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Abstract
This study examines the impact of Friction Stir Processing (FSP) with  TiO2 nanoparticle incorporation on the microstructural, 
mechanical, and tribological properties of AA5083 Metal Matrix Composites (MMCs). It offers a detailed analysis of the 
alterations in the alloy’s characteristics due to FSP. Microstructural examination was conducted using optical microscopy 
(OM) and scanning electron microscopy (SEM). Significant findings include the microstructural refinement where  TiO2 
nanoparticle addition during FSP shrank the grain size from 20 to 3 µm after one pass, which then rose to 7 µm following 
four passes. Mechanical properties, specifically microhardness and tensile strength, were assessed. Results indicated that 
after four FSP passes, the material can reach a yield strength of 192 MPa and an ultimate tensile strength (UTS) of 359 MPa, 
alongside a consistent microhardness of 103 HV0.1. Furthermore, it was observed that increasing FSP passes enhances 
energy absorption, although it remains lower than that of the base material. Analysis of fracture and wear mechanisms has 
led to the conclusion that with more passes, fracture mechanisms transition to a mix of ductile and brittle behaviors, and the 
friction coefficient decreases by up to 22.95%.
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1 Introduction

Particle-reinforced metal matrix composites (MMCs) have 
garnered significant attention across industries such as 
automotive, aerospace, and defense due to their exceptional 
properties [1]. By incorporating particles into metal matri-
ces, MMCs offer heightened elastic modulus, stiffness, and 
wear resistance, making them indispensable for demanding 

applications [2]. This innovation allows engineers to tailor 
material properties to specific requirements, resulting in 
weight savings [3], increased temperature resistance [4], 
and improved fatigue and corrosion resistance [5]. Despite 
challenges in manufacturing, MMCs stand as a promising 
solution to elevate the performance and durability of criti-
cal components in various high-performance sectors [6]. At 
a specific concentration level, the potential for enhancing 
strengthening mechanisms [7] becomes notably pronounced 
through the incorporation of smaller particles, especially 
within the nano-sized range [8]. However, in contrast to 
composites reinforced with micro-sized particles, the fab-
rication of nanocomposites poses significant complexities. 
These challenges primarily arise due to the intricate nature 
of achieving a consistent and homogeneous dispersion of 
nano-sized reinforcements within metallic substrates [9]. 
Traditional methodologies such as powder metallurgy 
and liquid processing, encounter limitations in effectively 
addressing the intricate spatial and interfacial considerations 
intrinsic to the dispersion of nano-particulates within the 
matrix [10].

Friction stir processing (FSP) has emerged as a compel-
ling and innovative approach within the realm of fabricating 
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MMCs [11]. Rooted in the fundamental tenets of Friction 
Stir Welding (FSW) [12], FSP involves the intricate manipu-
lation of materials. In FSP and FSW, a rotating tool endowed 
with distinct components, including a pin and a shoulder, 
is meticulously introduced into the material designated for 
fusion [13]. This tool is meticulously translated along the 
trajectory of the joint, thus orchestrating the intricate pro-
cess [14]. The process involves inducing localized heating 
in the immediate vicinity of the pin, engendering a region of 
controlled material softening [15]. This thermal softening, 
coupled with the synergistic interaction of simultaneous tool 
rotation and translation, engenders a concerted material flow 
mechanism from the fore of the pin to its aft. FSP falls under 
the classification of Severe Plastic Deformation (SPD) tech-
niques [16]. SPD methods encompass various procedures 
that deliberately subject materials to high levels of plastic 
deformation, inducing significant changes in their micro-
structure without invoking traditional melting and recrystal-
lization processes [17]. solid-state nature of the process and 
its potential to facilitate metallurgical bonding without the 
need for molten phase intermediates. FSP is usually used 
for modification of the microstructure like crystallographic 
grain refinement, distribution of particles and morphology 
[18].

Many authors have studied the improvements of hard-
ness, ductility, plasticity, yield strength, and strength by FSP. 
Several researchers selected pure metal powder reinforce-
ment to the aluminum matrix serves to attain aluminum 
matrix composites. This has led to the exploration of alloy-
ing elements like Fe [19], Ni [20], and Mo [21], which are 
incorporated into the aluminum matrix to achieve aluminum 
matrix composites distinguished by exceptional interface 
bonding. However, due to the nature of FSP, some powders 
tend to create intermetallic structures, that reduce the plas-
ticity and enables the crack propagation [22]. On the other 
hand, some researchers incorporate ceramic particulates, 
particularly those composed of Silicon Carbide (SiC) [23] 
and Aluminum Oxide  (Al2O3) [24], are frequently favored 
as reinforcements in aluminum matrix composites due to 
their distinctive material characteristics. These encompass 
elevated hardness, a notably high melting point, substan-
tial elastic modulus, and exceptional thermal stability at 
elevated temperatures [25]. These properties collectively 
position ceramic particles as highly suitable additives for 
augmenting the mechanical and thermal properties of the 
resulting composite materials. Research on ceramic particle-
reinforced aluminum matrix composites consistently shows 
that adding ceramic particles significantly improves the 
matrix’s strength and wear resistance. Derazkola H. et al. 
[26] conducted processing and characterization endeavors 
on nanocomposites consisting of polycarbonate and alumina 
(PC/Al2O3). Employing an innovative approach, they har-
nessed the additive powder Fed FSP technique, facilitated 

