} Low & Localized Energy Input —————p——————¢é—> High Energy Consumption for Melting
Consumables l or Vapor Generation

e e T T . S Usage

| Environmental Load \ Chemical Precursors

No Consumables (NoPowders, Wires, Gases) —»{  Emissions & |4 Requires Powders, Wires, Gases, ‘

Minimal Emissions; No Fumes or Vapors —>| Material Utilization 4-+) Fumes, Vapors, Particulate Emissions
SN, s, i e Efficiency
High Material Utilization; '4 _A;,- Material Loss Due to Overspray, Spatter,

No Fumes or Vapors ‘ Surface Integrity | Evaporation

& Defect Formation

High Material Utilization; Negligible — P ity, Cracking, Residual St
‘ g V\E[Jagtage —> Repairability & orosity, Cracking, Residual Stresses ‘
J Life-Cycle Impact L

Defect-Free Solid-State Bonding; ————p o Limited Repairabicy; Recoating
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Figure 2. Schematic comparison of friction stir processing (FSP) with conventional surface en-
gineering techniques in terms of processing state, energy requirement, consumables, emissions,
and repairability.
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4. Processing Parameters—Microstructure-Property Relationships

The performance of composites prepared by friction stir processing (FSP) is governed
by the interplay between processing parameters, material flow, thermal history, and mi-
crostructural evolution. Unlike fusion-based surface modification techniques, FSP offers a
highly localized and controllable thermo-mechanical environment, enabling precise tuning
of surface architecture [66]. However, the benefits of FSP can only be realized when process-
ing parameters are carefully optimized, as inappropriate parameter selection may lead to
inadequate plastic deformation, non-uniform reinforcement distribution, or excessive grain
growth [67]. Therefore, understanding parameter-microstructure—property relationships
is central to the rational design of high-performance composites. Among all parameters,
tool rotational speed and traverse speed primarily determine the heat input and strain
rate experienced by the material [68]. Rotational speed controls frictional heating and
shear deformation, while traverse speed governs the interaction time between the tool
and the substrate [69]. A higher rotational speed increases heat generation and enhances
material plasticity, promoting dynamic recrystallization and effective particle redistribution.
However, excessive rotational speeds can lead to overheating, grain coarsening, and degra-
dation of mechanical properties due to prolonged exposure to elevated temperatures [70].
Conversely, insufficient rotational speed results in inadequate softening, poor material flow,
and incomplete consolidation of the processed layer [71].

Traverse speed plays an equally critical role by regulating the duration of thermal
exposure. Lower traverse speeds increase heat accumulation, facilitating grain refinement
and reinforcement dispersion, but may also increase the risk of abnormal grain growth [72].
Higher traverse speeds reduce heat input per unit length, which can suppress grain growth
but may lead to insufficient stirring and heterogeneous microstructures if plastic deforma-
tion is inadequate [73]. Optimal combinations of rotational and traverse speeds create a
balanced thermal-mechanical interface that enables uniform grain refinement and stable
surface architecture formation [74]. The ratio of rotational speed to traverse speed has
emerged as a more meaningful descriptor of heat input than either parameter alone. Studies
consistently demonstrate that composites processed within an optimal heat input window
exhibit refined equiaxed grains, homogeneous reinforcement dispersion, and enhanced me-
chanical properties [75]. Beyond this, either excessive softening or insufficient deformation
dominates, leading to inferior surface performance [76]. This observation highlights the ne-
cessity of parameter mapping rather than isolated parameter optimization. Tool geometry
exerts a decisive influence on material flow behavior, strain distribution, and reinforcement
transport. The tool shoulder primarily contributes to heat generation and surface consolida-
tion, whereas the pin geometry controls subsurface material flow and mixing efficiency [77].
Tools with non-cylindrical pin profiles such as threaded, square, or tapered designs induce
complex flow patterns that enhance reinforcement fragmentation and redistribution. These
profiles increase shear strain and promote multi-directional material transport, resulting in
improved homogeneity of the processed surface layer [78]. In contrast, simple cylindrical
pins may generate insufficient stirring action, particularly when processing high-strength
matrices or nano-scale reinforcements. Plunge depth and axial force further influence
surface architecture by determining the degree of contact between the tool shoulder and
the substrate [79]. Adequate plunge depth ensures effective surface forging and defect-free
consolidation, whereas insufficient depth can result in surface voids or incomplete bonding.
Excessive plunge depth, however, may cause excessive thinning, surface flash formation,
or undesirable residual stress. Thus, plunge depth must be optimized in conjunction with
tool geometry and process parameters to maintain structural integrity.
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Multi-pass FSP has been widely adopted as an effective strategy to improve mi-
crostructural homogeneity and reinforcement distribution. Each additional pass subjects
the material to repeated deformation and thermal cycling, breaking up particle agglom-
erates and further refining grains [80]. Multi-pass processing is particularly beneficial for
nano-reinforced composites, where single-pass FSP may be insufficient to achieve uniform
dispersion. However, excessive passes can increase cumulative heat input, leading to grain
coarsening or interfacial reactions between reinforcement and matrix [81]. Therefore, the
number of passes must be carefully selected based on reinforcement type, size, and thermal
stability. From a microstructural standpoint, optimized FSP parameters promote dynamic
recrystallization-dominated grain refinement, characterized by ultrafine equiaxed grains
and a high fraction of high-angle grain boundaries [82]. These features enhance mechanical
strength through grain boundary strengthening while maintaining adequate ductility. The
effect of traverse speed on grain refinement and boundary character distribution in the
FSP zone is clearly evidenced from EBSD IPF and grain boundary maps (Figure 3a-h) [82].
Figure 3 presents EBSD IPF maps and corresponding grain boundary distributions in
the stir zone at traverse speeds of 50 and 120 mm/min for both the retreating (RS) and
advancing (AS) sides. At 50 mm/min, comparatively coarser equiaxed recrystallized
grains are observed (Figure 3a,e), attributed to longer tool-material interaction time, higher
cumulative heat input, and subsequent grain growth. Increasing traverse speed to 120
mm/min produces finer and more uniform equiaxed grains on both RS and AS (Figure 3c,g)
due to reduced thermal exposure and suppressed coarsening [82]. The boundary maps
(Figure 3b,d,f,h) show an increased fraction of high-angle grain boundaries (HAGBs),
confirming continuous dynamic recrystallization through progressive transformation of
low-angle grain boundaries (LAGBs) into HAGBs. Heidarzadeh et al. [83] reported that
friction stir processing refined the grain structure of a Monel alloy stir zone and increased
the fraction of high-angle grain boundaries, which correlated with significant improve-
ments in local hardness and yield strength. This mechanistic evidence supports the role
of microstructural refinement in controlling surface mechanical performance. Reinforc-
ing particles further contributes to strengthening via load transfer, Orowan looping, and
grain boundary pinning mechanisms [83]. The synergy between grain refinement and
reinforcement strengthening under optimized processing conditions leads to significant im-
provements in surface hardness, wear resistance, and fatigue performance [84]. In contrast,
suboptimal processing parameters disrupt these mechanisms. Excessive heat input reduces
dislocation density and weakens grain boundary strengthening, while insufficient deforma-
tion limits reinforcement-matrix bonding and particle dispersion. These effects underscore
the sensitivity of FSP outcomes to parameter selection and highlight the importance of
process—structure—property integration [85].

Residual stress evolution is another critical outcome of processing parameter selection.
Properly optimized parameters can introduce beneficial compressive residual stresses in
the surface layer, enhancing resistance to fatigue crack initiation and propagation [86].
However, high thermal gradients or uneven material flow may induce tensile residual
stresses, which compromise long-term durability. Parameter optimization thus plays a
dual role in microstructural refinement and stress state control [87]. Overall, the processing
parameters in friction stir processing cannot be treated as independent variables. Instead,
these parameters collectively define the thermo-mechanical history of the surface layer,
governing grain evolution, reinforcement behavior, and functional performance. A mecha-
nistic understanding of these relationships enables the development of parameter windows
tailored to specific material systems and application requirements. Table 2 provides a
summary of friction stir processing parameters and their influence on surface microstruc-
ture and properties of composites. Future research should focus on quantitative process
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maps, real-time thermal monitoring, and predictive modeling to further strengthen the link

between processing parameters and performance of prepared composites.

