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ABSTRACT

This review paper deals with the friction stir processing (FSP) for manufacturing of metal-matrix composites (MMCs)
based on the Mg-8AI-0.5Zn (AZ80) magnesium alloy. Accordingly, the reported investigations on the AZ80 surface
composites with various reinforcements, including the carbon nanotubes (CNTs), high-entropy alloys (HEAs), hybrid
reinforcements, and composite plates, were summarized. Accordingly, the effects of introducing the second-phase
particles, tool rotation rate, tool traverse speed, tool design, and vibration were considered. In this regard, the grain
refinement by dynamic recrystallization (DRX) and Zener pinning effect, the uniformity of the particle distribution
and avoiding agglomeration, and improvement of mechanical properties and wear behavior were critically discussed.
Moreover, useful suggestions for future works were proposed, including focusing on the common reinforcing phases
and processing parameters, tensile testing to evaluate the strength-ductility balance, metal additive manufacturing
processes, and the correlation of DRX grain size with the Zener—Hollomon parameter similar to hot deformation
studies.

Keywords: Surface composites; Friction stir processing; Severe plastic deformation; Thermomechanical processing; Mechanical

properties.

1. Introduction

The lack of proper ductility in pure magnesium
is attributed to its hexagonal close-packed (HCP)
crystal structure, which has limited slip systems
[1,2]. Additionally, the lower strength of Mg
alloys compared to other alloys is a major barrier
to their use in many applications [3,4]. Alloying
[5-9], heat treatment [10-12], thermomechanical
processing at elevated temperatures [13-16], severe
plastic deformation (SPD) [17-19], and adding
reinforcement particles [20-23] can help addressing
these limitations.

The last method is used to develop the Mg-
based composites, which is an efficient method to

improve mechanical properties in terms of strength
and stiffness (Young modulus). The Mg-based
composites can be processed by different routes
in the liquid-state and solid-state. A more recent
solid-state process for processing of Mg-based
composites is the friction stir processing (FSP), as
described in the following.

Using the same principles as friction stir welding
(FSW), FSP is considered a useful SPD method
for grain refinement by dynamic recrystallization
(DRX) [24-29], enhancing the distribution of
particles, improving mechanical properties, and
processing superplastic microstructures. During
ESP, the surface of the workpiece is penetrated by
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pushing a rotating tool into it. Then, via moving it
in a linear direction, the surface of the material can
be processed. This tool includes a shoulder and a
centrally positioned projecting pin (probe) [30-
32]. In FSP, the material is locally heat-softened by
the friction between the tool and workpiece and
by auxiliary adiabatic heating from the concurrent
plastic deformation. Accordingly, the material
experiences severe straining at elevated temperatures,
which leads to the microstructural refinement via
processes such as DRX and fragmentation and
dispersion of the particles [33-35].

FSP is also a useful technique for manufacturing
surface composites [36-39], in which second-phase
particles are incorporated into the surface through
narrow grooves or drilled holes prior to FSP, as
illustrated in Figure 1. Following the insertion of
particles into the grooves or holes, an additional
sealing step can be performed using a pinless tool
in order to prevent the particles from escaping
during the main FSP process. Moreover, the direct
ESP is another technique for processing of surface
composites, in which the reinforcement particles
are introduced to the enclosed space between
the shoulder of a pinless tool and the base metal
through a hole provided within the FSP tool,
followed by pressing them into the workpiece as the
rotating tool advances.

According to Figure 1, a thermomechanically
affected zone (TMAZ) and a heat-affected zone
(HAZ) will form from the stir zone (SZ) to the
base metal (BM) [40,41]. The main processing
parameters are tool shape, rotation speed (w, rpm),
and traverse speed (v, millimeters per minute). An
increase in w or a decrease in v typically results in

an increase in temperature. Accordingly, decreasing
w while keeping v constant or increasing v while
keeping w constant can refine the grain size.
However, sufficient heating is always necessary in
order to create a flawless nugget [36].

Among the Mg alloy matrices, the Mg-Al-Zn
alloys (AZ series) are more common. The formation
of a-Mg/Mg Al eutectics in these alloys can
deteriorate their properties, especially at high Al
contents [42]. Accordingly, processing of these
alloys by FSP brings about several advantages. First,
partial dissolution of the Mg Al , phase due to the
increased temperature can increase the solute Al
to improve the solid solution strengthening effect
[43]. Second, the fragmentation and dispersion of
the remaining Mg Al , particles can amend their
deleterious effects [44-46]. The severe straining
during FSP can lead to the fragmentation of large
particles to smaller ones, increasing the number of
particles; while the material flow via the rotation
of the pin can lead to the good dispersion of
these particles in the microstructure. Third, the
remarkable grain refinement by DRX boosts the
properties in terms of strength-ductility balance
[47]. Regarding the restoration processes, it
should be noted that Mg has a relatively high
stacking fault energy (SFE), and hence, the
dynamic recovery (DRX) seems to be only major
restoration mechanism during hot working of Mg
alloys and the occurrence of DRX is not expected.
However, it appears that the limited number of
slip systems that can operate as a consequence of
its HCP structure result in DRX occurring readily
[27,48]. Accordingly, DRX can operate as a grain
refining method during elevated-temperature

TMAZ \V

BM HAZ

Filling Groove

Filling

Fig. 1- Processing of surface composites by FSP through grooves or holes, as well as a schematic
representation of the formation of different regions during FSP.
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thermomechanical processing of Mg alloys.

The AZ80 alloy is a common one in the AZ
series. While the processing of fine-grained AZ80
alloys by FSP has been extensively studied, the
manufacturing of AZ80 composites by FSP has
recently been investigated with quite promising
outcomes. Accordingly, the current state-of-the-art
in this field should be discussed and summarized.
Therefore, the present work summarizes the
reported works on the FSP of AZ80 composites,
and then, the key suggestions for future works
will be indicated. The recently studied AZ80
composites by FSP can be categorized as AZ80/
carbon nanotubes (CNTs) surface composites
[49,50], hybrid surface composites [51-53], surface
composites reinforced by high-entropy alloys
(HEAs) [54], and composite plates [55], which are
summarized in the following sections.

2. AZ80/CNT composites by FSP

The CNTs are among the common
reinforcements for processing of Mg-based
composites by FSP. In this regard, there are several
reports on the AZ31 [56-58] alloy from the category
of Mg-Al-Zn alloys. Recently, Pushpanathan et
al. [49] and Chen et al. [50] have investigated the
processing of AZ80/CNT composites by FSP.

Pushpanathan et al. [49] investigated the effect
of FSP process parameters on the microstructure
and microhardness of the processed zone of AZ80
alloy with the addition of multiwalled CNTs
(MWCNTs) via the drilled holes. Microstructural
examination of the processed zones performed
using optical microscopy and the microhardness
of the processed zone was assessed using Vickers
microhardness tester. The w values of 1200 and
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1400 rpm and v values of 10 and 30 mm/min
were used to process the samples. The multipass
approach was used and the samples after third
ESP pass were considered. The results of hardness
measurements are depicted in Figure 2.

It is observable that the highest microhardness
was obtained for the high v value of 30 mm/min
and low w value of 1200 rpm (1200-30 sample);
while the generation of additional heat for the low
v value of 10 mm/min and high w value of 1400
rpm (1400-10 sample) resulted in the decreased
microhardness due to the coarsening of the DRX
grains. Moreover, FSP resulted in a homogeneous
distribution of the MWCNTs [49], which is an
important aspect in the manufacturing of high-
performance composites [59]. These factors
contributed to the strengthening of the alloy [49].

It can be concluded that the grain refinement
during FSP is quite remarkable and highly depends
on the processing parameters such as v and w, as
shown in Figure 2. This is related to the dependency
of the deformation temperature (T) and strain rate
(&) during FSP on these parameters (Equation 1)
[60-63]:
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where K (ranging from 0.65 to 0.75) and «
(ranging from 0.04 to 0.06) are constants and T_is
the melting point of the material. Moreover, R gt
and D are the average radius and depth of the

nugget . .

dynamically recrystallized zone. It is well-known
that the DRX grain size (d) can be correlated
to temperature and strain rate via the Zener-
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Fig. 2- Microhardness of the processed zone along weld direction for the FSP-manufactured AZ80/MWCNTs composites
(data from [49]).
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Hollomon parameter (Z) [64-66]:

d=AZ"",Z =¢exp(Q/RT) 2)

where A and p are constants and Q is the
deformation activation energy. Based on Equation
2, by increasing Z, the DRX grain size decreases,
which is conducive to improve the mechanical
properties. These aspects need to be further
explored by obtaining the parameters of these
equations as well as investigating the mechanical
properties (both strength and ductility) by the
tensile testing method.

In another study, Chen et al. [50] processed
MWCNTs-reinforced AZ80 composites by FSP.
A modified X53K milling machine was used to
conduct the FSP experiments. After adding varying
amounts of MWCNTs to fill the drilled holes, two
plates with opposite directions were added together
for FSP. This process was repeated five times to
ensure uniform distribution of MWCNTs in the
matrix. For the 3.1 vol% MWCNTs, the MWCNTs
were uniformly distributed in the matrix, and no
obvious agglomeration was detected. However, by
increasing the MWCNTs content to 4.6 and 7.1
vol%, the agglomeration tendency increased. This
was ascribed to the decrease in the frictional heat
between the tool and workpiece due to lubricating
action of MWCNTs, which reduced the plastic flow
during FSP, resulting in the agglomeration of the
MWCNTs. Since MWCNTs possess high electrical
conductivity, a considerable enhancement in the
electrical conductivity was expected. However,
the agglomeration of the MWCNTs and the
increased density of grain boundaries due to the
grain refinement by FSP decreased the electrical

12.2

conductivity, as summarized in Figure 3 [50],
negating the usefulness of the FSP-manufactured
AZ80/MWCNTs composites in this regard.

Accordingly, characterizing the functional
properties of the AZ80/CNTs composites by
FSP need further investigations, in which the
agglomeration of the MWCNTs should be
controlled to boost both mechanical and functional
properties.