by a novel tool configuration, to facilitate the dispersion of 
nanoparticles within the base metal matrix. Their conclu-
sions underscored that PC/Al2O3 additive nanocomposites, 
comprising an 8% weight fraction, produced via the FSP 
technique, exhibited exceptional microstructural integrity 
marked by the absence of defects, alongside significant 
advancements in mechanical properties, notably a sub-
stantial enhancement in tensile strength by approximately 
26%. A novel hybrid aluminum MMC was developed by 
Mija et al. [27] by adding  MoS2 and  CeO2 particles. The 
authors by analyzing the wear behaviur and corrosion resist-
ance found that, manufactured MMC using lower processing 
speeds and multiple passes exhibited reduced friction coef-
ficients and minimal wear losses as well. In addition, the 
composites produced with a feed rate of 30 mm/min and 1 
pass have better corrosion resistance, but with 2 passes and 
the same feed rate the MMC exhibited better wear resistance 
and microhardness. The study discussed in [28] introduces a 
potential method for manufacturing an AA5083 foam MMC 
strengthened with nano-γAl2O3 utilizing the FSP technique. 
The findings show that the post the foaming process, the 
γ-Al2O3 nanoparticles were predominantly distributed in 
intercellular locations in a heterogeneous manner. Using 
the same nanoparticles, Orłowska et al. [29] investigated 
the manufacturing of coarse and ultrafine MMC using FSP. 
The authors observed that after one FSP pass, the nanopar-
ticles formed non-uniform agglomerations, which reduced 
the mechanical properties compared to the base material. 
However, after two FSP passes, there was a slight increase in 
Ultimate Tensile Strength (UTS), along with improvements 
in elongation and yield strength. In their study, Ostovan et al. 
[30] utilized multi-pass FSP to embed Carbon Nanotubes 
(CNTs) and  Fe2O3 nanoparticles into an AA5083 matrix. 
The results demonstrated significant improvements in the 
mechanical properties of the MMC. Specifically, after five 
FSP passes, the MMC exhibited enhancements by factors 
of 1.6, 2.7, 3.5, and 3.1 in hardness, Yield Strength (YS), 
UTS, and wear resistance, respectively, when compared to 
the BM. Li et al. [31] conducted an examination focused on 
the feasibility of producing a carbon nanotube-reinforced 
aluminum matrix composite (CNT Al MMC) and nano-
Al4C3 MMC through the utilization of FSP. In essence, the 
study accomplished the successful creation of high-strength, 
highly ductile in situ synthesized nano-Al4C3/Al composites 
through FSP applied to CNT/Al composite. At a rotation 
rate of 800 rpm, the  Al4C3/Al composite displayed a 1.6-
fold increase in elongation compared to CNT/Al compos-
ites, with a retained yield strength of 95%. Ata et al. [32] 
investigated the microstructural and mechanical attributes 
of a novel hybrid material, AA1050/Ni-Cu-Fe, synthe-
sized through a combination of mechanical alloying and 
FSP. The main findings show that an instance of 80% Ag-
coated Ni, the peak values of ultimate tensile strength and 
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elongation were observed, registering at 100 MPa and 10%, 
respectively. In the optimal scenario, the failure mechanism 
exhibited ductile characteristics, attributed to the motion of 
dislocations and plastic deformation. The impact of multi-
passes FSP conpined with SiC and  TiB2 in the mechanical 
and metallurgical properties was investigated by Chittoriya 
et al. [33]. The authors found that nanoparticles enchased the 
UTS [34] and facilitated large plastic deformation through 
precipitation and dislocation strengthening [35]. Finally, 
Zhang et al. [36] investigated the effect of FSP underscore 
the complex interplay of grain boundary dynamics and tex-
tural changes resulting from FSP, which influence the micro-
structural and potentially mechanical properties of Al6061. 
The authors found a 50% grain size refinement and the pro-
portion of low-angle grain boundaries increased to 22.3%, 
suggesting incomplete recrystallization during the FSP.

Building on insights from previous research, this study 
investigates the production of AA5083 MMCs reinforced 
with  TiO2 nanoparticles through a multi-pass FSP approach. 
The main objective is to explore how the number of FSP 
passes affects the integration of nanoparticles and their 
impact on the microstructural characteristics, mechanical 
properties, and wear resistance of the composites. Specifi-
cally, the study seeks to delineate the relationship between 
multi-pass FSP technology,  TiO2 and the structural, micro-
structural, and both macroscopic and microscopic properties 
of the materials. This research includes comprehensive eval-
uations using microhardness tests, tribological assessments, 
and tensile strength measurements. Microscopy techniques 
such as OM, Focus Variation Microscopy (FVM), and Scan-
ning Electron Microscopy (SEM) equipped with Electron 
Backscatter Diffraction (EBSD) and Energy Dispersive 
Spectroscopy (EDS) are utilized for detailed analysis of 
grain size and chemical composition. This approach allows 
for a deeper understanding of the underlying mechanisms. 
Distinct from previous works, this study uniquely focuses on 
the combined effects of multiple FSP passes and nanopar-
ticle reinforcement, offering novel insights into optimizing 
the properties of MMCs.

2  Materials and methods

2.1  Materials

The microstructure of AA5083, an aluminum-magnesium 
alloy, embodies a critical determinant of its mechanical 
characteristics and performance attributes. This intricate 

microstructural framework comprises an aluminum matrix 
punctuated by a heterogeneous arrangement of precipitate 
phases [37]. These phases are formed as a consequence of 
the alloy’s composition and thermal history, exhibiting vary-
ing morphologies, sizes, and distribution patterns [38]. The 
chemical composition of the 6 mm plates AA5083-H111 is 
presented in the Table 1. Recognized as a non-heat treatable 
aluminum alloy, AA5083 is prominently employed across 
sectors encompassing transportation, marine, and chemical 
industries. Its salient attributes encompass commendable 
corrosion resistance within seawater-laden atmospheres, 
coupled with a heightened formability exhibited particularly 
under conditions marked by lower temper states [39]. This 
specific alloy demonstrates notable mechanical attributes, 
featuring a tensile strength that reaches as high as 260 MPa, 
a yield strength spanning from 270 to 345 MPa, and a 
hardness ranging between 95 and 100 HV. The chemical 
composition of the investigated alloy was analyzed using 
a FOUNDRY-MASTER Xpert spectrometer. The Table 1 
represent the mean values obtained from three independent 
measurements. In addition, the used plates had initial dimen-
tions of 200 × 300 × 5 mm.