120 mm/min

Figure 3. EBSD inverse pole figure (IPF) orientation maps and corresponding grain boundary

distribution maps of the friction-stir-processed region at different traverse speeds: (a,b) retreating

side at 50 mm/min, (c,d) retreating side at 120 mm/min, (e,f) advancing side at 50 mm/min, and

(g/h) advancing side at 120 mm/min. The central macrograph indicates the analyzed stir zone

locations [82]. (Adapted from MDPI open-access source under CC BY license).

Table 2. Summary of friction stir processing parameters and their influence on surface microstructure

and properties of composites.

Parameters Typical Range Mechanism Surface Property Reference

Tool Rotational Speed 600-1400 rpm Heat generation Gra.m refmement at mode%‘ate speed; [88]
grain coarsening at excessive speed

Traverse Speed 20-100 mm/min Exposure time & material flow }Jmform particle dispersion at [89]
ower speeds

. Cylindrical, threaded, . . .. - Threaded/square pins enhance
Tool Pin Geometry square Shear intensity, mixing efficiency hardness & homogeneity [90]
Number of Passes 1-4 passes Re-stirring & defect elimination {)mprovecl dl.spersm.n’ higher hardness, [91]
etter corrosion resistance

Reinforcement Size Nano to micron Zener pinning, load transfer Nano—sc‘:ile — strength; micro-scale — [91]
wear resistance

Reinforcement Volume 2-15 vol.% Matrix continuity vs. Optimum range avoids clustering [92]

strengthening
Cooling Strategy Air, water, cryogenic Grain growth suppression Faster cooling = finer grains, [93]

higher hardness
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5. Reinforcement Incorporation Mechanisms in Friction Stir Processing

The incorporation of reinforcement particles into a metallic surface using friction
stir processing (FSP) is one of the most distinctive features that differentiate FSP from
conventional surface engineering techniques. Unlike coating-based or fusion-assisted
routes, FSP enables solid-state embedding of reinforcements directly into the plastically
deformed surface layer, resulting in a metallurgically bonded surface composite with
superior structural integrity [94]. The effectiveness of this approach depends not only on
the type of reinforcement used but also on the mechanisms governing particle transport,
fragmentation, interfacial bonding, and spatial redistribution during processing. During
FSP, reinforcement incorporation occurs under conditions of intense shear deformation,
elevated temperature, and complex material flow. As the rotating tool traverses the surface,
the surrounding matrix material softens and flows in a viscoelastic manner, entraining
reinforcement particles into the stirred zone [95]. This mechanism fundamentally differs
from liquid-state composite fabrication, where particle transport is governed by buoyancy
and sedimentation [96]. Consequently, the final distribution of reinforcements is highly
sensitive to tool design, processing parameters, and particle characteristics.

One of the primary challenges in reinforcement incorporation is achieving uniform
particle dispersion throughout the processed surface layer. Inadequate dispersion can lead
to particle agglomeration, localized stress concentrations, and premature failure under me-
chanical or corrosive loading [97]. To address this, various particle introduction strategies
such as pre-machined grooves, drilled holes, surface compaction, and layered feeding have
been developed (Figure 4a—d). These approaches aim to constrain particle movement prior
to tool engagement, ensuring that reinforcements are effectively captured and redistributed
by the material flow generated during FSP [98]. Among these methods, groove-based
introduction has shown promise due to its simplicity and compatibility with large-scale
processing [99]. Once incorporated, reinforcement particles are subjected to fragmentation
and morphological evolution due to severe plastic deformation and inter-particle colli-
sions. Brittle ceramic reinforcements such as SiC, Al;Os3, and B4C frequently undergo
size reduction during FSP, producing finer particles that are more uniformly distributed
within the matrix [100]. This fragmentation enhances grain boundary pinning and load
transfer efficiency but must be carefully controlled, as excessive particle breakage may
reduce reinforcement effectiveness or introduce sharp edges that act as crack initiators. Ce-
ramic reinforcements further enhances surface hardness, wear resistance, and load-bearing
capability. In addition to conventional friction stir processing, FSP-derived solid-state
techniques such as friction stir deposition have also been explored for incorporating ce-
ramic reinforcements into aluminum matrices. The nano-Al,O3 particles were introduced
into aluminum using friction stir deposition, resulting in well-bonded composite layers
with refined microstructures and improved hardness, compressive strength, and wear
resistance compared to the unreinforced material [101]. Although the processing config-
uration differs from surface-localized FSP, the underlying mechanisms of severe plastic
deformation, particle redistribution, and solid-state interfacial bonding remain comparable,
thereby providing complementary evidence for the role of nano-ceramic reinforcement
in enhancing the performance of FSP-based composite architectures. The effectiveness of
ceramic particle reinforcement is strongly influenced by particle size, volume fraction, and
the extent of plastic flow generated during processing as these factors govern particle frag-
mentation, distribution uniformity, interfacial bonding, and the resulting balance between
strengthening efficiency and defect formation in the processed surface layer [102].

https://doi.org/10.3390/pr14020306


https://doi.org/10.3390/pr14020306

Processes 2026, 14, 306

12 of 39

The interaction between reinforcement particles and the dynamically recrystallizing
matrix plays a critical role in defining the final surface microstructure. Fine, well-dispersed
particles can inhibit grain boundary migration through Zener pinning, stabilizing ultrafine-
grained structures even under elevated thermal exposure. This mechanism is particularly
beneficial for maintaining surface hardness and wear resistance during service [101]. In
contrast, coarse or clustered particles may disrupt material flow, leading to microstructural
heterogeneity and reduced mechanical performance [102]. Interfacial bonding between
reinforcement particles and the matrix is another key factor influencing surface composite
performance. Because FSP operates in a solid state, interfacial reactions are generally
limited compared to fusion-based techniques. This reduces the likelihood of forming brittle
intermetallic phases that degrade mechanical properties. Instead, clean and mechanically
interlocked interfaces are typically formed due to intimate contact under high pressure
and shear [103]. In some systems, limited diffusion-assisted bonding may occur, enhancing
interfacial strength without compromising ductility [104].

(a}vI 3 Surface (b) Matr
atrix < composite ST Hole filled with
material y Surface ma\t onel reinforced phase
composite ‘ l

\

Grooves filled with
reinforced phase

(¢) C) Matrix

Matrix material
material Surface Secondary

| Holes filled with | composite  Phase layer
| reinforced phase

Surface

|
|
|
|
|
|
|
|
|
|
| composite

B r N

Figure 4. Schematic illustration of reinforcement incorporation methods in friction stir processing;:
(a) groove method, (b) drilled holes beneath the surface, (c) filled holes, and (d) sandwich method [98].

For nanoscale reinforcements, additional mechanisms govern incorporation and sta-
bility. Nanoparticles exhibit a strong tendency to agglomerate due to high surface energy,
making uniform dispersion particularly challenging [105]. During FSP, repeated shear
deformation and multi-pass processing can break down agglomerates and promote a
more homogeneous distribution. However, excessive heat input may lead to nanoparticle
coarsening or dissolution, negating their strengthening effect [106]. Therefore, nanoparticle-
reinforced composites require carefully optimized processing windows to balance dis-
persion and thermal stability. In addition to conventional reinforcement incorporation
approaches, experimental studies have shown that the use of nano-scale ceramic addi-
tions within FSP can significantly influence processed surface properties. For instance,
silica fume nanoparticles incorporated into an AA1050 matrix via bobbin tool friction stir
processing resulted in a refined microstructure, reduced crystallite size, and noticeable
enhancements in mechanical performance compared with the unprocessed base mate-
rial. Specifically, the nano-reinforced surface composite exhibited increases in hardness,
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ultimate tensile strength, and compressive strength, indicating that fine-scale ceramic re-
inforcement can effectively modify surface architecture and mechanical responses during
FSP [107]. The density and mechanical contrast between reinforcement particles and the
matrix also influence particle transport during FSP. High-density reinforcements may ex-
hibit limited mobility, resulting in stratified distributions, whereas low-density particles
are more readily entrained into the flowing matrix. This behavior underscores the impor-
tance of matching reinforcement properties with processing conditions to achieve targeted
surface architecture.

Carbon-based reinforcements such as graphene, graphene nanoplatelets, and carbon
nanotubes have attracted considerable attention in friction-stir-processed composites due to
their exceptional mechanical properties and high specific surface area. Experimental studies
on graphene nano-platelet reinforced aluminum composites processed by friction stir pro-
cessing provide additional insight into the influence of nano-scale reinforcements on surface
microstructure and property evolution [108]. The reported results indicate that incorpora-
tion of graphene nano-platelets through FSP is associated with microstructural refinement
and measurable changes in hardness and thermal conductivity relative to the unprocessed
alloy. These observations suggest that effective dispersion of nano-reinforcements during
FSP can contribute to modifications in both mechanical and functional surface properties,
depending on processing conditions. However, achieving uniform dispersion of carbon-
based nanostructures remains challenging due to their tendency to agglomerate and their
sensitivity to excessive heat input which can degrade reinforcement integrity, reduce inter-
facial effectiveness, and limit the consistency of surface property enhancement if processing
parameters are not carefully optimized.