3. Hybrid AZ80 composites by FSP

The processing of hybridized surface composites
by FSP has received considerable attention in
recent years [67-71]. Regarding the AZ80 surface
composites, there are several reports published
by Paidar and coworkers [51-53]. For instance,
in a comprehensive investigation, Ma et al.
[51] manufactured a hybrid AZ80/CeO,+ZrO,
composite via FSP using a narrow groove on the
surface. The groove was packed with CeO +ZrO,
particles after being securely clamped for the FSP
procedure. Then, a tool without a probe was used
to fill the groove. Then, FSP using two types of
tools, cylindrical pin tool (CPT) and tapered pin
tool (TPT), was applied for creating the hybrid
composite at v value of 80 mm/min and high
w value of 1400 rpm. Then, Vickers hardness
measurements (load of 50 gf), pin-on-disk wear
test (applied force of 40 N, rotating speed of 26
rpm, and sliding velocity of 35 cm/s), and shear
punch testing (SPT) with a strain rate of 0.001 s
were used for characterization of the processed
alloy. As shown in Figure 4a, using the TPT tool
resulted in the removal the flow defects and
modification of the nugget shape, vortex width, and
surface flash. From the microstructural standpoint,
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Fig. 3- Effect of MWCNTSs content on the electrical conductivity of FSP-manufactured AZ80/MWCNTs composites (data from [50]).
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Fig. 4- Hybrid AZ80 Mg/CeO,+ZrO, composite via FSP: (a) surface and cross-sectional views, (b,c) microstructures,
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Figure 4b reveals that the change of the tool from
CPT to TPT refined the average grain size from
7.48 um to 5.72 pm due to enhanced tool-assisted
plastic deformation and flow, DRX, and the Zener
pinning effect. Moreover, the particle clustering
was eliminated, as shown in Figure 4c.

As shown in Figure 4d, change of the tool from
CPT to TPT resulted in the improved hardness
of the processed zone, which was subsequently
confirmed by the higher ultimate shear strength
in the shear punch tests (Figure 4e). This can be
related to the better grain refinement, elimination of
defects, and more appropriate particle distribution
for the composite processed by the TPT tool. These
factors also played a main role in the improved
wear resistance, as shown in Figure 4f [51].

In a related study, Wei et al. [52] also processed
a hybrid AZ80/CeO,+BN composite via FSP with
similar outcomes, which proved the importance of
the tool design. It was revealed that by changing the
pin shape from cylindrical to conical, flow problems
during FSP and particle crushing were reduced and
microstructural refinement was enhanced, where
the average grain size of the composite refined from
6.47 to 4.08 pm. Moreover, the enhanced hardness,
wear resistance and shear punch strength were
achieved.

In another investigation, Mao et al. [53]
assessed the impact of the vibration during FSP
for processing of AZ80/MnO+ZrO, composite.
It was revealed that using vibration during FSP
effectively enhances the material flow, results in the
enlargement of the stir zone, and leads to a more
uniform distribution of reinforcement particles.
It was also discovered that vibration positively
influenced the grain refinement and could
improve dislocation density, which boosted wear
performance and shear properties.

These investigations revealed the positive
effect of FSP on the microstructural refinement
and improved properties of the hybrid AZ80
composites. However, the characterization of
the mechanical properties by the tensile testing
method has remained to be investigated to unravel
the effect of FSP and its processing variables on the
strength-ductility balance.

4. Composites reinforced by high-entropy alloys

Due to their unique properties, the HEAs have
received a considerable attention by the materials
science community [72-75]. In this regard, the
incorporation of HEAs as the reinforcement
particles for other alloys is one of the most sought-
after topics [76,77]. Accordingly, the processing of
composites reinforced by HEAs is a hot topic, where
there is a recent report on the AZ80 composites
reinforced by HEAs [54].

Guo et al. [54] used the friction stir vibration
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processing (FSVP), which is known as an improved
and efficient FSP method for the processing of
magnesium alloys and composites [78-80]. This
fact can simply be evaluated based on Equation 1,
as Bagheri etal. [80] have noted that R for FSVP
due to the application of vibration is gfarger than
that for FSP. Accordingly, the strain rate and the Z
are higher, which is favorable for grain refinement
according to Equation 2. In this regard, the effects
of vibration and AlCrFeMoNb HEA particles
on the microstructure, hardness, shear strength,
and wear properties of a novel FSP-manufactured
AZ80/AICrFeMoNb composite was investigated
by Guo et al. [54]. After the HEA powders were
poured into the grooves, a FSP tool without a pin
was used to seal the top surface and prevent the
powders from spilling out. An H13 steel tool with a
cylindrical shape, featuring a pin length of 4 mm, a
pin diameter of 6 mm, and a shoulder diameter of
18 mm, was used for performing FSP and FSVP at
v of 100 mm/min and w of 900 rpm. It was revealed
that FSVP improves grain refinement and inhibits
grain growth, resulting in the formation of equiaxed
fine grains with a greater degree of recrystallization.
Increased fragmentation of AlICrFeMoNb particles
distributed in the matrix was noted for the FSVP
route, resulting in a reduction of the average grain
size in the stir zone. FSVP significantly enhanced
the material flow in the stir zone, which in turn
decreased the likelihood of particle aggregation and
led to a uniform distribution of the AICrFeMoNb
particles [54]. Accordingly, applying vibration
during FSP resulted in a significant enhancement
of hardness, shear strength, and tribological
properties.

5. Composite plates by FSP

The processing of composite plates by FSP is an
interesting practice. Regarding the AZ80 plates,
the processing of AZ80/Al composite plates has
been reported by Liu et al. [55]. A pure aluminum
plate with a thickness of 1.25 mm was polished
with SiC paper, cleaned with acetone, and then, it
was mounted on an AZ80 plate and fixed on the
working table of a revamped milling machine. The
FSP tool had a shoulder diameter of 12 mm, with
a pin diameter of 3 mm and length of 1.6 mm. The
processing parameters were w in the range of 1800
to 1850 rpm, v of 20 mm/min, and plunge depth of
2.0 mm.

It was revealed that a composite layer of
aluminum with fine grains as well as a small
amount of AL Mg intermetallic compound at the
Mg/ Al interface form during FSP. The strong bond
between the AZ80 substrate and 1060 pure Al layer
was shown to be due to the metallurgical bonding
achieved through FSP. The Al layer/AZ80 interface
showed increased microhardness compared to
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surrounding areas, suggesting the presence of Al-
Mg intermetallic compounds and Al-Mg solid
solution. The electrochemical corrosion test in a 5
wt.% NaCl solution indicated that the composite
Al layer provided superior protection for the AZ80
alloy in corrosive environments [55]. These results
reveal the opportunities that the composite AZ80
plates processed by FSP can offer to control the
properties.

6. Summary and future prospects

The present work summarized the reports on
the FSP-manufactured AZ80 composites. It was
revealed that the FSP is a viable approach for the
processing of high-performance AZ80 composites.
The available works have dealt with the CNTs
[49,50], hybrid reinforcements [51-53], and HEAs
particles [54], as well as the composite plates [55].
However, there are many common and effective
particles that need to be investigated for the FSP-
manufactured AZ80 composites, including SiC [81-
841, ALO, [85-87], SiO, [88,89], B,C [90,91], TiC/
TiB, [92,93], ZrB, [94,95], hydroxyapatite [96,97],
Ti alloys [98,99], Fly ash [100,101], graphene
nanoplatelets (GNPs) [102,103], nanodiamonds
[104,105], and other HEAs. These particles have
widely been investigated for the composites based
on the AZ31 and AZ91 alloys with quite promising
outcomes. Accordingly, much more investigations
on the manufacturing of AZ80 composites based
on these particles are expected in the future. On the
other hand, due to the favorable effects of hybrid
reinforcements in enhancing the properties of
AZ80 alloy, more research in this field is suggested.
Currently, the CeO,+ZrO, [51], CeO,+BN [52],
and MnO+ZrO, [53] hybrid composites have
been studied. However, other combinations of
reinforcement particles need to be investigated.

Another aspect that needs future investigations
is the evaluation of the mechanical properties
of FSP-manufactured AZ80 composites. For
instance, the reported works have evaluated the
mechanical properties mainly by the hardness
and SPT methods. However, comprehensive
investigations on the tensile properties of FSP-
manufactured AZ80 composites is required to
unravel the effect of FSP, introducing particles,
and other factors on the strength-ductility balance.
On the one hand, the tensile testing can be used to
evaluate the improvement of Young modulus by the
introduction of particles through FSP. On the other
hand, the improvement of yield stress, ultimate
tensile strength (UTS), and total elongation can be
tracked, which is an important aspect. Therefore,
it is expected that the FSP-manufactured AZ80
composites show superior mechanical properties
compared to the composites processed by other
methods.
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Regarding grain refinement by DRX, the exact
DRX mechanisms can be discussed in future
works, including the discontinuous DRX (DDRX),
continuous DRX (CDRX), and Twin-induced DRX
(TDRX). Moreover, Equation 2 has been proposed
for the grain refinement by DRX, which can be
applied to the FSP investigations using Equation
1. In this way, the effect of the main processing
parameters (w and v) on the grain refinement
efficiency can be formulated and quantified, which
is an important aspect. Moreover, the properties,
especially the mechanical properties, can be
correlated to the obtained grain size by FSP. In this
regard, the Hall-Petch relationship [106-108] can
be used, which is applicable for the hardness, tensile
properties, and shear properties. In this respect,
there is no report on the FSP-manufactured AZ80
composites.

The effects of w, v, vibration, and tool design
have been investigated for the FSP-manufactured
AZ80 composites, as described above. However,
the effect of multi-pass FSP needs to be unraveled,
which can significantly affect the microstructure
and mechanical properties [109-111]. Another
modification for grain refinement is the FSP
accompanied by external cooling [112-115], which
pertains to temperature adjustment and serves to
prevent extensive grain growth [116-121] and the
dissolution of precipitates within the stirred zone
[122]. According to Patel et al. [123], the backing
plate plays a crucial role—a copper backing plate
proved to be more efficient than a steel backing
plate in refining the grain structure of Mg alloys.
On the other hand, because of the dissolution of
the B-Mg Al , phase during FSP, the AZ80 alloy
could exhibit a good aging response following
FSP [124]. Moreover, the volume fraction of
the reinforcement particles is one of the main
variables of the composites [99,125], which needs
to be investigated for the FSP-manufactured AZ80
composites.