The experimental investigation involving AA5083 MMC 
was conducted through the implementation of FSP, which 
was executed utilizing a custom-modified milling machine. 
A visual representation of the friction stir process as well 
as the tool dimensions can be observed in Fig. 1. The FSP 
tool employed in these trials was crafted from heat-treated 
tool steel, characterized by a flat shoulder with a diameter 
of 22 mm, and a pin component possessing a cylindrical 
configuration with a diameter of 4 mm and a height of 5 mm, 
featuring a right-handed thread. The operational parameters 
encompassed a rotational speed (Vrot) of 1000 rpm in con-
junction with a transverse speed (Vt) of 13 mm/min, thereby 
orchestrating the fundamental dynamics of the process.

To facilitate the preparation of the MMC, a groove was 
meticulously created with precise dimensions, featuring a 
width of 1 mm and a depth of 2 mm. The grove was filled 
with  TiO2 nano-powder with average particle dimension of 
220 nm.

2.2  Methods

2.2.1  Microstructural characterization

The microstructural assessment of both the fabricated MMC 
and the raw material entails the examination of the cross-
sectional specimen surface. The specimens preparation 

Table 1  Chemical composition 
of AA 5083, wt%

Mg Mn Fe Si Cu Zn Cr Ti Al

4.5 0.7 0.4 0.2 0.1 0.05 0.2 0.11 Bal
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was conducted a Wire Electrical Discharge Machining 
(WEDM), specifically Neospark B500 (Knuth, Germany). 
The specimens where inducted, prepared and polish for the 
metallographic investigation. The examination of the sam-
ple’s microstructure, both before and after FSP, involved 
employing Olympus GX51 optical microscopy and Hitachi 
SU-70 Scanning Electron Microscopy (SEM). In addition, 
Electron Back Scattered Diffraction (EBSD) was utilized 
to analyze grain size and orientation, while EDS analysis 
was conducted to determine the chemical composition at 
micro-scale regions.

Analyses using the electron backscatter diffraction 
(EBSD) method were performed using a Hitachi S-3400N 
scanning electron microscope and detector with dedicated 
software made by HKL company. An accelerating voltage 
of 20 kV was used for the tests. The sample was tilted at 
an angle of 70° at a distance of approximately 20 mm from 
the column. Electron backscatter diffraction analysis was 
performed to obtain maps of the crystal lattice orientation 
distribution on the surface of the test sample with a 0.15 µm 
step at a magnification of 2000x. The colors of the solved 
orientations were assigned according to the basic IPF tri-
angle notation. The results are presented in the form of a 
map of the crystallographic orientation distribution on the 
sample surface. The texture results were also calculated for 
the orientation intensity to both PF and IPF with 10 × 10◦ 
clustering.

2.2.2  Tensile test

For a better understanding of the mechanical properties of 
the MMC, for a more comprehensive grasp of the mechani-
cal properties of the MMC, testing was conducted on speci-
mens extracted along the direction of the tool’s feeding 

rate during FSP. To obtain specimens for the tensile test, a 
WEDM process is employed in a direction perpendicular to 
that of the FSP. To ensure the accuracy of the results, the 
tensile specimens were prepared in accordance with ASTM 
D618-14, using Type IV dimensions, and each experiment 
was repeated three times. The experiments were conducted 
using a universal testing machine (Instron 4482) under room 
temperature and ambient air conditions, with a consistent 
strain rate of 7 ×  10−4  s−1. Stress–strain curves were con-
structed based on the load––displacement data obtained. 
These curves were then utilized to calculate the energy 
absorbed until failure and to establish the yield strength. The 
values reported herein represent the average results obtained 
from three separate and independent experiments.

2.2.3  Microhardness characterization.

This subsection establishes the correlation between the 
material's microstructure, its microhardness characteristics, 
and the influence of the number of FSP passes. The analy-
sis involved studying the microhardness distribution in the 
test specimens and relating it to microstructural observa-
tions. An automated DuraScan 80 G5 machine by Struers 
was employed to assess microhardness distribution patterns. 
The testing procedure involved applying a measuring force, 
which lasted between 2 and 8 s, and then maintaining the 
test force for 10 to 15 s after removing the force. The diag-
onal lengths of the indentations were measured, and their 
arithmetic mean was computed. In accordance with EN ISO 
14577–1:2005, each specimen underwent 90 indentations 
with a load of 0.1 kgf. These indentations were arranged 
in 6 rows, each containing 15 measurements, and the dis-
tance between each measurement point was 0.2 mm. It was 

Fig. 1  Graphical representation 
of the FSP Process, tool and 
groove dimensions
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determined that the microhardness of the 5083 aluminum 
alloy substrate is approximately 85  HV0.1.

2.2.4  Tribological performance evaluation.

The tribological performance assessment of the as-received 
aluminum alloy and compared with the FSP samples 
involves a block in ring T-05 tribotester. The tests were per-
formed at a room temperature in dry friction with a con-
stant load of 57N and a sliding distance of 250 and 1000 m 
at a speed of 1.3 m/s following the ASTM G 77 standard 
and each wear test was performed 3 times. A block of 
20 × 4x4mm was used as a wear specimen carefully and a 
specimen of 100 Cr6 bearing steel, which had undergone 
heat treatment and possessed a hardness level of 55 HRC, 
was employed as a counter sample with a diameter measur-
ing 49.5 mm.

3  Results and discussion

3.1  Microstructure characterization

The parameters of the FSP process have a crucial influence 
on the quality of the microstructure produced. The studies 
presented in this paper show that the structure of the FSP 
zone changes with an increase in the number of FSP passes.