Beyond mechanical performance, reinforcement incorporation significantly affects
functional properties such as corrosion and tribo-corrosion resistance. Uniformly dis-
tributed inert ceramic particles can act as physical barriers to corrosion propagation, while
excessive particle clustering may promote micro-galvanic coupling between the reinforce-
ment and matrix [109]. Thus, the electrochemical compatibility of reinforcement materials
must be considered alongside mechanical strengthening mechanisms. Recent studies have
highlighted the potential of hybrid reinforcement systems, where multiple particle types
are incorporated to achieve synergistic effects [110-112]. For instance, combining hard
ceramic particles with solid lubricants or bioactive phases can simultaneously enhance wear
resistance, reduce friction, and improve corrosion or biocompatibility [113]. FSP provides a
unique platform for creating multifunctional surface architectures due to its flexibility in
reinforcement selection and spatial control [114]. In summary, reinforcement incorporation
in friction stir processing is governed by a complex interplay of material flow, particle frag-
mentation, interfacial bonding, and dynamic recrystallization. Achieving optimal surface
performance requires careful control over reinforcement type, size, introduction strategy,
and processing parameters. A mechanistic understanding of these interactions is essential
for designing next-generation FSP-modified composites that combine high mechanical
performance with functional durability and sustainability.

6. Single-Phase Reinforced Composites Produced by Friction
Stir Processing

The incorporation of a single reinforcement phase into metallic surfaces using friction
stir processing (FSP) represents the most extensively studied and industrially relevant route.
Single-phase reinforced systems provide a controlled platform for understanding the fun-
damental interactions between the matrix, reinforcement particles, and thermo-mechanical
conditions generated during FSP [115]. These systems also serve as a benchmark for
evaluating the advantages of hybrid or multi-phase reinforcements discussed in later sec-
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tions. The primary objective of single-reinforcement FSP is to enhance surface-specific
properties—such as hardness, wear resistance, and corrosion stability—while maintaining
microstructural continuity with the base material [116]. Ceramic reinforcements such as
silicon carbide (SiC), aluminum oxide (Al,O3), titanium carbide (TiC), boron carbide (B4C),
titanium dioxide (TiO;), and silicon nitride (Si3N4) are most employed in single-phase
FSP surface composites [117]. These materials are favored due to their high hardness,
thermal stability, chemical inertness, and compatibility with lightweight metallic matri-
ces such as aluminum, magnesium, and titanium alloys. During FSP, ceramic particles
are introduced into the surface layer through pre-machined grooves or holes and are
subsequently redistributed by intense material flow around the rotating tool [118]. The
solid-state nature of the process ensures strong metallurgical bonding between the rein-
forcement and matrix without the formation of brittle reaction products typically associated
with fusion-based techniques.

A defining mechanism governing property enhancement in single-phase reinforced
FSP composites is grain refinement of the matrix combined with load transfer to the hard
reinforcement particles. Severe plastic deformation and frictional heating promote dy-
namic recrystallization, producing ultrafine equiaxed grains in the processed zone [119].
Simultaneously, uniformly distributed reinforcement particles restrict grain boundary
migration through Zener pinning, stabilizing the refined microstructure even under el-
evated processing temperatures. This synergistic interaction results in significant im-
provements in surface hardness and strength compared to both the base material and
unreinforced FSP surfaces [120]. Particle size plays a critical role in determining rein-
forcement effectiveness. Micron-sized particles primarily contribute through load-bearing
and abrasion resistance mechanisms, while nano-sized reinforcements additionally influ-
ence dislocation density, grain boundary characteristics, and diffusion pathways [121].
However, nanoscale reinforcements are more susceptible to agglomeration during pro-
cessing due to high surface energy. FSP mitigates this issue by imposing extreme shear
deformation, which fragments particle clusters and promotes uniform dispersion when
processing parameters are properly optimized [122]. Nevertheless, excessive heat input
may lead to particle coarsening or uneven distribution, underscoring the importance of
parameter control.

The interfacial integrity between the reinforcement and matrix is another critical
factor influencing the performance of single-phase reinforced composites. Unlike coat-
ing techniques where interfaces are often mechanically bonded, FSP produces intimate
metallurgical contact with minimal interfacial defects [123]. Clean interfaces facilitate
efficient load transfer and reduce the likelihood of particle pull-out during wear or fatigue
loading. In systems such as Al-SiC and Mg-Al,O3, studies have consistently reported
strong interfacial bonding with no evidence of deleterious intermetallic formation, con-
tributing to superior tribological performance [124]. Tribological enhancement is one of
the most pronounced benefits of single-phase reinforced FSP surfaces. The presence of
hard ceramic particles reduces direct metal-to-metal contact, lowers the coefficient of fric-
tion, and inhibits plastic deformation during sliding [125]. Additionally, refined grain
structures increase surface hardness and resistance to adhesive wear. Under abrasive
conditions, reinforcement particles act as load-bearing elements that protect the softer
matrix, significantly reducing material loss. These improvements are particularly valu-
able in automotive and aerospace components subjected to repetitive sliding or erosive
environments [126].
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Corrosion behavior of single-reinforcement FSP composites is more complex and
depends strongly on reinforcement type, distribution, and matrix chemistry. Grain refine-
ment generally enhances corrosion resistance by promoting the formation of dense and
stable passive films [127]. However, ceramic reinforcements can introduce micro-galvanic
couples at the particle-matrix interface, especially when there is a significant difference
in electrochemical potential. Uniform particle distribution achieved through optimized
FSP conditions minimizes localized galvanic effects and reduces the likelihood of pitting
corrosion [128]. Study on Al-SiC and Mg-TiO; systems demonstrate that well-dispersed
reinforcements combined with refined grains can result in corrosion resistance equal to or
better than that of the base alloy [129]. Thermal stability and wear—corrosion synergy are
additional advantages of a single-phase reinforced composite fabricated via FSP. The solid-
state processing route limits residual stress accumulation and preserves matrix ductility,
allowing the surface layer to withstand combined mechanical and chemical loading [130].
In marine and biomedical environments, such stability is essential for maintaining long-
term functionality without premature surface degradation [131].

Despite their advantages, single-phase reinforced systems are not without limitations.
The enhancement is often restricted to a narrow range of properties, such as hardness
or wear resistance, while other characteristics, such as toughness or corrosion resistance,
may require trade-offs [131,132]. Furthermore, excessive reinforcement volume fraction
can impede material flow during FSP, leading to defects such as tunnel voids or parti-
cle clustering. These limitations have motivated the exploration of hybrid reinforcement
strategies, where complementary particles are combined to achieve multifunctional surface
performance [132]. In summary, single-phase reinforced composites produced by friction
stir processing represent a robust and industrially viable approach for targeted surface
enhancement. Their performance is governed by a balance between matrix grain refine-
ment, reinforcement dispersion, and interfacial integrity. Understanding these mechanisms
provides a foundational framework for the design of more complex hybrid systems and
for tailoring surface architectures to specific engineering applications. The microhardness
variation across the friction-stir-processed region indicates clear differentiation between the
base material, HAZ, TMAZ, and stir zone, confirming the localized nature of surface modifi-
cation. A pronounced hardness increase is observed in the stir zone due to grain refinement
induced by severe plastic deformation and dynamic recrystallization. The unreinforced
FSPed AA6061 shows only moderate improvement, whereas the incorporation of TiB, and
graphene markedly increases hardness through grain-boundary strengthening, particle
strengthening, and load transfer, enabling effective surface hardening without altering bulk
properties. The engineering stress—strain curves [133] confirm that FSP enhances tensile
strength over the base alloy due to grain refinement and defect removal, while TiB, and
graphene further improve yield and ultimate strength, with hybrid TiB,-graphene compos-
ites exhibiting the maximum strengthening due to synergistic effects. Further, the tensile
response of the FSPed Al-based hybrid surface composites with different reinforcement
contents is presented in Figure 5a-d, involving T1, T2, and T3 corresponding to 5 wt.%,
10 wt.%, and 15 wt.% hybrid reinforcement, respectively. The load—displacement curves
(Figure 5a) and UTS (Figure 5b) show a progressive strength improvement from T1 to T3,
confirming enhanced load-bearing capacity with increasing reinforcement content [134].
In contrast, elongation decreases with reinforcement (Figure 5c), indicating reduced duc-
tility, while Young’s modulus increases slightly (Figure 5d), confirming higher stiffness
at higher wt.%. However, increasing reinforcement content leads to a gradual reduction
in ductility, indicating a typical strength—ductility trade-off associated with reinforced
surface composites.
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Figure 5. Effect of hybrid reinforcement content on tensile properties of friction-stir-processed
Al-based surface composites: (a) load-displacement response, (b) ultimate tensile strength (UTS),
(c) elongation (%), and (d) Young’s modulus for samples T1-T3 [134]. T1, T2, and T3 corresponding
to 5 wt.%, 10 wt.%, and 15 wt.% hybrid reinforcement, respectively. Adapted from MDPI open-access
source under CC BY license.