Additive manufacturing, ideal for creating a
variety of intricate shapes, relies on the sequential
layering of thin materials derived from 3D models
[35,126-128]. In addition to the most commonly
utilized methods of powder bed fusion and directed
energy deposition, metal additive manufacturing
techniques based on the friction stir engineering
have garnered significant interest. Friction stir
additive manufacturing (FSAM) and additive
friction stir deposition (AFSD) are two commonly
utilized techniques for magnesium alloys. These
methods are beneficial, particularly for producing
defect-free Mg alloys and composites with a
fine-grain structure and excellent mechanical/
functional properties [130-136]. Accordingly, it is
expected that future investigations deal with the
FSAM and AFSD of AZ80 composites.



H. Mirzadeh, J Ultrafine Grained Nanostruct Mater, 58(1), 2025, 33-44

References

1. Malik, A. and Wang, Y., 2023. A short review on high strain
rate superplasticity in magnesium-based composites materials.
International Journal of Lightweight Materials and Manufacture,
6(2), pp.214-224.

2. Ahmad, R., Yin, B., Wu, Z. and Curtin, W.A., 2019. Designing
high ductility in magnesium alloys. Acta Materialia, 172,
pp.161-184.

3. Meng, S., Xiao, H., Song, J., Bi, G., Wang, Q., Wang, Z., Yu,
H. and Liu, H., 2024. Research progress and future prospects on
high speed extrudable magnesium alloys: A review. Journal of
Materials Research and Technology, 30, pp.9007-9019.

4. Penghuai, FE, Liming, P, Haiyan, ], Wenjiang, D. and
Chunquan, Z., 2014. Tensile properties of high strength cast Mg
alloys at room temperature: A review. China Foundry, 11(4),
pp.277-286.

5. Maleki, M., Rostami, H., Mirzadeh, H. and Emamy, M., 2024.
Improved ductility of hot extruded Mg-0.5 Zn-0.5 Zr-1RE alloy
by Li addition. Journal of Materials Research and Technology,
30, pp.5820-5825.

6. Kalayeh, PM., Asadi, A.H., Mirzadeh, H., Malekan, M.,
Emamy, M. and Mahmudi, R., 2024. Tailoring the microstructure
and mechanical properties of LPSO-containing Mg-Ni cast
alloy by yttrium addition. Journal of Materials Research and
Technology, 28, pp.744-751.

7. Maghzi, M., Mirzadeh, H. and Mahmudi, R., 2025. Grain
refinement and improved mechanical properties of as-cast Mg-
3Gd alloy by Zr addition. Journal of Materials Research and
Technology, 35, pp.2346-2353.

8. Pourbahari, B., Mirzadeh, H. and Emamy, M., 2018. The effects
of grain refinement and rare earth intermetallics on mechanical
properties of as-cast and wrought magnesium alloys. Journal of
Materials Engineering and Performance, 27, pp.1327-1333.

9. Golrang, M., Mobasheri, M., Mirzadeh, H. and Emamy,
M., 2020. Effect of Zn addition on the microstructure and
mechanical properties of Mg-0.5 Ca-0.5 RE magnesium alloy.
Journal of Alloys and Compounds, 815, p.152380.

10. Ghorbani, E, Mirzadeh, H., Dehghanian, C. and Emamy,
M., 2025. Tailored mechanical properties and corrosion
resistance of as-cast Mg-7Zn-0.5 Zr-0.5 Ca alloy via multi-step
homogenization treatment. Journal of Alloys and Compounds,
1016, p.178980.

11. Motallebi, R., Savaedi, Z. and Mirzadeh, H., 2022. Post-
processing heat treatment of lightweight magnesium alloys
fabricated by additive manufacturing: a review. Journal of
Materials Research and Technology, 20, pp.1873-1892.

12. Abedi, H., Emamy, M., Rassizadehghani, J., Mirzadeh,
H. and Raayatpour, M., 2022. Enhanced mechanical
properties of as-cast rare earth bearing magnesium alloy
via elevated-temperature homogenization. Materials Today
Communications, 31, p.103821.

13. Kalayeh, PM., Mirzadeh, H., Malekan, M., Emamy, M. and
Mahmudi, R., 2024. Improved hardness of Mg-0.5 Ni-xY alloys
via grain refinement and formation of LPSO structures. Journal
of Materials Research and Technology, 30, pp.6829-6835.

14. Salehzadeh-Nobari, I, Emamy, M., Raayatpour, M.
and Mirzadeh, H., 2022. Microstructures and mechanical
performance of Mg-4Si-6Ni-x Y in situ composite after
extrusion process. Materials Science and Technology, 38(3),
Pp.169-180.

15. Rezaei Moghadam, M., Malekan, M., Emamy, M. and
Mirzadeh, H., 2021. Enhanced mechanical properties of
Mg-Ni-x RE alloys via hot extrusion. Materials Science and
Technology, 37(16), pp.1285-1290.

16. Mirzadeh, H., 2021. High strain rate superplasticity via
friction stir processing (FSP): a review. Materials Science and
Engineering: A, 819, p.141499.

17. Malik, A., Masood Chaudry, U.,, Hamad, K. and Jun, T.S.,
2021. Microstructure features and superplasticity of extruded,
rolled and SPD-processed magnesium alloys: a short review.
Metals, 11(11), p.1766.

18. Gerashi, E., Alizadeh, R. and Mahmudi, R., 2022. Improved

40

corrosion resistance and mechanical properties of biodegradable
Mg-4Zn-xSr alloys: effects of heat treatment, Sr additions, and
multi-directional forging. Journal of Materials Research and
Technology, 20, pp.3363-3380.

19. Savaedi, Z., Motallebi, R., Mirzadeh, H., Aghdam, R.M. and
Mahmudi, R., 2023. Superplasticity of fine-grained magnesium
alloys for biomedical applications: A comprehensive review.
Current Opinion in Solid State and Materials Science, 27(2),
p.101058.

20. Maleki, M., Jamei, E, Emamy, M. and Mirzadeh, H., 2023.
Microstructure and mechanical properties of as-cast and
wrought Mg-Ni in-situ formed alloys. Materials Science and
Technology, 39(8), pp.985-993.

21. Khorasani, E, Emamy, M., Malekan, M., Mirzadeh, H.,
Pourbahari, B., Krajndk, T. and Mindrik, P, 2019. Enhancement
of the microstructure and elevated temperature mechanical
properties of as-cast MgAl2CaMg2Ca in-situ composite by hot
extrusion. Materials Characterization, 147, pp.155-164.

22. Maleki, M., Emamy, M., Dehghanian, C. and Mirzadeh,
H., 2022. On the solidification characteristics and corrosion
resistance of in situ Mg-3Si-xCu composites. Vacuum, 206,
p.111559.

23. Mirzadeh, H., 2015. Quantification of the strengthening
effect of reinforcements during hot deformation of aluminum-
based composites. Materials & Design, 65, pp.80-82.

24, Harwani, D., Badheka, V., Patel, V., Li, W. and Andersson, J.,
2021. Developing superplasticity in magnesium alloys with the
help of friction stir processing and its variants—A review. Journal
of Materials Research and Technology, 12, pp.2055-2075.

25. Khodabakhshi, F,, Derazkola, H.A. and Gerlich, A.P, 2020.
Monte Carlo simulation of grain refinement during friction stir
processing. Journal of Materials Science, 55, pp.13438-13456.
26. Sarkari Khorrami, M., Kazeminezhad, M., Miyashita, Y.
and Kokabi, A.H., 2017. The correlation of stir zone texture
development with base metal texture and tool-induced
deformation in friction stir processing of severely deformed
aluminum. Metallurgical and Materials Transactions A, 48,
pp.188-197.

27. Mirzadeh, H., 2023. Grain refinement of magnesium alloys
by dynamic recrystallization (DRX): A review. Journal of
Materials Research and Technology, 25, pp.7050-7077.

28. Roostaei, M., Parsa, M.H., Mahmudi, R. and Mirzadeh, H.,
2015. Hot compression behavior of GZ31 magnesium alloy.
Journal of Alloys and Compounds, 631, pp.1-6.

29. Mirzadeh, H. and Najafizadeh, A., 2010. Extrapolation of
flow curves at hot working conditions. Materials Science and
Engineering: A, 527(7-8), pp.1856-1860.

30. Mishra, R.S., Ma, Z.Y. and Charit, 1., 2003. Friction stir
processing: a novel technique for fabrication of surface
composite. Materials Science and Engineering: A, 341(1-2),
pp-307-310.

31. Wang, W,, Han, P, Peng, P, Zhang, T., Liu, Q., Yuan, S.N.,
Huang, L.Y., Yu, H.L., Qiao, K. and Wang, K.S., 2020. Friction
stir processing of magnesium alloys: a review. Acta Metallurgica
Sinica (English Letters), 33, pp.43-57.

32. Sarkari Khorrami, M., Samadi, S., Janghorban, Z. and
Movahedi, M., 2015. In-situ aluminum matrix composite
produced by friction stir processing using FE particles. Materials
Science and Engineering: A, 641, pp.380-390.

33. Malik, V. and Saxena, K., 2022. Understanding tool-
workpiece interfacial friction in friction stir welding/processing
and its effect on weld formation. Advances in Materials and
Processing Technologies, 8(sup4), pp.2156-2172.

34, Sarkari Khorrami, M., Kazeminezhad, M. and Kokabi,
A.H., 2014. The effect of SiC nanoparticles on the friction stir
processing of severely deformed aluminum. Materials Science
and Engineering: A, 602, pp.110-118.

35. Khodabakhshi, F. and Gerlich, A.P, 2018. Potentials and
strategies of solid-state additive friction-stir manufacturing
technology: A critical review. Journal of Manufacturing
Processes, 36, pp.77-92.