A distinctive attribute of the resulting microstructure is 
the arrangement of the material, forming a pattern resem-
bling ‘onion rings’. The structure of these rings is character-
ized by a repetitive pattern, which is a result of a periodic 
change in the distribution of the titanium dioxide reinforcing 
component. As elucidated by R. S. Mishra in his publication 
[40], these patterns repeat at intervals corresponding to the 
linear distance covered by the tool during each revolution. 
This phenomenon is potentially linked to the oscillations of 
the tool's rotational axis around its linear axis of movement. 
Findings from Hamilton et al., as detailed in references [41], 
suggest that the emergence of regions with varied precipitate 
densities relates to the non-uniform distribution of tempera-
tures within the FSP zone. This nonuniformity leads to the 
creation of material layers with differing temperatures [42]. 
Notably, the most heterogeneous microstructure is mani-
fested in the composite generated through a single FSP pass, 
displaying areas (bands) largely devoid of the reinforcing 
phase. The introduction of multiple FSP passes results in a 
considerable homogenization of the microstructure, accom-
panied by the near disappearance of the characteristic onion 
ring pattern (Figs. 2, 3, 4).

An equally typical feature of the fabricated composites is 
the fully recrystallized, equiaxial, fine grain SZ mixing zone, 
which is formed by intense plastic deformation at elevated 
temperatures (Fig. 3). Many examples of grain refinement 

as a result of FSP modification are cited in works presented 
by Ma [43], Węglowski [44] and Heidarzadeh [45], but there 
are still no sufficiently developed models that correlate tool 
geometry and process parameters with the final grain size 
observed in the material after FSP treatment. No aggrega-
tion of nanometric particles of the reinforcing phase was 
observed in the microstructure, which is a characteristic fea-
ture of conventionally manufactured composite materials, as 
nanoparticles tend to form clusters. In addition to the uni-
form distribution of  TiO2 reinforcing phase particles in the 
microstructure, the Cr, Mn and Fe-rich precipitates present 
in the alloy were fragmented (Figs. 4, 5, and 6).

The obtained results of the EBSD analysis present a note-
worthy microstructure refinement in alloy 5083 following 
the incorporation of  TiO2 particles during the friction stir 
modification process (Figs. 7, 8, 9). Prior to the FSP treat-
ment, the initial grain size measured around 20 µm. After 
a single FSP pass with the introduction of  TiO2, the aver-
age matrix grain size is reduced to approximately 3 µm. 
However, with an increase to 4 FSP passes, the grain size 
enlarges, averaging around 7 µm. In the context of elec-
tron backscatter diffraction (EBSD) analysis, the base 
alloy sample lacking  TiO2 exhibits predominant directions 
along the < 101 > and < 112 > poles, with a maximum tex-
ture intensity of 1.85. Misorientation angle measurements 
reveal a prevalence of larger angles beyond 15°, account-
ing for 57.7% of the measured population. Conversely, 
for the sample subjected to 1 FSP pass with  TiO2, EBSD 
analysis indicates an ascendance of orientations around 
the < 111 > and < 110 > poles, accompanied by a heightened 
texture intensity of 2.19. The misorientation angle measure-
ments disclose a significant dominance of angles surpassing 
15°, constituting nearly 95% of the examined population. 
These orientations are organized in a prominent circular 
arrangement. Subsequent tests on a specimen after 4 FSP 
passes highlight the predominance of the texture compo-
nent < 110 > , with a maximum intensity of 2.86. Notably, 
a comparable trend emerges with the prevalence of large 
misorientation angles, encompassing almost 82% of the 
scrutinized population.

As can be seen from the above figures (Figs. 2, 3, 4, 
5, 6, 7, 8, 9), the addition of  TiO2 nanoparticles and the 
employment of multi-pass FSP processing have a significant 
influence on the microstructure refinement. According to 
research, utilizing SPD and dynamic recrystallization (DRX) 
through the stirring action of a rotating tool may refine the 
grain structure of an aluminum alloy [46]. Furthermore, 
researchers have found that pinning effect of hard nano-
particles of  Al3Ti and MgO, with a size of around 50 nm, 
can further refine the grain structure [15]. During the DRX, 
these particles accelerate nucleation through the mechanism 
of Particulate Stimulation Nucleation (PSN), which restricts 
the rate of grain boundary migration through Zener pinning 
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mechanism [47]. The following table shows the effect of 
multi-pass FSP with the addition of  TiO2 nanoparticles on 
the misorientation angles.

3.2  Mechanical properties.

The mechanical properties of AA5083 MMCs reinforced 
with  TiO2 nanoparticles, fabricated through multi-pass FSP, 
were comprehensively characterized through tensile testing. 

This section presents the results and analysis of the mechani-
cal behavior, including yield stress and ultimate tensile 
strength, and energy absorption along with maximum strain, 
in relation to the number of FSP passes. More analytically, 
Fig. 10 illustrates the stress––strain behavior for specimens 
with different number of FSP pass where Fig. 11 presents 
plots illustrating the energy absorption until failure, yield 
stress, ultimate tensile strength and maximum strain values 
for a better evaluation and interpretation of the results. These 

Fig. 2  Microstructure of AA 5083 –  TiO2 after FSP with visible unmodified area (left side); photo on the right shows the center of modified 
area: a 1 FSP, b 2 FSP, c 3 FSP, d 4 FSP; LM
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plots allow for a clear comparison and analysis of the rela-
tionship between FSP passes and the resulting mechanical 
properties.