7. Hybrid and Multi-Phase Reinforced Composites Produced by FSP

The development of hybrid and multi-phase reinforced surface architectures using FSP
represents a significant advancement beyond single-reinforcement M. While single-phase
reinforcements can enhance specific properties such as hardness or wear resistance, they
often fail to simultaneously optimize multiple performance requirements. Hybrid rein-
forcement strategies where two or more dissimilar reinforcement phases are incorporated
into the surface layer enable synergistic property enhancement by combining comple-
mentary strengthening mechanisms [134]. This capability positions FSP as a powerful
platform for designing multifunctional surface layers tailored to complex service environ-
ments. Hybrid composites fabricated through FSP typically combine ceramic—ceramic,
ceramic—metal, or ceramic—carbon-based reinforcements within a metallic matrix [135].
Each reinforcement phase contributes a distinct role: hard ceramic particles such as SiC,
Al,Os, or B4C provide load-bearing capacity and wear resistance, while secondary phases
such as graphite, graphene, carbon nanotubes, or metallic particles improve lubrication,
toughness, or thermal stability [136]. The solid-state nature of FSP facilitates intimate
mixing of these phases without the interfacial reactions or segregation commonly observed
in liquid-phase processing routes.

A key advantage of FSP in hybrid reinforcement systems lies in its ability to control par-
ticle dispersion and spatial distribution within the surface layer. During processing, severe
plastic deformation and complex material flow patterns promote fragmentation of agglom-
erates and redistribution of reinforcements, leading to a more homogeneous microstructure
compared to conventional surface coating techniques [137]. When properly optimized,
multi-pass FSP further enhances dispersion uniformity and minimizes clustering, which
is critical for avoiding local stress concentrations and premature failure [138]. From a
mechanistic standpoint, hybrid reinforcement systems benefit from the simultaneous op-
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eration of multiple strengthening mechanisms. Grain refinement induced by dynamic
recrystallization contributes to Hall-Petch strengthening, while hard ceramic particles act
as obstacles to dislocation motion and contribute to load transfer strengthening [139]. At
the same time, softer or lubricating phases reduce interfacial friction and mitigate crack
initiation at particle-matrix interfaces [140]. The combined effect often results in superior
wear resistance and improved damage tolerance compared to single-reinforcement systems.

Interfacial stability plays a crucial role in determining the effectiveness of hybrid com-
posite. Unlike fusion-based processes, FSP minimizes excessive thermal exposure, reducing
the chances of undesirable interfacial reactions between reinforcement phases and the
matrix [141]. Clean and well-bonded interfaces are commonly observed, enabling efficient
stress transfer and improved mechanical integrity. However, in systems involving reactive
reinforcements or nanoscale additives, careful control of processing temperature and strain
is necessary to prevent phase degradation or excessive particle fragmentation [142]. Hybrid
reinforcement strategies have shown promise in tribological applications. For instance,
combinations of hard ceramics with solid lubricants have demonstrated reduced friction
coefficients alongside enhanced wear resistance [143]. The hard phase supports applied
loads, while the lubricating phase forms a mechanically mixed layer during sliding, re-
ducing adhesive wear and surface damage [144]. Such synergistic behavior is difficult to
achieve using single-phase reinforcement or conventional coatings, highlighting the unique
capability of FSP for advanced surface design.

In corrosion-prone environments, hybrid reinforcements can also offer improved per-
formance when appropriately designed. Ceramic particles contribute to barrier effects by
refining grain structure and stabilizing passive films, while secondary reinforcements can
mitigate micro-galvanic coupling by homogenizing electrochemical potential across the
surface [145]. However, poorly distributed multi-phase systems may exacerbate localized
corrosion if galvanic mismatches are not carefully managed. This underscores the impor-
tance of reinforcement selection and dispersion control in hybrid FSP architectures [146].
Another emerging concept enabled by hybrid FSP is the creation of functionally graded
surface layers, where reinforcement concentration or type varies gradually with depth [147].
Such architectures allow the surface to be optimized for wear or corrosion resistance, while
the underlying material retains toughness and load-bearing capacity. FSP’s flexibility in
controlling plunge depth, tool geometry, and multi-pass strategies make it particularly
suitable for fabricating such gradients without additional processing steps [148]. Despite
these advantages, challenges remain in the large-scale implementation of hybrid reinforced
composites. Achieving reproducible dispersion of multiple reinforcements, especially when
nanoscale particles are involved, remains technically demanding. Differences in particle
density, size, and morphology can lead to segregation during processing if parameters
are not carefully optimized [149]. Furthermore, systematic design guidelines linking re-
inforcement combinations to target properties are still lacking, indicating a clear need for
mechanism-based optimization frameworks. Table 3 shows the comparative analysis of
single, multi, and hybrid reinforcement strategies in friction stir-processed composites. In
summary, hybrid and multi-phase reinforced surface architectures fabricated via friction
stir processing represent a highly promising direction for next-generation composites. By
enabling synergistic strengthening, improved tribological behavior, and multifunctional
performance within a single solid-state process, FSP offers capabilities that extend well
beyond traditional surface modification routes. Continued research focusing on reinforce-
ment interaction mechanisms, dispersion control, and functionally graded designs will be
critical for translating these advanced architectures into industrial applications.
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Table 3. Comparative analysis of single, multi, and hybrid reinforcement strategies in friction-stir-
processed composites.

Reinforcement

Rei

nforcement Mechanical

Matrix Strategy Type Improvements Mechanism Application Reference
AA6061 Single SiC particles 1 Hardness, T wear resistance Grain refinement, Automotive wear [150]
load transfer components
. . . . Lightweight .
AZ31 Mg Single Al O3 1 Surface hardness, 1 fatigue life Zener pinning structural panels [151]
Ti-6Al-4V Single TiC 1 Strength, 1 erosion resistance Pa1jt1cle strengthening, Aerosp_a ce surface [152]
refined o + 3 protection
AA5083 Multi SIiC + ALO; 1 Hardness, 1 wear stability fg’;ﬁfj;“c particle Marine components [153]
. . - .- CNT load sharing + grain ~ Automotive y
AZ91 Mg Multi SiC + CNTs 1 Strength, | friction coefficient refinement lightweight parts [154]
WE43 Mg H}{brld HA + TiO, 1 Hardness, 1 corrosion resistance Pa5§ ve f}lm stability, Biomedical implants [155]
(micro + nano) grain refinement
Ti-Nb alloy Hybrid TiO, + nano-HA 1 Strength, 1 bio-corrosion resistance ~ Interfacial bonding Biomedical load-bearing [156]

implants

Note: 1 increase, | decrease in properties.