36. Mirzadeh, H., 2023. Surface metal-matrix composites based


http://dx.doi.org/10.1016/j.ijlmm.2022.10.004
http://dx.doi.org/10.1016/j.ijlmm.2022.10.004
http://dx.doi.org/10.1016/j.ijlmm.2022.10.004
http://dx.doi.org/10.1016/j.ijlmm.2022.10.004
http://dx.doi.org/10.1016/j.actamat.2019.04.019
http://dx.doi.org/10.1016/j.actamat.2019.04.019
http://dx.doi.org/10.1016/j.actamat.2019.04.019
http://dx.doi.org/10.1016/j.jmrt.2024.05.244
http://dx.doi.org/10.1016/j.jmrt.2024.05.244
http://dx.doi.org/10.1016/j.jmrt.2024.05.244
http://dx.doi.org/10.1016/j.jmrt.2024.05.244
https://www.researchgate.net/profile/Liming-Peng-3/publication/285990465_Tensile_properties_of_high_strength_cast_Mg_alloys_at_room_temperature_A_review/links/5f8addfda6fdccfd7b65b070/Tensile-properties-of-high-strength-cast-Mg-alloys-at-room-temperature-A-review.pdf
https://www.researchgate.net/profile/Liming-Peng-3/publication/285990465_Tensile_properties_of_high_strength_cast_Mg_alloys_at_room_temperature_A_review/links/5f8addfda6fdccfd7b65b070/Tensile-properties-of-high-strength-cast-Mg-alloys-at-room-temperature-A-review.pdf
https://www.researchgate.net/profile/Liming-Peng-3/publication/285990465_Tensile_properties_of_high_strength_cast_Mg_alloys_at_room_temperature_A_review/links/5f8addfda6fdccfd7b65b070/Tensile-properties-of-high-strength-cast-Mg-alloys-at-room-temperature-A-review.pdf
https://www.researchgate.net/profile/Liming-Peng-3/publication/285990465_Tensile_properties_of_high_strength_cast_Mg_alloys_at_room_temperature_A_review/links/5f8addfda6fdccfd7b65b070/Tensile-properties-of-high-strength-cast-Mg-alloys-at-room-temperature-A-review.pdf
http://dx.doi.org/10.1016/j.jmrt.2024.05.005
http://dx.doi.org/10.1016/j.jmrt.2024.05.005
http://dx.doi.org/10.1016/j.jmrt.2024.05.005
http://dx.doi.org/10.1016/j.jmrt.2024.05.005
http://dx.doi.org/10.1016/j.jmrt.2023.12.054
http://dx.doi.org/10.1016/j.jmrt.2023.12.054
http://dx.doi.org/10.1016/j.jmrt.2023.12.054
http://dx.doi.org/10.1016/j.jmrt.2023.12.054
http://dx.doi.org/10.1016/j.jmrt.2023.12.054
http://dx.doi.org/10.1016/j.jmrt.2025.01.213
http://dx.doi.org/10.1016/j.jmrt.2025.01.213
http://dx.doi.org/10.1016/j.jmrt.2025.01.213
http://dx.doi.org/10.1016/j.jmrt.2025.01.213
http://dx.doi.org/10.1007/s11665-018-3238-5
http://dx.doi.org/10.1007/s11665-018-3238-5
http://dx.doi.org/10.1007/s11665-018-3238-5
http://dx.doi.org/10.1007/s11665-018-3238-5
http://dx.doi.org/10.1016/j.jallcom.2019.152380
http://dx.doi.org/10.1016/j.jallcom.2019.152380
http://dx.doi.org/10.1016/j.jallcom.2019.152380
http://dx.doi.org/10.1016/j.jallcom.2019.152380
http://dx.doi.org/10.1016/j.jallcom.2025.178980
http://dx.doi.org/10.1016/j.jallcom.2025.178980
http://dx.doi.org/10.1016/j.jallcom.2025.178980
http://dx.doi.org/10.1016/j.jallcom.2025.178980
http://dx.doi.org/10.1016/j.jallcom.2025.178980
http://dx.doi.org/10.1016/j.jmrt.2022.07.154
http://dx.doi.org/10.1016/j.jmrt.2022.07.154
http://dx.doi.org/10.1016/j.jmrt.2022.07.154
http://dx.doi.org/10.1016/j.jmrt.2022.07.154
http://dx.doi.org/10.1016/j.mtcomm.2022.103821
http://dx.doi.org/10.1016/j.mtcomm.2022.103821
http://dx.doi.org/10.1016/j.mtcomm.2022.103821
http://dx.doi.org/10.1016/j.mtcomm.2022.103821
http://dx.doi.org/10.1016/j.mtcomm.2022.103821
http://dx.doi.org/10.1016/j.jmrt.2024.05.100
http://dx.doi.org/10.1016/j.jmrt.2024.05.100
http://dx.doi.org/10.1016/j.jmrt.2024.05.100
http://dx.doi.org/10.1016/j.jmrt.2024.05.100
http://dx.doi.org/10.1080/02670836.2022.2027184
http://dx.doi.org/10.1080/02670836.2022.2027184
http://dx.doi.org/10.1080/02670836.2022.2027184
http://dx.doi.org/10.1080/02670836.2022.2027184
http://dx.doi.org/10.1080/02670836.2022.2027184
http://dx.doi.org/10.1080/02670836.2021.1996129
http://dx.doi.org/10.1080/02670836.2021.1996129
http://dx.doi.org/10.1080/02670836.2021.1996129
http://dx.doi.org/10.1080/02670836.2021.1996129
http://dx.doi.org/10.1016/j.msea.2021.141499
http://dx.doi.org/10.1016/j.msea.2021.141499
http://dx.doi.org/10.1016/j.msea.2021.141499
http://dx.doi.org/10.3390/met11111766
http://dx.doi.org/10.3390/met11111766
http://dx.doi.org/10.3390/met11111766
http://dx.doi.org/10.3390/met11111766
http://dx.doi.org/10.1016/j.jmrt.2022.08.072
http://dx.doi.org/10.1016/j.jmrt.2022.08.072
http://dx.doi.org/10.1016/j.jmrt.2022.08.072
http://dx.doi.org/10.1016/j.jmrt.2022.08.072
http://dx.doi.org/10.1016/j.jmrt.2022.08.072
http://dx.doi.org/10.1016/j.cossms.2023.101058
http://dx.doi.org/10.1016/j.cossms.2023.101058
http://dx.doi.org/10.1016/j.cossms.2023.101058
http://dx.doi.org/10.1016/j.cossms.2023.101058
http://dx.doi.org/10.1016/j.cossms.2023.101058
http://dx.doi.org/10.1080/02670836.2022.2154934
http://dx.doi.org/10.1080/02670836.2022.2154934
http://dx.doi.org/10.1080/02670836.2022.2154934
http://dx.doi.org/10.1080/02670836.2022.2154934
http://dx.doi.org/10.1016/j.matchar.2018.10.018
http://dx.doi.org/10.1016/j.matchar.2018.10.018
http://dx.doi.org/10.1016/j.matchar.2018.10.018
http://dx.doi.org/10.1016/j.matchar.2018.10.018
http://dx.doi.org/10.1016/j.matchar.2018.10.018
http://dx.doi.org/10.1016/j.vacuum.2022.111559
http://dx.doi.org/10.1016/j.vacuum.2022.111559
http://dx.doi.org/10.1016/j.vacuum.2022.111559
http://dx.doi.org/10.1016/j.vacuum.2022.111559
http://dx.doi.org/10.1016/j.matdes.2014.09.029
http://dx.doi.org/10.1016/j.matdes.2014.09.029
http://dx.doi.org/10.1016/j.matdes.2014.09.029
http://dx.doi.org/10.1016/j.jmrt.2021.03.115
http://dx.doi.org/10.1016/j.jmrt.2021.03.115
http://dx.doi.org/10.1016/j.jmrt.2021.03.115
http://dx.doi.org/10.1016/j.jmrt.2021.03.115
http://dx.doi.org/10.1007/s10853-020-04963-2
http://dx.doi.org/10.1007/s10853-020-04963-2
http://dx.doi.org/10.1007/s10853-020-04963-2
http://dx.doi.org/10.1007/s11661-016-3812-0
http://dx.doi.org/10.1007/s11661-016-3812-0
http://dx.doi.org/10.1007/s11661-016-3812-0
http://dx.doi.org/10.1007/s11661-016-3812-0
http://dx.doi.org/10.1007/s11661-016-3812-0
http://dx.doi.org/10.1007/s11661-016-3812-0
http://dx.doi.org/10.1016/j.jmrt.2023.07.150
http://dx.doi.org/10.1016/j.jmrt.2023.07.150
http://dx.doi.org/10.1016/j.jmrt.2023.07.150
http://dx.doi.org/10.1016/j.jallcom.2014.11.188
http://dx.doi.org/10.1016/j.jallcom.2014.11.188
http://dx.doi.org/10.1016/j.jallcom.2014.11.188
http://dx.doi.org/10.1016/j.msea.2009.11.013
http://dx.doi.org/10.1016/j.msea.2009.11.013
http://dx.doi.org/10.1016/j.msea.2009.11.013
http://dx.doi.org/10.1016/s0921-5093(02)00199-5
http://dx.doi.org/10.1016/s0921-5093(02)00199-5
http://dx.doi.org/10.1016/s0921-5093(02)00199-5
http://dx.doi.org/10.1016/s0921-5093(02)00199-5
http://dx.doi.org/10.1007/s40195-019-00971-7
http://dx.doi.org/10.1007/s40195-019-00971-7
http://dx.doi.org/10.1007/s40195-019-00971-7
http://dx.doi.org/10.1007/s40195-019-00971-7
http://dx.doi.org/10.1016/j.msea.2015.06.071
http://dx.doi.org/10.1016/j.msea.2015.06.071
http://dx.doi.org/10.1016/j.msea.2015.06.071
http://dx.doi.org/10.1016/j.msea.2015.06.071
http://dx.doi.org/10.1080/2374068x.2022.2036042
http://dx.doi.org/10.1080/2374068x.2022.2036042
http://dx.doi.org/10.1080/2374068x.2022.2036042
http://dx.doi.org/10.1080/2374068x.2022.2036042
http://dx.doi.org/10.1016/j.msea.2014.02.067
http://dx.doi.org/10.1016/j.msea.2014.02.067
http://dx.doi.org/10.1016/j.msea.2014.02.067
http://dx.doi.org/10.1016/j.msea.2014.02.067
http://dx.doi.org/10.1016/j.jmapro.2018.09.030
http://dx.doi.org/10.1016/j.jmapro.2018.09.030
http://dx.doi.org/10.1016/j.jmapro.2018.09.030
http://dx.doi.org/10.1016/j.jmapro.2018.09.030
http://dx.doi.org/10.1007/s12613-022-2589-y

H. Mirzadeh, J Ultrafine Grained Nanostruct Mater, 58(1), 2025, 33-44

on AZ91 magnesium alloy via friction stir processing: A review.
International Journal of Minerals, Metallurgy and Materials,
30(7), pp.1278-1296.