3.2.1  Yield stress and ultimate tensile strength

Yield stress and UTS are critical mechanical properties that 
provide insights into the material's resistance to deforma-
tion and its maximum strength before fracture, respectively. 
These properties were closely examined in relation to the 
number of FSP passes. Initially, we should mention that the 
yield strength and the UTS of the base material were meas-
ured 142 MPa and 322 MPa, respectively. For the reinforced 
specimens, as illustrated in Fig. 10a, b, the results highest 
mean yield stress observed was 192 MPa (values ranging 

from 187 to 198), and it was achieved in the reinforced 
specimen subjected to 4 FSP passes. Concurrently, the rein-
forced specimens subjected to 4 FSP passes exhibited the 
highest mean ultimate tensile strength of 359 MPa (values 
ranging from 344 to 372). Furthermore, we can observe that 
we have a linear increase of the mean values with respect to 
the increase of the FSP passes. These results emphasize the 
substantial strengthening effect imparted by the FSP process 
and the introduction of the nanoparticles in the aluminum 
matrix, indicating increased resistance to plastic deformation 
and improved overall strength.

The remarkable increase in both yield stress and UTS 
(specifically for the 3&4-pass specimens) can be attrib-
uted to several factors resulting from multiple FSP passes. 
One key factor is the improved dispersion of nanoparticles 

Fig. 3  Microstructure of AA 5083 –  TiO2 after FSP; a 1FSP, b 3FSP; recrystallized grains are visible in the photo

Fig. 4  Microstructure and elemental distribution maps: Ti, O, Al, Mg, Cr, Mn and Fe; 1 FSP
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Fig. 5  Microstructure and elemental distribution maps: Ti, O, Al, Mg, Cr, Mn, and Fe; 4 FSP

Fig. 6  Microstructure and elemental distribution maps: Ti, O, Al, Mg, Cr, Mn, and Fe; transition zone, 4 FSP

Fig. 7  Results of the EBSD analysis of the base alloy without  TiO2 particles; a EBSD maps showing changes in orientation and a basic trian-
gle—orientation intensity, b changes in disorientation angles
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Fig. 8  EBSD analysis results of the base alloy with  TiO2 particles – 1 FSP; a EBSD maps showing changes in orientation and a basic triangle—
orientation intensity, b changes in disorientation angles

Fig. 9  Results of the EBSD analysis of the base alloy with  TiO2 particles – 4 FSP; a EBSD maps showing changes in orientation and a basic tri-
angle—orientation intensity, b changes in disorientation angles

Fig. 10  Stress–strain diagrams 
obtained from tensile testing
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within the metal matrix. During the FSP process, as the 
rotating tool passes through the material multiple times, 
it promotes the uniform distribution of nanoparticles, pre-
venting agglomeration. This enhanced dispersion ensures 
that the strengthening effects of the nanoparticles are more 
uniformly realized throughout the material. Furthermore, 
the multiple FSP passes lead to a refined microstructure 
characterized by smaller grains and the absence of particle 
agglomerates. The smaller grain size (along with the pres-
ence of the nanoparticles) contributes to increased material 
strength, as it hinders the propagation of dislocations and 
provides additional strengthening mechanisms. In addition, 
the absence of particle agglomerates eliminates potential 
stress concentration points, further enhancing the material’s 
resistance to deformation and fracture.

Upon a detailed examination of the tensile curves, it 
becomes evident that the introduction of  TiO2 nanoparticles 
leads to dynamic strain aging [48]. This effect is linked to 
the reduced magnesium content in the aluminum lattice, a 
consequence of the formation of MgO particles upon adding 
 TiO2 as it can be seen in figs. 4, 5. It is important to note that 
the indented yielding phenomenon, typically observed in 
these scenarios, is attributed to the presence of magnesium 
atoms in the alloy [49]. Numerous studies, referenced as 
[50], have investigated the impact of varying concentrations 

of  TiO2 on mechanical properties. The findings indicate that 
as the concentration of  TiO2 is increased, there is a degra-
dation in mechanical properties [59]. This deterioration is 
attributed to the non-uniform distribution of  TiO2 and the 
presence of un-reacted nanoparticles, which are believed 
to hasten the formation of micro-voids within the material. 
This phenomenon of a lower UTS and elongation can be 
also observed in case of the samples that underwent 1 and 
2 FSP passes due to due to this non-uniform dispersion of 
nanoparticles (see Fig. 3, 4).

3.2.2  Energy absorption and maximum strain

Energy absorption and maximum strain at failure are essen-
tial parameters that collectively characterize the material’s 
ability to dissipate energy during deformation and its extent 
of deformation before fracturing.

Notably, the sample without FSP passes (base mate-
rial) demonstrated the highest energy absorption, record-
ing a value of 85 MJ/m3. This exceptional energy-absorbing 
capability can be attributed to the absence of structural 
modifications induced by FSP. However, for the reinforced 
specimens as the number of FSP passes increased, a gradual 
enhancement in energy absorption was observed (Fig. 11c), 
reaching its zenith at four FSP passes with values ranging 

Fig. 11  Impact of varying FSP passes on a the yield strength, b the UTS, c the tensile energy absorption and d the maximum elongation
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from 56 to 79 MJ/m3 and a mean value of 66 MJ/m3. The 
increase in energy absorption with FSP passes can be attrib-
uted to improved material consolidation and the formation of 
a refined microstructure, enhancing the material’s capacity 
to absorb energy before fracture.

Regarding maximum strain, the results followed the 
energy absorption values. As illustrated in Fig. 11d, the base 
material exhibited the highest value, indicating greater duc-
tility. In contrast, the sample subjected to four FSP passes 
displayed a lower maximum strain due to its higher stiffness. 
This result underscores the trade-off between strength and 
ductility in MMCs and highlights the importance of select-
ing the appropriate FSP parameters to achieve the desired 
balance between these properties.