8. Mechanical Performance of Composites Prepared by FSP

The mechanical performance of composites produced by friction stir processing (FSP)
is a direct outcome of the unique solid-state thermo-mechanical environment generated dur-
ing processing. Unlike conventional surface coating or fusion-based techniques, FSP modi-
fies the surface through intense plastic deformation and controlled heat input, resulting in
refined microstructures, improved interfacial bonding, and homogenized reinforcement
distribution. These microstructural changes collectively enhance key mechanical properties
such as hardness, strength, wear resistance, fatigue behavior, and damage tolerance, while
preserving or minimally affecting the bulk properties of the substrate [157]. One of the most
consistently reported mechanical improvements in FSP-modified surfaces is the significant
increase in hardness. Grain refinement within the processed surface layer plays a dominant
role in this enhancement [158]. The severe plastic deformation imposed by the rotating
tool promotes dynamic recrystallization, producing ultrafine or fine equiaxed grains with
a high fraction of high-angle grain boundaries. These grain boundaries act as effective
barriers to dislocation motion, leading to increased resistance against localized plastic
deformation [159]. The microstructural evolution before and after friction stir processing
(FSP) post-treatment is further confirmed by SEM observations as shown in Figure 6a—f.
The as-deposited (AD) sample exhibits relatively coarse and non-uniform microstructure
with evident deposition-induced heterogeneity (Figure 6a,b). After FSP post-treatment,
the processed region shows clear microstructural refinement and homogenization, with
distinct stir-dominated and thermally affected zones (Figure 6¢c—f). The formation of finer
equiaxed grains in the stir-dominated zone confirms dynamic recrystallization during
FSP, while the gradual transition across PDZ/TMAZ/HAZ demonstrates the combined
effects of plastic deformation and thermal exposure. Numerous studies on aluminum,
magnesium, and titanium-based systems have demonstrated hardness increments ranging
from 30% to over 100% compared to the base material, depending on processing parameters
and reinforcement type [158-160]. The effect is particularly pronounced when ceramic
reinforcements such as silicon carbide, alumina, titanium carbide, or boron carbide are
incorporated into the surface layer, as these particles further impede dislocation motion
and stabilize the refined grain structure [161].

Beyond grain refinement, the presence of reinforcement particles introduces addi-
tional strengthening mechanisms. Load transfer from the softer metallic matrix to the
stiffer reinforcement phase enhances surface strength, especially under contact or sliding
conditions [162]. The effectiveness of this mechanism depends strongly on the quality
of the particle-matrix interface. FSP facilitates clean, metallurgically bonded interfaces
due to its solid-state nature, minimizing interfacial defects commonly observed in cast or
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coated composites [163]. Well-bonded interfaces ensure efficient stress transfer and prevent
premature particle pull-out, which is critical for sustaining mechanical performance under
cyclic or abrasive loading [164]. Wear resistance is another mechanical attribute that shows
marked improvement following FSP. The refined microstructure reduces material removal
by suppressing severe plastic flow at the surface, while hard reinforcement particles act
as load-bearing constituents during sliding or abrasive contact [165]. Experimental tribo-
logical studies consistently report reduced wear rates and lower friction coefficients for
FSP-modified composites compared to untreated substrates [166]. The dominant wear
mechanisms often shift from adhesive or severe abrasive wear to mild abrasive or oxidative
wear, indicating a more stable tribological response. These improvements are particu-
larly relevant for components subjected to repeated sliding or contact loading, such as
automotive engine parts, marine shafts, and aerospace actuators [167].

Ianerlayer

TR 200 wm

Figure 6. Microstructural evolution of aluminum alloy before and after friction stir processing (FSP)
post-treatment: (a,b) microstructure of the as-deposited (AD) condition (before FSP), and microstruc-
tures of the FSPed sample showing different regions (c) stir-dominated zone (SDZ), (d) partially
deformed zone (PDZ), (e) thermo-mechanically affected zone (TMAZ), and (f) heat-affected zone
(HAZ) [159]. Adapted from MDPI open-access source under CC BY license.

Fatigue performance is a critical consideration for structural applications, and FSP has
shown notable benefits in this regard. The elimination of surface defects such as porosity,
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micro-cracks, and casting voids reduces crack initiation sites, which are often responsible
for early fatigue failure [168]. Additionally, the refined grain structure and homogenized
reinforcement distribution contribute to a more uniform stress field during cyclic loading.
Several studies have reported enhanced fatigue life and delayed crack initiation in FSP-treated
surfaces, especially when compressive residual stresses are introduced near the surface.
These compressive stresses counteract applied tensile loads, slowing crack propagation and
improving overall fatigue resistance [169-171]. Tensile and flexural properties of surface-
modified composites are influenced not only by the strengthened surface layer but also by
the gradient between the modified zone and the bulk material [172]. FSP typically produces
a gradual transition in microstructure and properties, reducing stress concentration at the
interface between treated and untreated regions. This gradient architecture is advantageous
for maintaining structural integrity, as it avoids the abrupt property mismatch often associated
with thick coatings or hard overlays. In many cases, surface strengthening through FSP does
not compromise ductility; instead, it can improve the strength-ductility balance by combining
a hard surface with a tough core [173]. The mechanical response of FSP-modified surfaces
is highly sensitive to processing parameters such as tool rotational speed, traverse speed,
plunge depth, tool geometry, and number of passes [174]. Optimized parameter combinations
promote sufficient heat generation for plastic flow and recrystallization without inducing
excessive grain growth or interfacial reactions. Multi-pass FSP is frequently employed
to enhance reinforcement dispersion and microstructural homogeneity, leading to more
consistent mechanical performance across the processed surface [175]. However, excessive
passes or heat input can degrade properties by causing particle agglomeration or grain
coarsening, underscoring the importance of process optimization.

From an application perspective, the enhanced mechanical performance of FSP-
processed composites has significant implications across multiple industries. In the au-
tomotive sector, improved wear and fatigue resistance can extend the service life of en-
gine components, brake systems, and suspension parts [176]. In aerospace applications,
surface-hardened lightweight alloys contribute to weight reduction while meeting stringent
reliability and safety requirements [177]. Marine and offshore components benefit from
the combined improvements in wear resistance and mechanical stability under corrosive
environments [178]. Additionally, in biomedical applications, such as orthopedic implants,
FSP-modified surfaces offer the potential for improved wear resistance and mechanical
compatibility without introducing brittle coating layers [179]. Table 4 showed the studies
on Mechanical Properties of composites prepared by FSP. In summary, the mechanical
performance of composites prepared by friction stir processing is governed by a syner-
gistic interplay of grain refinement, reinforcement strengthening, defect elimination, and
interfacial integrity. FSP enables the design of functionally graded surfaces that combine
high hardness and wear resistance with adequate toughness and fatigue strength. These
attributes, coupled with the eco-efficient and solid-state nature of the process, position
FSP as a powerful surface engineering strategy for next-generation composite components
across demanding engineering applications.

Table 4. Studies on Mechanical Properties of composites prepared by FSP.

Base Material Reinforcement Mechanical Improvement Mechanism Application Reference
AA6061 SiC (nano) Hardness 1T ~120%, Yield strength 1 Hall-Petch + Orowan Automotive, wear parts [180]
AZ31 Mg AlL,Os Surface hardness 1 ~90% Grain refinement + load transfer Lightweight structures [181]
Ti-6Al1-4V TiC Hardness 7, fatigue life 1 Particle pinning Biomedical, aerospace [182]
A356 Al SiC Wear rate | ~70% Orowan + load transfer Engine components [183]
WE43 Mg HA Hardness 1 + ductility retained Bio-ceramic strengthening Biomedical implants [184]
Steel (AISI 316L) B,C Surface strength 1 + wear resistance T Grain refinement + dispersion Marine, tooling [185]

Note: 1 increase, | decrease in properties.
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9. Corrosion and Tribo-Corrosion Behavior of
Friction-Stir-Processed Composites

The corrosion and tribo-corrosion performance of composites is a critical factor gov-
erning their long-term reliability in aggressive environments such as marine, biomedical,
chemical processing, and aerospace applications. Surface degradation in such environments
is often accelerated by microstructural heterogeneities, galvanic coupling between phases,
residual stresses, and mechanically assisted breakdown of passive films [186]. FSP, owing to
its solid-state nature and ability to engineer refined and homogeneous surface architectures,
offers a powerful route to mitigate these degradation mechanisms and improve corrosion
resistance in composites. One of the primary mechanisms through which FSP enhances
corrosion resistance is grain refinement induced by dynamic recrystallization [187]. The
formation of ultrafine equiaxed grains significantly increases grain boundary density, which
plays a dual role in corrosion behavior. On one hand, grain boundaries act as high-energy
sites that promote the rapid formation and repair of passive oxide films [188]. On the
other hand, excessive boundary density may increase anodic dissolution if microstructural
uniformity is not achieved. In FSP-modified surfaces, the homogeneous distribution of
refined grains generally favors the former effect, resulting in more compact, adherent, and
stable passive layers compared to the coarse-grained base material [189].