37. Shafiei-Zarghani, A., Kashani-Bozorg, S.E. and Zarei-
Hanzaki, A., 2009. Microstructures and mechanical properties
of Al/A1203 surface nano-composite layer produced by friction
stir processing. Materials Science and Engineering: A, 500(1-2),
pp.84-91.

38. Sabbaghian, M., Shamanian, M., Akramifard, H.R. and
Esmailzadeh, M., 2014. Effect of friction stir processing on
the microstructure and mechanical properties of Cu-TiC
composite. Ceramics International, 40(8), pp.12969-12976.

39. Sarkari Khorrami, M., Kazeminezhad, M. and Kokabi,
A.H., 2015. Influence of stored strain on fabricating of Al/SiC
nanocomposite by friction stir processing. Metallurgical and
Materials Transactions A, 46, pp.2021-2034.

40. Zolghadr, P.,, Akbari, M. and Asadi, P., 2019. Formation of
thermo-mechanically affected zone in friction stir welding.
Materials Research Express, 6(8), p.086558.

41. Nasiri, Z., Sarkari Khorrami, M., Mirzadeh, H. and Emamy,
M., 2021. Enhanced mechanical properties of as-cast Mg-Al-Ca
magnesium alloys by friction stir processing. Materials Letters,
296, p.129880.

42. Mehranpour, M.S., Heydarinia, A., Emamy, M., Mirzadeh,
H., Koushki, A. and Razi, R, 2021. Enhanced mechanical
properties of AZ91 magnesium alloy by inoculation and hot
deformation. Materials Science and Engineering: A, 802,
p.140667.

43. Mirzadeh, H., 2014. A comparative study on the hot
flow stress of Mg-Al-Zn magnesium alloys using a simple
physically-based approach. Journal of Magnesium and Alloys,
2(3), pp.225-229.

44. Afsharnaderi, A., Lotfpour, M., Bahmani, A., Mirzadeh, H.,
Malekan, M., Emamy, M., Fatehi Mollayousef, M. and Bornay
Zonoozi, S., 2023. Enhanced corrosion resistance of the as-cast
AZ91 magnesium alloy by micro-addition of the strontium and
rare earth elements. Materials Science and Technology, 39(17),
Pp.2885-2899.

45. Koushki, A., Heydarinia, A., Emamy, M., Mirzadeh, H. and
Mehranpour, M.S., 2022. Tailoring the tensile properties of
AZ91 magnesium alloy via grain refinement. Materials Science
and Technology, 38(17), pp.1434-1438.

46. Pourbahari, B., Emamy, M. and Mirzadeh, H., 2017.
Synergistic effect of Al and Gd on enhancement of mechanical
properties of magnesium alloys. Progress in Natural Science:
Materials International, 27(2), pp.228-235.

47. Wang, W,, Han, P, Peng, P,, Guo, H., Huang, L., Qiao, K.,
Hai, M., Yang, Q., Wang, H., Wang, K. and Wang, L., 2020.
Superplastic deformation behavior of fine-grained AZ80
magnesium alloy prepared by friction stir processing. Journal of
Materials Research and Technology, 9(3), pp.5252-5263.

48. Giuliano, G. ed., 2011. Superplastic forming of advanced
metallic materials: methods and applications. Elsevier.

49. Pushpanathan, D.P., Muthukumar, V., Rajasekar, R. and
Prem Kumar, S., 2022, May. Investigations on the microstructure
and microhardness of the friction stir processed AZ80 surface
composites. AIP Conference Proceedings, 2463(1), p.020059.
50. Chen, Y.H., Mao, Y.Q., Xie, J.L., Zhan, Z.L. and Yu, L.,
2017. Microstructure and microwave absorption properties of
MWCNTs reinforced magnesium matrix composites fabricated
by FSP. Optoelectronics Letters, 13, pp.1-4.

51. Ma, W,, Ojo, O.0., Paidar, M., Mehrez, S., Zain, A.M,,
Kulandaivel, A., Mohanavel, V. and Kannan, S., 2023. Improving
the wear resistance and mechanical properties of hybridized
AZ80 Mg/CeO2+ ZrO2 surface composite by friction stir
processing: Effect of pin geometry. Vacuum, 212, p.111980.

52. Wei, Z., Kulandaivel, A., Hermanto, T., Vignesh, R.V,
Mehrez, S., Paidar, M., Zain, A.M. and Mohanavel, V., 2023.
An investigation on mechanical and wear behavior of friction-
stir-processed hybrid AZ80/CeO2+ BN surface composite.
Materials Letters, 346, p.134532.

53. Mao, W, Paidar, M. Vignesh, RV, Kharche, N.A,

41

Mohanavel, V. and Zain, A.M., 2024. Exploring the impact of
vibration on the tribological and mechanical performance
of friction stir processing of AZ80/(MnO+ ZrO2) p surface
composite. Materials Letters, 358, p.135794.

54. Guo, C., Jasim, D.J., Paidar, M., Maharig, L., glapékové, M.,
Alfredi, D., Mehrez, S. and Zou, Y., 2024. Unveiling the vibration
effect on microstructure and tribological characteristics of AZ80
Mg/AICrFeMoND surface composite developed by friction stir
processing. Vacuum, 230, p.113667.

55. Liu, EC,, Liu, Q., Huang, C.P, Yang, K., Yang, C.G. and Ke,
L.M., 2013, April. Microstructure and corrosion resistance of
AZ80/Al composite plate fabricated by friction stir processing.
In Materials Science Forum (Vol. 747, pp. 313-319). Trans Tech
Publications Ltd.

56. Jamshidijam, M., Akbari-Fakhrabadi, A., Masoudpanah,
S.M., Hasani, G.H. and Mangalaraja, R.V., 2013. Wear behavior
of multiwalled carbon nanotube/AZ31 composite obtained by
friction stir processing. Tribology transactions, 56(5), pp.827-
832.

57. Soltani, M., Shamanian, M. and Niroumand, B., 2015.
Surface Characteristics Improvement of AZ31B Magnesium by
Surface Compositing with Carbon Nano-tubes through Friction
Stir Processing. International Journal of Advanced Design and
Manufacturing Technology, 1(1), p.85.

58. Alavi Nia, A. and Nourbakhsh, S.H., 2016. Microstructure
and mechanical properties of AZ31/SiC and AZ31/CNT
composites produced by friction stir processing. Transactions of
the Indian Institute of Metals, 69(7), pp.1435-1442.

59. Rezayat, M., Gharechomaghlu, M., Mirzadeh, H. and
Parsa, M.H., 2016. A comprehensive approach for quantitative
characterization and modeling of composite microstructures.
Applied Mathematical Modelling, 40(19-20), pp.8826-8831.

60. Commin, L., Dumont, M., Masse, J.E. and Barrallier, L.,
2009. Friction stir welding of AZ31 magnesium alloy rolled
sheets: Influence of processing parameters. Acta materialia,
57(2), pp.326-334.

61. Chang, C.I,, Lee, C.J. and Huang, J.C., 2004. Relationship
between grain size and Zener-Holloman parameter during
friction stir processing in AZ31 Mg alloys. Scripta materialia,
51(6), pp.509-514.

62. Dehghani, K. and Chabok, A. 2011. Dependence of
Zener parameter on the nanograins formed during friction
stir processing of interstitial free steels. Materials Science and
Engineering: A, 528(13-14), pp.4325-4330.

63. Jamili, A.M., Zarei-Hanzaki, A., Abedi, H.R., Mosayebi,
M., Kocich, R. and Kunc¢ickd, L., 2020. Development of fresh
and fully recrystallized microstructures through friction stir
processing of a rare earth bearing magnesium alloy. Materials
Science and Engineering: A, 775, p.138837.

64. Fatemi-Varzaneh, S.M., Zarei-Hanzaki, A. and Beladi, H.,
2007. Dynamic recrystallization in AZ31 magnesium alloy.
Materials Science and Engineering: A, 456(1-2), pp.52-57.

65. Maleki, M., Berndorf, S., Mohammadzehi, S., Mirzadeh, H.,
Emamy, M., Ullmann, M. and Prahl, U, 2023. Grain refinement
and improved mechanical properties of Mg-4Zn-0.5 Ca-0.5 RE
magnesium alloy by thermomechanical processing. Journal of
Alloys and Compounds, 954, p.170224.

66. Barnett, M.R., Beer, A.G., Atwell, D. and Oudin, A,
2004. Influence of grain size on hot working stresses and
microstructures in Mg-3Al-1Zn. Scripta Materialia, 51(1),
pp-19-24.

67. Sharma, D.K., Badheka, V., Patel, V. and Upadhyay, G., 2021.
Recent developments in hybrid surface metal matrix composites
produced by friction stir processing: a review. Journal of
Tribology, 143(5), p.050801.

68. Jalilvand, M.M. and Mazaheri, Y., 2020. Effect of mono
and hybrid ceramic reinforcement particles on the tribological
behavior of the AZ31 matrix surface composites developed
by friction stir processing. Ceramics International, 46(12),
PP.20345-20356.