3.3  Microhardness distribution

In the Fig. 12 below, it depicts the microhardness distribu-
tion of the cross-section of FSPed specimens. Each sample 
comprises three parallel rows, each containing 20 micro-
hardness tests. Contrary to other studies [51], as the number 
of passes increases, the microhardness decreases [52]. The 
average microhardness measurements along the SZ revealed 
values of 137  HV0.1 for a single-pass FSP, 120  HV0.1 for 
a two-pass FSP, 111  HV0.1 for a three-pass FSP, and 103 
 HV0.1 for a four-pass FSP, respectively, although the micro-
hardness of the base materials is close to  80HV0.1 with a 
standard deviation of  5HV0.1 [42]. The main reasons for the 
hardness improvement are as follows: a) the refinement of 
grain structure [53], b) the heightened dislocation density 

[54], and c) the amalgamation of rigid  TiO2 particles within 
the aluminum matrix as it can be seen in Fig. 2 and the 
MMC’s surface area similarly to the study of Girish and 
Anandakrishnan [55].

The observed increase in microhardness during the first 
pass can be causally linked to several influential factors. 
These include the notable reduction in grain size, as sub-
stantiated by the findings from the EBSD analysis (refer to 
Figs. 6, 7, 8). Furthermore, the close proximity of  TiO2 nan-
oparticles situated between grains, as evidenced in Fig. 3a, 
contributes significantly to this phenomenon. In addition, the 
compact and well-integrated structure of the MMC surface 
area, as illustrated in Fig. 2, further reinforces the enhanced 
microhardness. With each successive FSPed pass, several 
notable changes can be observed. First, the MMC surface 
area undergoes expansion, as evident from the increased 
coverage. Second, there is a discernible growth in grain 
size attributed to the phenomenon of heat-induced recrys-
tallization [56], which can be corroborated by comparing 
Fig. 8 and Fig. 9. Third, the size of nanoparticles undergoes 
reduction, and they exhibit improved dispersion throughout 
the material and plays significant role in the grain boundary 
pinning [57]. The cumulative effects of these factors lead to 
a more uniform microhardness in the material. This implies 
that the interplay between the  TiO2 nanoparticle concentra-
tion, its distribution (Fig. 2), and the resultant microstruc-
tural changes which can be attributed to the interfacial reac-
tions, the creation of hard MgO and  Al3Ti nanophases, and 
the thermal stability of the grain structure in the SZ [50], 
contributes positively to the uniformity in microhardness.

Fig. 12  Microhardness distribu-
tion test results
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3.4  Fracture analysis

The fracture morphology was investigated using both OM 
and SEM to delineate the fracture pattern, as illustrated in 
Fig. 13. The macroscopic images in the left column, spe-
cifically Fig. 13 (a, d, g, and j), provide a comprehensive 
view of the FSP-processed material. Subsequent micro-
graphs, captured via SEM, offer a more detailed analysis 

of fracture mechanisms. Evidently, as the number of FSP 
passes increases, the intensity of the dimples diminishes, 
transitioning the fracture from predominantly ductile charac-
teristics to a more hybridized (ductile––brittle) nature [58]. 
The ductile traits seen in Fig. 13 (b, and c) suggest that the 
material underwent plastic deformation of a transcrystalline 
nature. This is typified by significant interface unevenness 
and a non-uniform particle distribution [59]. Such a fracture 

Fig. 13  Optical and SEM micrographs from fracture surfaces after 1 FSP pass (a, b,and c), 2 FSP passes (d, e, and f), 3 FSP passes (g, h and i), 
and 4 FSP passes (j, i, and l)
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arises when the bonding strength within the aligned crystal 
planes exceeds the slip stress in the planes that intersect 
the fracture direction [60]. With an uptick in FSP passes, 
a mix of ductile and brittle fractures emerges. After two 
passes, the fracture exhibits a smoother texture, with less 
intense bimodal distribution of dimples. In MMCs, after a 
certain number of passes, regions exhibit both smaller and 
larger dimples (Fig. 13 e, and f)—a hallmark of well-bonded 
structures [61]. The pronounced dimensions of larger dim-
ples are chiefly associated with particle-induced phenom-
ena, while smaller dimple formations highlight the matrix’s 
ductile fracture mechanisms [62]. Upon completing 3 FSP 
passes, the fracture zones (Fig. 13h) display a distinct tex-
ture, replete with elongated features indicative of significant 
material flow and deformation. At higher magnifications, 
“Cleavage planes,” characteristic of brittle fractures, become 
discernible [63]. This implies that with an increasing num-
ber of FSP passes, certain regions within the material might 
be evolving toward brittleness, leading to the emergence of 
these cleavage planes during fractures [64]. Lastly, after four 
passes, the structure appears dense and complex, signifying 
extensive mixing and deformation. The observed features 
are finer, hinting at a refined grain structure or amplified 
material flow and amalgamation [65]. Moreover, there is 
a noticeable upsurge in micro-voids, likely stemming from 
nanoparticle agglomeration [66]. These micro-voids can 
act as stress concentrators, potentially reducing the overall 
mechanical strength of the material [67].

In general, it has been observed that the  TiO2 nanocom-
posites undergo a ductile–brittle fracture [68], although, as 
the  TiO2 consecration increases the brittle fracture progres-
sively increase [69]. In other words, based on the number 
of FSP passes, the microstructure arrangement (i.e., onion-
rings) and  TiO2 nanoparticle agglomeration we can observe 
a transitioning the fracture from predominantly ductile 

characteristics to a more hybridized ductile––brittle nature. 
In addition, the dimple dimensions were found to be associ-
ated with their grain structure, given that grain boundaries 
serve as the initial sites for void nucleation [70]. The pro-
pensity for catastrophic failure escalated with the volume 
fraction/agglomeration of  TiO2 nanoparticles [71].

3.5  Tribological behavior

Figures 14 and 15 encapsulate the outcomes of weight loss, 
wear rate, coefficient of friction, and friction force over 
time. Meanwhile, Figs. 16, 17, 18 provide a depiction of 
typical post-friction surface morphologies of the examined 
composites.