Another key factor influencing corrosion behavior is the elimination of casting defects
and micro-segregation during FSP. Porosity, shrinkage cavities, and intermetallic clusters
present in as-cast composites often serve as preferential sites for localized corrosion initia-
tion [190]. The intense plastic deformation and material flow during FSP break down these
heterogeneities, leading to a dense and chemically uniform surface layer. This homogeniza-
tion reduces localized electrochemical potential differences, thereby suppressing pitting and
crevice corrosion, particularly in aluminum- and magnesium-based composites [191]. The
presence and nature of reinforcement particles significantly affect electrochemical behavior.
Ceramic reinforcements such as SiC, Al,O3, TiC, and B4C are typically electrochemically
inert; however, they can indirectly influence corrosion through micro-galvanic effects at
the particle-matrix interface [192]. In poorly processed composites, particle clustering
creates local cathodic sites that accelerate anodic dissolution of the surrounding matrix.
FSP mitigates this issue by promoting uniform particle dispersion and strong interfacial
bonding, thereby reducing localized galvanic coupling [193]. Additionally, refined particle
distributions act as physical barriers to corrosion propagation paths.

In magnesium-based composites, corrosion behavior is particularly sensitive to mi-
crostructural refinement and secondary phase distribution. FSP has been shown to break
up continuous cathodic intermetallic networks and redistribute them uniformly within
the matrix. This redistribution weakens long-range galvanic coupling and results in a
more uniform corrosion mode rather than catastrophic localized attack [194]. However,
studies also indicate that excessive grain refinement without proper control of intermetallic
chemistry can increase corrosion current density due to higher surface energy, highlighting
the importance of optimized processing [195]. Titanium-based composites processed by
FSP exhibit enhanced corrosion resistance primarily due to the formation of stable and
defect-free TiO, passive films [196]. Grain refinement accelerates passivation kinetics, while
the absence of fusion-related defects ensures uniform oxide coverage [197]. Multiple-pass
FSP has been reported to further improve corrosion resistance by reducing passive film
defects and stabilizing the electrochemical response, as evidenced by increased charge
transfer resistance in electrochemical impedance spectroscopy (EIS) measurements [198].

Tribo-corrosion, which involves the synergistic interaction between mechanical wear
and electrochemical degradation, represents a more severe degradation mode than corro-
sion alone. In tribo-corrosive environments, repeated mechanical action removes protective
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passive films, exposing fresh metal to the electrolyte and accelerating material loss [199].
FSP-modified composites demonstrate superior tribo-corrosion resistance due to their
high surface hardness, refined grain structure, and stable reinforcement networks. These
features reduce mechanical damage, delay passive film rupture, and enhance repassiva-
tion kinetics [200]. Furthermore, the introduction of hard ceramic reinforcements through
FSP significantly reduces wear-induced plastic deformation, thereby limiting the extent of
mechanically assisted corrosion. In hybrid composites, synergistic effects between reinforce-
ments (e.g., hard ceramics for wear resistance and bio-ceramics for passivation stability)
have been shown to further enhance tribo-corrosion performance [201]. Such surface archi-
tectures are particularly attractive for biomedical implants and marine components, where
simultaneous mechanical and electrochemical degradation is unavoidable [200,201]. From
an application perspective, the improved corrosion and tribo-corrosion behavior of FSP-
engineered composites directly translates to extended service life, reduced maintenance
costs, and improved reliability. The solid-state nature of FSP also makes it suitable for
surface repair and refurbishment of corroded components, offering a sustainable alterna-
tive to component replacement [202]. However, achieving optimal corrosion performance
requires careful control of processing parameters, reinforcement chemistry, and surface
architecture design. Table 5 shows the key studies on corrosion and tribo-corrosion behav-
ior of FSP-modified composites. Overall, FSP provides a versatile platform for tailoring
corrosion and tribo-corrosion behavior through microstructural refinement, defect elimina-
tion, and controlled reinforcement dispersion. Future research must focus on establishing
quantitative structure—electrochemistry relationships and developing predictive models
to guide the design of corrosion-resistant composites for service environments. Comple-
mentary post-exposure surface analyses further substantiate these tribo-corrosion trends
by revealing distinct differences in damage morphology (Figure 7a—c). The as-cast sur-
face shows severe material removal with deep grooves, pits, and micro-cutting marks
(Figure 7a,b), indicating dominant erosion-assisted corrosion damage. In contrast, the
FSPed composite exhibits a comparatively smoother surface with reduced pit density and
shallower wear tracks (Figure 7c), confirming improved resistance due to grain refinement
and reinforcement-assisted strengthening [203]. Such morphological evidence reinforces
the mechanistic understanding of improved tribo-corrosion resistance in FSP-engineered
surface architectures.

Table 5. Key studies on corrosion and tribo-corrosion behavior of FSP-modified composites.

Material System

Reinforcement Environment Corrosion/Tribo-Corrosion Application Reference

Pure Ti (FSP)

AZ91 Mg alloy

AA6061

WE43 Mg alloy
Ti-6Al-4V
A356 Al alloy
ZK60 Mg alloy

AA5083

None

None
SiC
HA
TiC
Al O3
nHA

B4C

Increased charge transfer resistance
PBS solution due to refined grains and stable Biomedical implants [204]
passive film
Grain refinement improved uniform
NaCl solution corrosion but increased Automotive [205]
surface activity
Uniform particle dispersion

NaCl solution reduced pitting susceptibility Marine structures [206]
Simulated body fluid Improvec} passivation and reduced Biodegradable implants ~ [207]
degradation rate
[P . Enhanced tribo-corrosion resistance .
Artificial saliva due to high hardness Dental implants [208]
1 Reduced wear-accelerated corrosion .
NaCl + sliding through refined microstructure Marine transport [209]
Improved corrosion uniformity . .
SBF and biocompatibility Biomedical [210]
NaCl + wear Superior tribo-corrosion resistance Offshore applications [211]

due to hard particle network
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Figure 7. SEM surface morphology after slurry erosion—corrosion exposure: (a,b) as-cast base
alloy showing severe grooving, pitting, and micro-cutting, and (c) friction-stir-processed (FSP)
composite exhibiting reduced surface damage [203]. Adapted from MDPI open access source under
CC BY license.

10. Industrial Viability, Scale-Up Potential, and Manufacturing
Integration of FSP-Based Composites

For FSP to transition from laboratory-scale research to widespread industrial appli-
cation, its technical advantages must be evaluated alongside considerations of scalability,
economic feasibility, process robustness, and compatibility with existing manufacturing
infrastructures. In recent years, increasing attention has been directed toward assessing
FSP not only as a materials processing technique but also as a viable industrial surface
engineering solution, particularly for composites. One of the most significant advantages
of FSP from an industrial perspective is its solid-state nature, which inherently simplifies
process control during scale-up. Unlike fusion-based surface modification techniques such
as laser cladding or thermal spraying, FSP does not involve melting, solidification, or va-
porization of material. This eliminates solidification-related defects and reduces sensitivity
to process fluctuations, making the technique more robust and reproducible across large
components and long processing lengths [212,213]. As a result, FSP has demonstrated good
scalability from small laboratory coupons to large plates, panels, and structural compo-
nents, particularly in aluminum- and magnesium-based systems used in aerospace and
automotive industries [214].

Tool design and durability play a critical role in determining industrial feasibility. For
large-scale deployment, FSP tools must withstand high axial forces, elevated temperatures,
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and prolonged processing times without excessive wear or degradation [215]. Advances
in tool materials, such as polycrystalline cubic boron nitride (PCBN), tungsten-based al-
loys, and coated tool steels, have significantly extended tool life, enabling continuous
or multi-pass processing of large surface areas. Although tool cost remains higher than
conventional cutting tools, the extended service life and absence of consumable filler mate-
rials offset this expense in high-value applications [216]. From a production standpoint,
process automation and integration represent key enablers for industrial adoption. Modern
FSP systems can be mounted on CNC milling machines, robotic platforms, or dedicated
friction stir processing units, allowing precise control of tool rotation speed, traverse speed,
plunge depth, and axial force. This compatibility with existing CNC infrastructure re-
duces capital investment and facilitates seamless integration into current manufacturing
lines [217]. Furthermore, closed-loop control systems based on force, torque, and tempera-
ture feedback are increasingly being explored to ensure consistent surface quality during
large-scale processing.

Cost-effectiveness is another crucial factor influencing industrial acceptance. Although
FSP equipment and tooling may involve a higher initial investment compared to some
conventional surface treatments, the overall lifecycle cost is often lower. The absence of
consumables, shielding gases, and post-processing steps such as heat treatment or coating
adhesion layers reduces operating costs [218]. Additionally, the ability of FSP to selectively
modify only the surface layer minimizes material usage while achieving substantial perfor-
mance enhancement, which is particularly attractive for lightweight structural components.
A notable industrial advantage of FSP lies in its repair and refurbishment capability [219].
Many high-value components, such as aerospace panels, marine structures, and auto-
motive dies, fail due to surface degradation rather than bulk damage. FSP enables the
restoration of worn or damaged surfaces by refining microstructure, eliminating defects,
and reintroducing reinforcement particles if required. This capability aligns strongly with
circular economic principles, extending component lifespan and reducing material waste,
replacement costs, and environmental impact [220].