69. Jalilvand, M.M., Mazaheri, Y., Heidarpour, A. and Roknian,
M., 2019. Development of A356/A1203+ SiO2 surface hybrid


http://dx.doi.org/10.1007/s12613-022-2589-y
http://dx.doi.org/10.1007/s12613-022-2589-y
http://dx.doi.org/10.1007/s12613-022-2589-y
http://dx.doi.org/10.1016/j.msea.2008.09.064
http://dx.doi.org/10.1016/j.msea.2008.09.064
http://dx.doi.org/10.1016/j.msea.2008.09.064
http://dx.doi.org/10.1016/j.msea.2008.09.064
http://dx.doi.org/10.1016/j.msea.2008.09.064
http://dx.doi.org/10.1016/j.ceramint.2014.04.158
http://dx.doi.org/10.1016/j.ceramint.2014.04.158
http://dx.doi.org/10.1016/j.ceramint.2014.04.158
http://dx.doi.org/10.1016/j.ceramint.2014.04.158
http://dx.doi.org/10.1007/s11661-015-2776-9
http://dx.doi.org/10.1007/s11661-015-2776-9
http://dx.doi.org/10.1007/s11661-015-2776-9
http://dx.doi.org/10.1007/s11661-015-2776-9
http://dx.doi.org/10.1088/2053-1591/ab1d25
http://dx.doi.org/10.1088/2053-1591/ab1d25
http://dx.doi.org/10.1088/2053-1591/ab1d25
http://dx.doi.org/10.1016/j.matlet.2021.129880
http://dx.doi.org/10.1016/j.matlet.2021.129880
http://dx.doi.org/10.1016/j.matlet.2021.129880
http://dx.doi.org/10.1016/j.matlet.2021.129880
http://dx.doi.org/10.1016/j.msea.2020.140667
http://dx.doi.org/10.1016/j.msea.2020.140667
http://dx.doi.org/10.1016/j.msea.2020.140667
http://dx.doi.org/10.1016/j.msea.2020.140667
http://dx.doi.org/10.1016/j.msea.2020.140667
http://dx.doi.org/10.1016/j.jma.2014.09.003
http://dx.doi.org/10.1016/j.jma.2014.09.003
http://dx.doi.org/10.1016/j.jma.2014.09.003
http://dx.doi.org/10.1016/j.jma.2014.09.003
http://dx.doi.org/10.1080/02670836.2023.2228569
http://dx.doi.org/10.1080/02670836.2023.2228569
http://dx.doi.org/10.1080/02670836.2023.2228569
http://dx.doi.org/10.1080/02670836.2023.2228569
http://dx.doi.org/10.1080/02670836.2023.2228569
http://dx.doi.org/10.1080/02670836.2023.2228569
http://dx.doi.org/10.1080/02670836.2022.2082640
http://dx.doi.org/10.1080/02670836.2022.2082640
http://dx.doi.org/10.1080/02670836.2022.2082640
http://dx.doi.org/10.1080/02670836.2022.2082640
http://dx.doi.org/10.1016/j.pnsc.2017.02.004
http://dx.doi.org/10.1016/j.pnsc.2017.02.004
http://dx.doi.org/10.1016/j.pnsc.2017.02.004
http://dx.doi.org/10.1016/j.pnsc.2017.02.004
http://dx.doi.org/10.1016/j.jmrt.2020.03.052
http://dx.doi.org/10.1016/j.jmrt.2020.03.052
http://dx.doi.org/10.1016/j.jmrt.2020.03.052
http://dx.doi.org/10.1016/j.jmrt.2020.03.052
http://dx.doi.org/10.1016/j.jmrt.2020.03.052
http://dx.doi.org/10.1533/9780857092779
http://dx.doi.org/10.1533/9780857092779
http://dx.doi.org/10.1063/5.0080389
http://dx.doi.org/10.1063/5.0080389
http://dx.doi.org/10.1063/5.0080389
http://dx.doi.org/10.1063/5.0080389
http://dx.doi.org/10.1007/s11801-017-6237-0
http://dx.doi.org/10.1007/s11801-017-6237-0
http://dx.doi.org/10.1007/s11801-017-6237-0
http://dx.doi.org/10.1007/s11801-017-6237-0
http://dx.doi.org/10.1016/j.vacuum.2023.111980
http://dx.doi.org/10.1016/j.vacuum.2023.111980
http://dx.doi.org/10.1016/j.vacuum.2023.111980
http://dx.doi.org/10.1016/j.vacuum.2023.111980
http://dx.doi.org/10.1016/j.vacuum.2023.111980
http://dx.doi.org/10.1016/j.matlet.2023.134532
http://dx.doi.org/10.1016/j.matlet.2023.134532
http://dx.doi.org/10.1016/j.matlet.2023.134532
http://dx.doi.org/10.1016/j.matlet.2023.134532
http://dx.doi.org/10.1016/j.matlet.2023.134532
http://dx.doi.org/10.1016/j.matlet.2023.135794
http://dx.doi.org/10.1016/j.matlet.2023.135794
http://dx.doi.org/10.1016/j.matlet.2023.135794
http://dx.doi.org/10.1016/j.matlet.2023.135794
http://dx.doi.org/10.1016/j.matlet.2023.135794
http://dx.doi.org/10.1016/j.vacuum.2024.113667
http://dx.doi.org/10.1016/j.vacuum.2024.113667
http://dx.doi.org/10.1016/j.vacuum.2024.113667
http://dx.doi.org/10.1016/j.vacuum.2024.113667
http://dx.doi.org/10.1016/j.vacuum.2024.113667
http://dx.doi.org/10.4028/www.scientific.net/msf.747-748.313
http://dx.doi.org/10.4028/www.scientific.net/msf.747-748.313
http://dx.doi.org/10.4028/www.scientific.net/msf.747-748.313
http://dx.doi.org/10.4028/www.scientific.net/msf.747-748.313
http://dx.doi.org/10.4028/www.scientific.net/msf.747-748.313
http://dx.doi.org/10.1080/10402004.2013.804969
http://dx.doi.org/10.1080/10402004.2013.804969
http://dx.doi.org/10.1080/10402004.2013.804969
http://dx.doi.org/10.1080/10402004.2013.804969
http://dx.doi.org/10.1080/10402004.2013.804969
https://www.sid.ir/paper/643375/%D8%AE%D8%B1%DB%8C%D8%AF%20%D8%A7%D9%82%D8%B3%D8%A7%D8%B7%DB%8C%20%DA%AF%D9%88%D8%B4%DB%8C%20%D8%A2%DB%8C%D9%81%D9%88%D9%86%2014
https://www.sid.ir/paper/643375/%D8%AE%D8%B1%DB%8C%D8%AF%20%D8%A7%D9%82%D8%B3%D8%A7%D8%B7%DB%8C%20%DA%AF%D9%88%D8%B4%DB%8C%20%D8%A2%DB%8C%D9%81%D9%88%D9%86%2014
https://www.sid.ir/paper/643375/%D8%AE%D8%B1%DB%8C%D8%AF%20%D8%A7%D9%82%D8%B3%D8%A7%D8%B7%DB%8C%20%DA%AF%D9%88%D8%B4%DB%8C%20%D8%A2%DB%8C%D9%81%D9%88%D9%86%2014
https://www.sid.ir/paper/643375/%D8%AE%D8%B1%DB%8C%D8%AF%20%D8%A7%D9%82%D8%B3%D8%A7%D8%B7%DB%8C%20%DA%AF%D9%88%D8%B4%DB%8C%20%D8%A2%DB%8C%D9%81%D9%88%D9%86%2014
https://www.sid.ir/paper/643375/%D8%AE%D8%B1%DB%8C%D8%AF%20%D8%A7%D9%82%D8%B3%D8%A7%D8%B7%DB%8C%20%DA%AF%D9%88%D8%B4%DB%8C%20%D8%A2%DB%8C%D9%81%D9%88%D9%86%2014
http://dx.doi.org/10.1007/s12666-015-0702-x
http://dx.doi.org/10.1007/s12666-015-0702-x
http://dx.doi.org/10.1007/s12666-015-0702-x
http://dx.doi.org/10.1007/s12666-015-0702-x
http://dx.doi.org/10.1016/j.apm.2016.05.023
http://dx.doi.org/10.1016/j.apm.2016.05.023
http://dx.doi.org/10.1016/j.apm.2016.05.023
http://dx.doi.org/10.1016/j.apm.2016.05.023
http://dx.doi.org/10.1016/j.actamat.2008.09.011
http://dx.doi.org/10.1016/j.actamat.2008.09.011
http://dx.doi.org/10.1016/j.actamat.2008.09.011
http://dx.doi.org/10.1016/j.actamat.2008.09.011
http://dx.doi.org/10.1016/j.scriptamat.2004.05.043
http://dx.doi.org/10.1016/j.scriptamat.2004.05.043
http://dx.doi.org/10.1016/j.scriptamat.2004.05.043
http://dx.doi.org/10.1016/j.scriptamat.2004.05.043
http://dx.doi.org/10.1016/j.msea.2011.02.069
http://dx.doi.org/10.1016/j.msea.2011.02.069
http://dx.doi.org/10.1016/j.msea.2011.02.069
http://dx.doi.org/10.1016/j.msea.2011.02.069
http://dx.doi.org/10.1016/j.msea.2019.138837
http://dx.doi.org/10.1016/j.msea.2019.138837
http://dx.doi.org/10.1016/j.msea.2019.138837
http://dx.doi.org/10.1016/j.msea.2019.138837
http://dx.doi.org/10.1016/j.msea.2019.138837
http://dx.doi.org/10.1016/j.msea.2006.11.095
http://dx.doi.org/10.1016/j.msea.2006.11.095
http://dx.doi.org/10.1016/j.msea.2006.11.095
http://dx.doi.org/10.1016/j.jallcom.2023.170224
http://dx.doi.org/10.1016/j.jallcom.2023.170224
http://dx.doi.org/10.1016/j.jallcom.2023.170224
http://dx.doi.org/10.1016/j.jallcom.2023.170224
http://dx.doi.org/10.1016/j.jallcom.2023.170224
http://dx.doi.org/10.1016/j.scriptamat.2004.03.023
http://dx.doi.org/10.1016/j.scriptamat.2004.03.023
http://dx.doi.org/10.1016/j.scriptamat.2004.03.023
http://dx.doi.org/10.1016/j.scriptamat.2004.03.023
http://dx.doi.org/10.1115/1.4049590
http://dx.doi.org/10.1115/1.4049590
http://dx.doi.org/10.1115/1.4049590
http://dx.doi.org/10.1115/1.4049590
http://dx.doi.org/10.1016/j.ceramint.2020.05.123
http://dx.doi.org/10.1016/j.ceramint.2020.05.123
http://dx.doi.org/10.1016/j.ceramint.2020.05.123
http://dx.doi.org/10.1016/j.ceramint.2020.05.123
http://dx.doi.org/10.1016/j.ceramint.2020.05.123
http://dx.doi.org/10.1016/j.surfcoat.2018.12.126
http://dx.doi.org/10.1016/j.surfcoat.2018.12.126

H. Mirzadeh, J Ultrafine Grained Nanostruct Mater, 58(1), 2025, 33-44

nanocomposite by friction stir processing. Surface and Coatings
Technology, 360, pp.121-132.