In this tribological study, wear resistance was gaged by 
the weight loss of the composites. Tests were conducted 
under a consistent load but varied over two friction path dis-
tances: 250 m and 1000 m. The weight loss post the shorter 
distance test was comparable among samples, a trend that 
was mirrored in their wear rates. After 3 tool passes at the 
250-m mark, there was a modest increase in both weight 
loss and wear rate; however, extending the friction path to 
1000 m appeared to stabilize the process and diminish the 
wear rate, as illustrated in Fig. 14 a, b. This suggests that 
the material becomes more resistant to wear with more FSP 
passes and longer friction paths [72]. The enhancement of 
the tribological properties of the investigated composites is 
attributed to the homogenization of the microstructure. An 
increased number of FSP passes resulted in greater homog-
enization (Fig. 2). After three FSP passes, the characteristic 
“onion rings” were virtually eliminated. The uniform distri-
bution of TiO2 particles significantly improves the tribologi-
cal properties, while hardness does not influence the wear 
rate. The surface morphology showcased in Fig. 15 c after 
sliding contact with 3 Friction Stir Processing (FSP) passes 

Fig. 14  Wear properties of investigated materials: a weight loss and b wear rate
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Fig. 15  Coefficient of friction (a) and friction force as a function of time (b)

Fig. 16  Surface morphology after sliding contact under technically dry friction at a distance of 1000 m: a one pass, b two passes, c three passes, 
d four passes; SEM
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reveals a significant presence of fatigue cracks running per-
pendicular to the direction of friction. This may suggest 
substantial smearing of the matrix material and potentially 
iron from the counter sample during the initial stage of fric-
tion, which could account for the heightened wear intensity 
observed in the first 250 m of friction [73].

Analyzing the changes in the friction coefficient as a 
function of the friction distance and the number of tool 
passes in the FSP, it can be seen that there is a clear 
increase of 28.87% from the base material in the fric-
tion coefficient at a distance of 1000 m for two and more 
passes. The higher friction coefficient could be attributed 
to the particle distribution as well as the stirring zone 
area [74]. This phenomenon is also explained by the sur-
face morphologies after the tribological test presented 
in Fig. 16 a, b, d (surfaces after friction—for 2,3,4 FSP 
passes). In all these materials, we observe a significant 
proportion of smearing, especially of the matrix mate-
rial, on the contact surface, which changes the contact 
characteristics, facilitates the adhesion phenomenon, 
which translates into an increase in the friction coeffi-
cient and influences the course of friction force changes 
observed in the graphs (Fig. 15 b). The course of fric-
tional force changes for the material after two FSP passes 

is characterized by a significant instantaneous scatter of 
recorded forces and the highest values compared to the 
other variants tested, further confirming the increasing role 
of smearing. For materials after three and four passes of 
the tool, the coefficient of friction decreases compared to 
that after two passes, but remains at a higher level. This 
is the result of a gradual reduction in the proportion of 
friction node areas transferred by smearing the material. 
In the material after four passes (Fig. 16 d), it can be seen 
that the adhesion is gradually eliminated by the increased 
contribution of abrasive mechanisms to friction, which is 
confirmed by the scratches and grooves present on the sur-
face, also observed in the sticking areas [75].

Elemental distribution maps of the surfaces post-fric-
tion were created (Figs. 17, 18), which corroborate the 
occurrence of iron transfer from the countersample to the 
tested surfaces of the aluminum matrix composites. This 
transfer is indicative of the materials’ propensity for adhe-
sion. In addition, oxidation has been detected within the 
areas where iron has adhered. It was also noted that the 
 TiO2 particles appeared fragmented and relocated into 
these adhesive zones, suggesting their potential role as 
abrasives during the friction process.

Fig. 17  Element distribution maps (Al, Mg, Ti, O, Fe) on the surface of Al-TiO2 composite after two passes; friction of in dry conditions at a 
distance of 100 m; SEM
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3.6  Summary and key findings

The following Table 2 contains all the key findings of this 
study in order to ensure a reproductivity of the results. The 
study investigates the impact of adding  TiO2 nanoparticles 
and employing multi-pass FSP on the microstructure and 
mechanical properties of 5083 aluminum alloy. The analysis 
reveals that  TiO2 nanoparticles, combined with multi-pass 
FSP, significantly refine the grain structure through mech-
anisms such as SPD and DRX. The refinement is further 
enhanced by hard nanoparticles like  Al3Ti and MgO, which 
induce PSN and restrict grain boundary migration via the 
Zener pinning mechanism.

Key factors contributing to the improved mechanical 
properties include better dispersion of nanoparticles and 

refined microstructure from multiple FSP passes. Enhanced 
uniform distribution of nanoparticles prevents agglomera-
tion, maximizing their strengthening effects. The refined 
microstructure, with smaller grains and no particle agglom-
erates, increases material strength by hindering disloca-
tion movement and eliminating stress concentration points. 
Overall, the FSP process and nanoparticle addition markedly 
improve the aluminum alloy’s resistance to deformation and 
enhance its strength.

Finally, regarding the tribological properties of 5083 
nanocomposites reinforced with  TiO2 nanoparticles through 
FSP, focusing on weight loss, wear rate, coefficient of fric-
tion, and friction force over time. Wear resistance was 
assessed under a constant load across two friction path dis-
tances: 250 and 1000 m. Initial tests showed comparable 
weight loss and wear rates among samples at the 250-m 
mark, with slight increases after three FSP passes. How-
ever, extending the friction path to 1000 m reduced the wear 
rate, indicating improved wear resistance with more FSP 
passes and longer friction paths. The homogenization of 
the microstructure, achieved through multiple FSP passes, 
plays a crucial role in enhancing the composites’ tribological 
properties. Surface morphology analysis revealed signifi-
cant fatigue cracks and matrix material smearing, contrib-
uting to increased wear intensity during initial friction. The 

Fig. 18  Element distribution maps (Al, Mg, Ti, O, Fe) on the surface of Al-TiO2 composite after four passes; friction of in dry conditions at a 
distance of 1000 m; SEM

Table 2  Changes in misorientation angles

Material LABs, % HABs, %

Base alloy 42.3 57.7
Base alloy with  TiO2 after FSP 

modification—1 FSP
5.2 94.8

Base alloy with  TiO2 after FSP 
modification—4 FSP

17.9 82.1
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following Table 3 contains the summarized results for the 
multi-pass FSP of AA5083-TiO2 nanocomposites. 