The integration of FSP with hybrid manufacturing routes further enhances its indus-
trial relevance. FSP can be combined with casting, additive manufacturing, rolling, or
extrusion to locally tailor surface properties after primary shaping [221]. For instance,
additively manufactured metallic components often suffer from porosity and anisotropic
microstructures; post-process FSP has been shown to homogenize microstructure and
significantly improve mechanical and corrosion performance [222]. Similarly, FSP can be
applied after casting to eliminate surface porosity and incorporate reinforcements, pro-
ducing functionally graded composites without altering the bulk casting process. Despite
these advantages, certain challenges must be addressed to achieve widespread industrial
adoption. Processing of high-melting-point materials such as steels and titanium alloys
require higher tool loads and more advanced tool materials, increasing operational com-
plexity [223]. Achieving uniform reinforcement dispersion over large surface areas also
remains challenging, particularly for nanoscale reinforcements. Moreover, the lack of
standardized processing guidelines and design codes for FSP-modified surfaces limits its
immediate adoption in safety-critical industries.

From a sustainability perspective, FSP aligns with green manufacturing objectives. Its
lower energy consumption compared to fusion-based techniques, elimination of hazardous
consumables, and potential for component life extension make it an environmentally fa-
vorable option. As industries increasingly prioritize low-carbon and resource-efficient
manufacturing, these attributes position FSP as a competitive surface engineering solution
for future production systems. In summary, friction stir processing demonstrates strong
industrial potential as a scalable, cost-effective, and sustainable technique for produc-
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ing high-performance composites [224]. Its compatibility with existing manufacturing
infrastructure, suitability for automation, and ability to integrate hybrid processes make it
particularly attractive for aerospace, automotive, marine, and energy applications. Contin-
ued advances in tool technology, process monitoring, and standardization are expected to
further accelerate the industrial adoption of FSP-based surface engineering solutions.

11. Comparison with Competing Surface Engineering Technologies

Surface engineering technologies have evolved significantly to meet the growing
demand for enhanced wear resistance, corrosion protection, and functional performance
of metallic components. Among the available techniques, laser-based surface processing,
thermal spray coatings, and vapor deposition methods have been widely adopted in both
research and industrial practice. However, friction stir processing (FSP) offers a funda-
mentally different approach, operating in a solid state and enabling the development of
metallurgically bonded surface architectures. A comparative assessment of these tech-
niques is essential to clarify the unique advantages and limitations of FSP and to justify
its growing relevance for composites. Laser surface processing techniques, including laser
cladding, laser alloying, and laser surface melting, rely on high-energy laser beams to
locally melt the substrate and added materials. These processes enable rapid heating and
cooling, producing refined microstructures and hard surface layers [225]. However, the
melting—solidification cycle inherently introduces challenges such as solidification cracking,
segregation, porosity, and high residual tensile stresses [226]. In composites, laser process-
ing may also cause undesirable interfacial reactions between reinforcement particles and the
molten matrix, leading to brittle phase formation and degradation of mechanical properties.
Furthermore, laser systems involve high capital costs, significant energy consumption, and
strict safety requirements, which limit their economic and environmental sustainability for
large-scale or repair-oriented applications [227].

Thermal spray technologies, such as plasma spraying, high-velocity oxy-fuel (HVOEF),
and cold spraying, are widely used to deposit protective coatings on metallic substrates.
These methods offer flexibility in material selection and can produce relatively thick coat-
ings [228]. However, the deposited layers are typically mechanically bonded rather than
metallurgically integrated with the substrate. As a result, coating delamination, poros-
ity, and weak interfacial adhesion remain persistent concerns, particularly under cyclic
mechanical loading or severe tribological conditions [229]. In addition, thermal spray
processes often require extensive surface preparation, multiple processing steps, and post-
treatment, increasing both cost and environmental footprint [230]. From a sustainability
perspective, material overspray and consumable usage further reduce process efficiency.
Physical vapor deposition (PVD) and chemical vapor deposition (CVD) techniques provide
high-quality, dense, and uniform coatings with excellent control over composition and
thickness. These methods are particularly effective for producing thin, hard, and corrosion-
resistant films [231]. However, their applicability is largely limited to thin coatings, which
restricts load-bearing capability and long-term durability in abrasive or high-contact-stress
environments. Additionally, vacuum requirements, elevated processing temperatures
(in CVD), and the use of precursor gases raise concerns related to energy consumption,
scalability, and environmental impact. For large components or localized surface repair,
these techniques are often impractical [232].

In contrast, friction stir processing offers a distinct set of advantages arising from its
solid-state nature. Since FSP operates below the melting temperature, it avoids solidification-
related defects and minimizes residual stresses. The processed surface layer is not a discrete
coating but an integral part of the substrate, characterized by refined grains, homogeneous
reinforcement distribution, and strong metallurgical bonding. This structural continuity
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enables superior load transfer, improved fatigue resistance, and enhanced damage tolerance
compared to coated systems [233]. Moreover, FSP allows precise control over the depth and
width of the modified layer, making it suitable for localized surface enhancement without
altering the bulk properties of the component. From an eco-efficiency standpoint, FSP is
particularly attractive. The process does not require filler materials, shielding gases, or
consumables, significantly reducing material waste and emissions. Heat is generated inter-
nally through friction and plastic deformation, leading to lower overall energy consumption
compared to laser or thermal spray techniques [234]. Additionally, FSP can be performed
using conventional CNC machines or modified milling systems, reducing capital investment
and facilitating industrial adoption. These characteristics align well with sustainable manu-
facturing principles and circular economy strategies, especially in applications involving
surface repair, refurbishment, and life extension of high-value components [235].

Despite its advantages, FSP is not without limitations. The process is inherently con-
tact based, which may restrict its application on complex geometries or internal surfaces.
Tool wear, particularly when processing hard reinforcements or high-melting-point alloys,
remains a technical challenge. However, ongoing developments in tool materials, tool
design, and hybrid processing strategies are progressively addressing these issues. Com-
pared to competing technologies, FSP occupies a unique position as a bridge between bulk
severe plastic deformation techniques and conventional surface coatings, offering a balance
between performance enhancement, process simplicity, and sustainability [236]. Table 6
showed the comparative assessment of surface engineering techniques for composites with
emphasis on suitability, sustainability, and functional performance. Overall, while laser
processing, thermal spraying, and vapor deposition techniques continue to play impor-
tant roles in surface engineering, friction stir processing distinguishes itself through its
solid-state operation, eco-efficient nature, and ability to produce integrated, load-bearing
composite surfaces. Rather than replacing existing technologies, FSP complements them by
providing a robust alternative for applications where interfacial integrity, sustainability, and
localized surface modification are of paramount importance. This comparative perspective
highlights why FSP is increasingly viewed as a next-generation surface engineering tool for
advanced composite surfaces.

Table 6. Comparative assessment of surface engineering techniques for composites with emphasis on
suitability, sustainability, and functional performance.