70. Li, H., Paidar, M., Ojo, O.0., Vignesh, R.V,, Iswandi, I,
Mehrez, S., Zain, A.M. and Mohanavel, V., 2023. Effect of tool
profile on wear and mechanical behaviors of CeO2 and ZrO2-
reinforced hybrid magnesium matrix composite developed via
FSP technique. Journal of Manufacturing Processes, 94, pp.297-
315.

71. Keshavarz, H., Kokabi, A. and Movahedi, M., 2023.
Microstructure and mechanical properties of Al/graphite-
zirconium oxide hybrid composite fabricated by friction stir
processing. Materials Science and Engineering: A, 862, p.144470.
72. Naseri, M., Moghadam, A.O., Anandkumar, M., Sudarsan,
S., Bodrov, E., Samodurova, M. and Trofimov, E., 2024.
Enhancing the mechanical properties of high-entropy alloys
through severe plastic deformation: A review. Journal of Alloys
and Metallurgical Systems, 5, p.100054.

73. Motallebi, R., Savaedi, Z. and Mirzadeh, H., 2022.
Superplasticity of high-entropy alloys: a review. Archives of
Civil and Mechanical Engineering, 22, p.20.

74. Daryoush, S., Mirzadeh, H. and Ataie, A. 202I.
Nanostructured high-entropy alloys by mechanical alloying: A
review of principles and magnetic properties. Journal of Ultrafine
Grained and Nanostructured Materials, 54(1), pp.112-120.

75. Khodashenas, H. and Mirzadeh, H., 2022. Post-processing of
additively manufactured high-entropy alloys-A review. Journal
of Materials Research and Technology, 21, pp.3795-3814.

76. Pandey, V., Seetharam, R. and Chelladurai, H., 2024. A
comprehensive review: Discussed the effect of high-entropy
alloys as reinforcement on metal matrix composite properties,
fabrication techniques, and applications. Journal of Alloys and
Compounds, p.175095.

77. Aali, E., Rabiei, N., Sarkari Khorrami, M. and Soltani, R.,
2025. Fabrication of AA6061/AlCoCrFeNi high-entropy alloy
surface composite through flame spraying and friction stir
processing. Materials Chemistry and Physics, 333, p.130358.

78. Abdollahzadeh, A., Bagheri, B., Abbasi, M., Sharifi, E. and
Moghaddam, A.O., 2021. Mechanical, wear and corrosion
behaviors of AZ91/SiC composite layer fabricated by friction
stir vibration processing. Surface Topography: Metrology and
Properties, 9(3), p.035038.

79. Bagheri, B., Abdollahzadeh, A., Sharifi, F. and Abbasi, M.,
2022. The role of vibration and pass number on microstructure
and mechanical properties of AZ91/SiC composite layer
during friction stir processing. Proceedings of the Institution
of Mechanical Engineers, Part C: Journal of Mechanical
Engineering Science, 236(5), pp.2312-2326.

80. Bagheri, B., Abbasi, M., Abdollahzadeh, A. and Kokabi, A.H.,
2020. A comparative study between friction stir processing and
friction stir vibration processing to develop magnesium surface
nanocomposites. International Journal of Minerals, Metallurgy
and Materials, 27, pp.1133-1146.

81. Akbarpour, M.R., Mirabad, H.M., Gazani, E, Khezri, I,
Chadegani, A.A., Moeini, A. and Kim, H.S.,2023. An overview of
friction stir processing of Cu-SiC composites: Microstructural,
mechanical, tribological, and electrical properties. Journal of
Materials Research and Technology, 27, pp.1317-1349.

82. Asadi, P, Givi, M.B., Abrinia, K., Taherishargh, M. and
Salekrostam, R., 2011. Effects of SiC particle size and process
parameters on the microstructure and hardness of AZ91/
SiC composite layer fabricated by FSP. Journal of materials
engineering and performance, 20, pp.1554-1562.

83. Iwaszko, J., Kudta, K. and Fila, K., 2016. Friction stir
processing of the AZ91 magnesium alloy with SiC particles.
Archives of Materials Science and Engineering, 77(2), pp.85-92.
84. Akramifard, H.R., Shamanian, M., Sabbaghian, M. and
Esmailzadeh, M., 2014. Microstructure and mechanical
properties of Cu/SiC metal matrix composite fabricated via
friction stir processing. Materials & Design (1980-2015), 54,
pp.838-844.

85. Ahmadkhaniha, D., Heydarzadeh Sohi, M., Salehi,
A. and Tahavvori, R, 2016. Formations of AZ91/Al203

42

nano-composite layer by friction stir processing. Journal of
Magnesium and Alloys, 4(4), pp.314-318.

86. Faraji, G., Dastani, O. and Mousavi, S.A., 2011.
Microstructures and mechanical properties of Al203/
AZ91 surface nanocomposite layer produced by friction stir
processing. Proceedings of the Institution of Mechanical
Engineers, Part B: Journal of Engineering Manufacture, 225(8),
pp.1331-1345.

87. Dadaei, M., Omidvar, H., Bagheri, B., Jahazi, M. and Abbasi,
M., 2014. The effect of SiC/AI203 particles used during FSP on
mechanical properties of AZ91 magnesium alloy. International
Journal of Materials Research, 105(4), pp.369-374.

88. Khayyamin, D., Mostafapour, A. and Keshmiri, R., 2013. The
effect of process parameters on microstructural characteristics
of AZ91/Si02 composite fabricated by FSP. Materials Science
and Engineering: A, 559, pp.217-221.

89. Padmanaban, R. and Govindaraju, M., 2020. Synthesis
and characterization of magnesium alloy surface composite
(AZ91D-Si02) by friction stir processing for bioimplants.
Silicon, 12(5), pp.1085-1102.

90. Patle, H., Sunil, B.R. and Dumpala, R., 2020. Sliding wear
behavior of AZ91/B4C surface composites produced by friction
stir processing. Materials Research Express, 7(1), p.016586.

91. Yuvaraj, N. and Aravindan, S., 2015. Fabrication of A15083/
B4C surface composite by friction stir processing and its
tribological characterization. Journal of materials research and
technology, 4(4), pp.398-410.

92. Balakrishnan, M., Dinaharan, I, Palanivel, R. and
Sivaprakasam, R., 2015. Synthesize of AZ31/TiC magnesium
matrix composites using friction stir processing. Journal of
Magnesium and Alloys, 3(1), pp.76-78.

93. Sahoo, B.N., Khan, E, Babu, S., Panigrahi, S.K. and Ram,
G.J., 2018. Microstructural modification and its effect on
strengthening mechanism and yield asymmetry of in-situ TiC-
TiB2/AZ91 magnesium matrix composite. Materials Science
and Engineering: A, 724, pp.269-282.

94. Zhang, Z., Yang, R., Guo, Y., Chen, G., Lei, Y., Cheng, Y.
and Yue, Y., 2017. Microstructural evolution and mechanical
properties of ZrB2/6061 Al nanocomposites processed by multi-
pass friction stir processing. Materials Science and Engineering:
A, 689, pp.411-418.

95. Babu, N. and Megalingam, A., 2023. Microstructural,
mechanical and tribological characterization of ZrB2 reinforced
AZ31B surface coatings made by friction stir processing. Journal
of Adhesion Science and Technology, 37(2), pp.195-212.

96. Ahmadkhaniha, D., Fedel, M., Heydarzadeh Sohi, M.,
Zarei-Hanzaki, A. and Deflorian, F, 2016. Corrosion behavior
of magnesium and magnesium-hydroxyapatite composite
fabricated by friction stir processing in Dulbecco’s phosphate
buffered saline. Corrosion Science, 104, pp.319-329.

97. Ratna Sunil, B, Sampath Kumar, T.S., Chakkingal, U.,
Nandakumar, V. and Doble, M., 2014. Nano-hydroxyapatite
reinforced AZ31 magnesium alloy by friction stir processing:
a solid state processing for biodegradable metal matrix
composites. Journal of Materials Science: Materials in Medicine,
25, pp.975-988.

98. Dinaharan, I, Zhang, S., Chen, G. and Shi, Q., 2020.
Development of titanium particulate reinforced AZ31
magnesium matrix composites via friction stir processing.
Journal of Alloys and Compounds, 820, p.153071.

99. Dinaharan, I., Zhang, S., Chen, G. and Shi, Q., 2020. Titanium
particulate reinforced AZ31 magnesium matrix composites
with improved ductility prepared using friction stir processing.
Materials Science and Engineering: A, 772, p.138793.

100. Dinaharan, I. and Akinlabi, E.T,, 2018. Low cost metal
matrix composites based on aluminum, magnesium and copper
reinforced with fly ash prepared using friction stir processing.
Composites Communications, 9, pp.22-26.