It is worth mentioning that, the AA5083-TiO2 nanocom-
posites developed in our study show significant promise for 
various industrial applications. In the aerospace industry, 
these nanocomposites provide an advantageous blend of 
lightweight properties and enhanced strength, making them 
ideal for components requiring a high strength-to-weight 
ratio. Similarly, in the automotive sector, their improved 
wear resistance and lower friction coefficient make them 
valuable for high-wear parts such as pistons and gears. In 
addition, their corrosion resistance and superior mechani-
cal properties render them suitable for marine applications, 
including structures and components exposed to harsh 
marine conditions. In defense, the high strength and light-
weight nature of these nanocomposites make them suitable 
for armor plating and other robust defense components. Fur-
thermore, the enhanced mechanical properties of these com-
posites can boost the performance and durability of sports 
equipment, such as bicycle frames and golf clubs.

4  Conclusions

The present study has investigated the effects of incorporat-
ing  TiO2 nanoparticles into AA5083 MMCs using multi-
pass FSP, focusing on microstructural, mechanical, and 
tribological properties. The experimental findings and sub-
sequent analysis have yielded significant insights into the 
behavior and performance of these nanocomposites.

• Microstructural analysis revealed a significant refine-
ment in grain size from 20 to 3 µm after one FSP pass, 
followed by a slight increase in the average grain size to 
7 µm with subsequent passes. In addition, the size of the 
 TiO2 nanoparticles decreased from 220 before the FSP 
process to approximately 100 nm after undergoing 4 FSP 
passes.

• EBSD analysis revealed significant changes in crystal-
lographic orientations and texture intensity, reflecting 
the transformation induced by  TiO2 incorporation during 
FSP. Specifically, the untreated base alloy exhibited ori-

entations primarily along the < 101 > and < 112 > poles, 
with a texture intensity of 1.85. Upon the introduction of 
 TiO2, a single FSP pass shifted these orientations toward 
the < 111 > and < 110 > poles, resulting in an increased 
texture intensity of 2.19, which further rose to 2.86 after 
4 FSP passes. In terms of misorientation angles, the base 
alloy had 57.7% angles larger than 15°, a percentage that 
surged to 95% after a single FSP pass with  TiO2 and 
stabilized around 82% after 4 FSP passes.

• Mechanical property assessments demonstrated notable 
enhancements, with the nanocomposite reaching a peak 
yield strength of 192 MPa and ultimate tensile strength 
(UTS) of 359 MPa after four FSP passes, representing a 
35.2% increase in yield strength and a 11.5% increase in 
ultimate tensile strength compared to the base material. 
In addition, a steady rise in strength properties with each 
additional FSP pass underscored the effectiveness of the 
process in improving material performance.

• As the number of FSP passes increased, a noticeable 
decrease in microhardness was observed. Specifically, 
microhardness values decreased progressively from 137 
HV0.1 after a single FSP pass to 120 HV0.1 after two 
passes, 111 HV0.1 after three passes, and 103 HV0.1 
after four passes. In comparison, the base material exhib-
ited a microhardness of approximately 80 HV0.1, with a 
standard deviation of 5 HV0.1. This decrease in micro-
hardness is mainly attributed to the expanding stirring 
zone resulting from the more homogeneous dispersion 
of the nano powder throughout the composite material.

• Fracture analysis revealed a transition from purely ductile 
to mixed ductile––brittle fracture modes with increased 
FSP passes, highlighting the importance of understand-
ing the fracture mechanisms in these nanocomposites.

• The friction coefficient decreased 22.95% and 18.16% 
after 4 FSP passes compared to the matrix material after 
250 m and 1000 m. It seems that the addition of  TiO2 
to the AA5083 aluminium alloy does not significantly 
affect the friction course and tribological properties of 
the materials tested. The dominant wear mechanisms are 
adhesive and abrasive wear. In addition, transfer of the 
countersample material to the surface of the test material 
was demonstrated.

Table 3  Summarized Results

Variant UTS, MPa YS, MPa HV0.1 Coefficient of fric-
tion 250 m/1000 m

Weight loss, % 
250 m/1000 m

Wear rate, g/Nm 250 m/1000 m

AA 5083 matrix 322 142 80 0.562/0.710 0.13/0.54 7.16 ×  10–8/8.4 ×  10–8

AA 5083 matrix –  TiO2_1 FSP 232 144 137 0.569/0.553 0.13/0.51 8.98 ×  10–8/8.68 ×  10–8

AA 5083 matrix –  TiO2_2 FSP 263 152 120 0.521/0.915 0.13/0.57 7.72 ×  10–8/8.96 ×  10–8

AA 5083 matrix –  TiO2_3 FSP 322 182 111 0.446/0.658 0.15/0.51 1.05 ×  10–7/8.68 ×  10–8

AA 5083 matrix –  TiO2_4 FSP 359 192 103 0.433/0.561 0.12/0.46 8.49 ×  10–8/8.28 ×  10–8
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Overall, the findings of this study have significant impli-
cations for the development of high-performance materials 
in various industrial sectors. The ability to tailor microstruc-
tural, mechanical, and tribological properties through FSP-
mediated nanoparticle incorporation opens up new avenues 
for the design and engineering of advanced composites with 
enhanced strength, durability, and wear resistance. These 
insights contribute to the broader understanding of materials 
science and hold promise for applications in aerospace, auto-
motive, marine, defense, sports equipment, where superior 
material properties are paramount.
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