Reinforcement

Technique Processing State  Integration g:)tzzfi;;:::l Surface Property gi‘;}g}fi‘:ﬁiﬁg & Islﬁasgfllftly Reference
Capability
. . . High (coatings),
. . L Mechanical High hardness; Low-high energy, .. ©
Ehermal Spray Liquid/Semi Limited = bonding; moderate wear; material loss, limited fo.r [237]
oatings molten (post-deposition only) oL . ! load-bearing
delaminationrisk  variable corrosion overspray parts
High hardness and
. High (powder feeding ~ Metallurgical but ~ wear resistance; Moderate-high Moderate (capital

Laser Cladding Fully molten possible) dilution issues residual stress energy input intensive) [238]

concerns

Strong adhesion Excellent corrosion;  Low-vacuum - .
?(Qx)ti/nC\s/D Vapor phase Very limited but very thin low load-bearing systems, toxic }ﬁﬁ:gfﬂ(t?m [239]
& layers ability precursors Y

Severe Plastic . . .
Deformation Solid-state N(it e)apphcable (bulk Not applicable Bull k strengthening }Tov'vt—laugh forcte, Very limited [240]
(ECAP, HPT) only only imited geometry

Simultaneous
Friction Stir Solid-stat High (in situ fl[fctellller;t ical hardness, wear, High-nomelting, = High (repair, [241]
Processing (FSP) ond-state composites) b ¢ 3. urgica corrosion no consumables surface upgrade)

ondmng improvement

FSP (Surface- Controlled. eradient & Clean interfaces, Bala}r:cefi 1+ Very high-eco- High-scalabl
Focused, Present Solid-state ontrofied, gracien low residual mechanica efficient, 1gh~scaable, This work

Review)

hybrid architectures

stress

corrosion
performance

repair-oriented

sustainable
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12. Challenges, and Research Needs

Despite the significant progress achieved in composites prepared by FSP, several sci-
entific and technological challenges continue to limit the full exploitation of this technique
in both academic research and industrial practice. One of the most persistent challenges is
achieving uniform and reproducible reinforcement dispersion within the stir zone, partic-
ularly when nano-sized or low-density particles are employed. Although severe plastic
deformation and material flow during FSP promote particle redistribution, issues such
as particle agglomeration, sedimentation, and non-uniform spatial distribution remain
prevalent, especially in single-pass processing [242]. These inhomogeneities can lead to
localized stress concentrations, premature failure, and inconsistent surface performance,
undermining the reliability of FSP-modified surfaces.

Another critical knowledge gap lies in the quantitative understanding of particle
fragmentation and transport mechanisms. While it is well established that reinforcement
particles undergo size reduction and morphological evolution during FSP, the governing
relationships between tool geometry, shear strain, thermal exposure, and particle breakage
are not yet well defined [243]. Most existing studies rely on post-processing microstructural
observations, offering limited predictive capability. There is a clear need for systematic
investigations that correlate particle size evolution with local strain rates, temperature
histories, and material flow trajectories to enable rational design of composite surfaces.
The interfacial stability between reinforcement particles and metallic matrices represents
another unresolved challenge [244]. In many FSP systems, particularly those involving
ceramic reinforcements or reactive metallic particles, interfacial reactions may occur due to
localized high temperatures and prolonged stirring. While moderate interfacial bonding is
beneficial for load transfer, excessive interfacial reaction layers can become brittle, degrad-
ing mechanical performance and corrosion resistance [245]. Current literature provides
fragmented insights into these interfacial phenomena, highlighting the need for advanced
characterization techniques such as high-resolution transmission electron microscopy and
atom probe tomography to elucidate interfacial chemistry and phase evolution at the
nanoscale [246].

From a process design perspective, parameter optimization remains largely empirical.
Although trends relating to rotational speed, traverse speed, tool geometry, and num-
ber of passes to microstructural refinement have been identified, universally applicable
processing windows do not yet exist. This limitation is exacerbated by strong material
dependency, where optimal parameters for aluminum-based composites may be unsuitable
for magnesium- or titanium-based systems. The lack of unified processing maps hinders
scalability and reproducibility, particularly for industrial adoption. Future research should
prioritize the development of process—structure—property maps supported by statistically
robust datasets [247]. Another major gap is the limited integration of modeling and simula-
tion frameworks in FSP research. While computational fluid dynamics and finite element
models have been applied to predict temperature fields and material flow, their coupling
with microstructural evolution, particle behavior, and residual stress development remains
rudimentary [248]. Multiscale modeling approaches that link macroscopic process parame-
ters to mesoscopic flow behavior and microscopic microstructural changes are essential for
advancing predictive process design and reducing experimental trial-and-error.

The long-term performance and durability of FSP-modified composites under realistic
service conditions also remain insufficiently explored. Most studies focus on short-term
mechanical testing or laboratory-scale corrosion experiments, often under simplified envi-
ronments. However, real-world applications expose components to complex combinations
of cyclic loading, corrosive media, temperature fluctuations, and wear mechanisms [249].
There is a clear need for long-duration tribo-corrosion studies, fatigue-corrosion cou-
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pling investigations, and environment-specific testing to establish reliable performance
envelopes for FSP-engineered surfaces. From an application standpoint, industrial-scale
implementation presents additional challenges. Tool wear, especially when processing hard
reinforcements or high-melting-point alloys, can significantly affect process economics
and surface quality [250]. Moreover, maintaining consistent surface modification over
large areas or complex geometries requires robust process control and adaptive tooling
solutions. Research efforts addressing tool material development, real-time monitoring,
and closed-loop control systems are essential to bridge the gap between laboratory demon-
strations and industrial deployment [251]. Finally, while FSP is frequently described as
an eco-efficient and sustainable process, quantitative sustainability assessments are scarce.
Comprehensive life-cycle analyses comparing FSP with competing surface engineering
technologies are needed to substantiate claims related to energy efficiency, carbon foot-
print reduction, and material utilization. Incorporating sustainability metrics alongside
performance indicators will be crucial for positioning FSP as a viable green manufacturing
solution in future production systems [252]. In summary, advancing friction-stir-processed
composite surfaces requires coordinated efforts to address reinforcement dispersion control,
interfacial stability, process modeling, long-term durability, and industrial scalability. By
shifting future research from descriptive studies toward predictive, mechanism-driven, and
application-oriented investigations, FSP can evolve from a promising laboratory technique
into a mature, industrially relevant surface engineering technology.

13. Conclusions

The key conclusions drawn from the critically reviewed literature on friction-stir-
processed composite surfaces are summarized as follows:

e  Friction stir processing (FSP) has been established as a robust solid-state surface
engineering technique capable of producing refined, defect-free surface architectures
in metal matrix composites without altering bulk properties.

e  The unique combination of severe plastic deformation and localized frictional heating
enables significant grain refinement through dynamic recrystallization, resulting in en-
hanced surface hardness, strength, and wear resistance across aluminum, magnesium,
titanium, and steel-based systems.

e Insitu incorporation of micro- and nano-scale reinforcements via FSP leads to homoge-
neous particle dispersion, strong metallurgical bonding, and stable reinforcement-matrix
interfaces, which are difficult to achieve using fusion-based or coating techniques.

e  Strengthening mechanisms in FSP-modified surfaces arise from a synergistic inter-
action of grain boundary strengthening, load transfer, particle pinning, and defect
elimination, rather than from any single dominant effect.

e  FSP-engineered surfaces demonstrate improved corrosion and tribo-corrosion per-
formance, primarily due to microstructural homogenization, elimination of casting
defects, and stabilization of passive surface films.

e Hybrid and multi-phase reinforcement strategies enabled by FSP provide a path-
way toward multifunctional surface architectures, combining mechanical durability,
tribological stability, and corrosion resistance within a single processing route.

e Compared to conventional surface modification technologies, FSP offers superior
interfacial integrity, load-bearing capability, and resistance to delamination, owing to
its solid-state and metallurgical nature.

e  From a sustainability perspective, FSP represents an eco-efficient manufacturing ap-
proach, characterized by low energy consumption, absence of consumables, minimal
emissions, and strong compatibility with surface repair and refurbishment applications.
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e  Opverall, the reviewed literature confirms that FSP is not merely a microstructural
refinement tool but a versatile platform for designing high-performance, durable, and
sustainable composite surface architectures.

14. Future Research Outlooks

Based on the identified knowledge gaps and emerging trends, the key future research
directions in friction-stir-processed composite surface engineering are outlined as follows:

e  Development of quantitative process—structure-property frameworks that integrate
thermal history, strain rate, material flow, and reinforcement behavior to enable pre-
dictive surface design.

e Advanced in situ monitoring techniques (force, torque, temperature, acoustic emis-
sion) combined with data-driven modeling and digital twins for real-time pro-
cess optimization.

e  Systematic investigation of particle fragmentation, transport, and interfacial stability,
particularly for nano-reinforced and hybrid composite systems.

e  Design and fabrication of functionally graded and architectured surface layers, where
reinforcement type and volume fraction vary with depth to optimize surface—core
property balance.

e Long-term evaluation of fatigue—corrosion and tribo-corrosion interactions under real-
istic service environments relevant to marine, biomedical, and aerospace applications.

e  Expansion of FSP research toward high-melting-point alloys and complex geometries,
supported by advances in tool materials and adaptive process control.

e Integration of FSP with additive manufacturing, casting, and thermomechanical
processing to enable hybrid manufacturing routes for defect mitigation and sur-
face enhancement.

e  Establishment of standardized processing guidelines and qualification protocols to
facilitate industrial adoption in safety-critical sectors.

e Life-cycle and techno-economic assessments to quantitatively evaluate the sustainabil-
ity benefits of FSP compared to competing surface engineering technologies.
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