101. Patle, H., Sunil, B.R. and Dumpala, R., 2021. Machining
characteristics, wear and corrosion behavior of AZ91
magnesium alloy-fly ash composites produced by friction stir
processing. Materialwissenschaft und Werkstofftechnik, 52(1),


http://dx.doi.org/10.1016/j.surfcoat.2018.12.126
http://dx.doi.org/10.1016/j.surfcoat.2018.12.126
http://dx.doi.org/10.1016/j.jmapro.2023.03.038
http://dx.doi.org/10.1016/j.jmapro.2023.03.038
http://dx.doi.org/10.1016/j.jmapro.2023.03.038
http://dx.doi.org/10.1016/j.jmapro.2023.03.038
http://dx.doi.org/10.1016/j.jmapro.2023.03.038
http://dx.doi.org/10.1016/j.jmapro.2023.03.038
http://dx.doi.org/10.1016/j.msea.2022.144470
http://dx.doi.org/10.1016/j.msea.2022.144470
http://dx.doi.org/10.1016/j.msea.2022.144470
http://dx.doi.org/10.1016/j.msea.2022.144470
http://dx.doi.org/10.1016/j.jalmes.2024.100054
http://dx.doi.org/10.1016/j.jalmes.2024.100054
http://dx.doi.org/10.1016/j.jalmes.2024.100054
http://dx.doi.org/10.1016/j.jalmes.2024.100054
http://dx.doi.org/10.1016/j.jalmes.2024.100054
http://dx.doi.org/10.1007/s43452-021-00344-x
http://dx.doi.org/10.1007/s43452-021-00344-x
http://dx.doi.org/10.1007/s43452-021-00344-x
https://dx.doi.org/10.22059/jufgnsm.2021.01.12
https://dx.doi.org/10.22059/jufgnsm.2021.01.12
https://dx.doi.org/10.22059/jufgnsm.2021.01.12
https://dx.doi.org/10.22059/jufgnsm.2021.01.12
http://dx.doi.org/10.1016/j.jmrt.2022.11.027
http://dx.doi.org/10.1016/j.jmrt.2022.11.027
http://dx.doi.org/10.1016/j.jmrt.2022.11.027
http://dx.doi.org/10.1016/j.jallcom.2024.175095
http://dx.doi.org/10.1016/j.jallcom.2024.175095
http://dx.doi.org/10.1016/j.jallcom.2024.175095
http://dx.doi.org/10.1016/j.jallcom.2024.175095
http://dx.doi.org/10.1016/j.jallcom.2024.175095
http://dx.doi.org/10.1016/j.matchemphys.2025.130358
http://dx.doi.org/10.1016/j.matchemphys.2025.130358
http://dx.doi.org/10.1016/j.matchemphys.2025.130358
http://dx.doi.org/10.1016/j.matchemphys.2025.130358
http://dx.doi.org/10.1088/2051-672x/ac2176
http://dx.doi.org/10.1088/2051-672x/ac2176
http://dx.doi.org/10.1088/2051-672x/ac2176
http://dx.doi.org/10.1088/2051-672x/ac2176
http://dx.doi.org/10.1088/2051-672x/ac2176
http://dx.doi.org/10.1177/09544062211024281
http://dx.doi.org/10.1177/09544062211024281
http://dx.doi.org/10.1177/09544062211024281
http://dx.doi.org/10.1177/09544062211024281
http://dx.doi.org/10.1177/09544062211024281
http://dx.doi.org/10.1177/09544062211024281
http://dx.doi.org/10.1007/s12613-020-1993-4
http://dx.doi.org/10.1007/s12613-020-1993-4
http://dx.doi.org/10.1007/s12613-020-1993-4
http://dx.doi.org/10.1007/s12613-020-1993-4
http://dx.doi.org/10.1007/s12613-020-1993-4
http://dx.doi.org/10.1016/j.jmrt.2023.09.200
http://dx.doi.org/10.1016/j.jmrt.2023.09.200
http://dx.doi.org/10.1016/j.jmrt.2023.09.200
http://dx.doi.org/10.1016/j.jmrt.2023.09.200
http://dx.doi.org/10.1016/j.jmrt.2023.09.200
http://dx.doi.org/10.1007/s11665-011-9855-x
http://dx.doi.org/10.1007/s11665-011-9855-x
http://dx.doi.org/10.1007/s11665-011-9855-x
http://dx.doi.org/10.1007/s11665-011-9855-x
http://dx.doi.org/10.1007/s11665-011-9855-x
http://dx.doi.org/10.5604/18972764.1225604
http://dx.doi.org/10.5604/18972764.1225604
http://dx.doi.org/10.5604/18972764.1225604
http://dx.doi.org/10.1016/j.matdes.2013.08.107
http://dx.doi.org/10.1016/j.matdes.2013.08.107
http://dx.doi.org/10.1016/j.matdes.2013.08.107
http://dx.doi.org/10.1016/j.matdes.2013.08.107
http://dx.doi.org/10.1016/j.matdes.2013.08.107
http://dx.doi.org/10.1016/j.jma.2016.11.002
http://dx.doi.org/10.1016/j.jma.2016.11.002
http://dx.doi.org/10.1016/j.jma.2016.11.002
http://dx.doi.org/10.1016/j.jma.2016.11.002
http://dx.doi.org/10.1177/2041297510393584
http://dx.doi.org/10.1177/2041297510393584
http://dx.doi.org/10.1177/2041297510393584
http://dx.doi.org/10.1177/2041297510393584
http://dx.doi.org/10.1177/2041297510393584
http://dx.doi.org/10.1177/2041297510393584
http://dx.doi.org/10.3139/146.111025
http://dx.doi.org/10.3139/146.111025
http://dx.doi.org/10.3139/146.111025
http://dx.doi.org/10.3139/146.111025
http://dx.doi.org/10.1016/j.msea.2012.08.084
http://dx.doi.org/10.1016/j.msea.2012.08.084
http://dx.doi.org/10.1016/j.msea.2012.08.084
http://dx.doi.org/10.1016/j.msea.2012.08.084
http://dx.doi.org/10.1007/s12633-019-00194-6
http://dx.doi.org/10.1007/s12633-019-00194-6
http://dx.doi.org/10.1007/s12633-019-00194-6
http://dx.doi.org/10.1007/s12633-019-00194-6
http://dx.doi.org/10.1088/2053-1591/ab6a55
http://dx.doi.org/10.1088/2053-1591/ab6a55
http://dx.doi.org/10.1088/2053-1591/ab6a55
http://dx.doi.org/10.1016/j.jmrt.2015.02.006
http://dx.doi.org/10.1016/j.jmrt.2015.02.006
http://dx.doi.org/10.1016/j.jmrt.2015.02.006
http://dx.doi.org/10.1016/j.jmrt.2015.02.006
http://dx.doi.org/10.1016/j.jma.2014.12.007
http://dx.doi.org/10.1016/j.jma.2014.12.007
http://dx.doi.org/10.1016/j.jma.2014.12.007
http://dx.doi.org/10.1016/j.jma.2014.12.007
http://dx.doi.org/10.1016/j.msea.2018.03.060
http://dx.doi.org/10.1016/j.msea.2018.03.060
http://dx.doi.org/10.1016/j.msea.2018.03.060
http://dx.doi.org/10.1016/j.msea.2018.03.060
http://dx.doi.org/10.1016/j.msea.2018.03.060
http://dx.doi.org/10.1016/j.msea.2017.02.083
http://dx.doi.org/10.1016/j.msea.2017.02.083
http://dx.doi.org/10.1016/j.msea.2017.02.083
http://dx.doi.org/10.1016/j.msea.2017.02.083
http://dx.doi.org/10.1016/j.msea.2017.02.083
http://dx.doi.org/10.1080/01694243.2022.2029093
http://dx.doi.org/10.1080/01694243.2022.2029093
http://dx.doi.org/10.1080/01694243.2022.2029093
http://dx.doi.org/10.1080/01694243.2022.2029093
http://dx.doi.org/10.1016/j.corsci.2016.01.002
http://dx.doi.org/10.1016/j.corsci.2016.01.002
http://dx.doi.org/10.1016/j.corsci.2016.01.002
http://dx.doi.org/10.1016/j.corsci.2016.01.002
http://dx.doi.org/10.1016/j.corsci.2016.01.002
http://dx.doi.org/10.1007/s10856-013-5127-7
http://dx.doi.org/10.1007/s10856-013-5127-7
http://dx.doi.org/10.1007/s10856-013-5127-7
http://dx.doi.org/10.1007/s10856-013-5127-7
http://dx.doi.org/10.1007/s10856-013-5127-7
http://dx.doi.org/10.1007/s10856-013-5127-7
http://dx.doi.org/10.1016/j.jallcom.2019.153071
http://dx.doi.org/10.1016/j.jallcom.2019.153071
http://dx.doi.org/10.1016/j.jallcom.2019.153071
http://dx.doi.org/10.1016/j.jallcom.2019.153071
http://dx.doi.org/10.1016/j.msea.2019.138793
http://dx.doi.org/10.1016/j.msea.2019.138793
http://dx.doi.org/10.1016/j.msea.2019.138793
http://dx.doi.org/10.1016/j.msea.2019.138793
http://dx.doi.org/10.1016/j.coco.2018.04.007
http://dx.doi.org/10.1016/j.coco.2018.04.007
http://dx.doi.org/10.1016/j.coco.2018.04.007
http://dx.doi.org/10.1016/j.coco.2018.04.007
http://dx.doi.org/10.1002/mawe.202000101
http://dx.doi.org/10.1002/mawe.202000101
http://dx.doi.org/10.1002/mawe.202000101
http://dx.doi.org/10.1002/mawe.202000101

H. Mirzadeh, J Ultrafine Grained Nanostruct Mater, 58(1), 2025, 33-44

pp-88-99.

102. Tabandeh-Khorshid, M., Kumar, A., Omrani, E., Kim, C.
and Rohatgi, P,, 2020. Synthesis, characterization, and properties
of graphene reinforced metal-matrix nanocomposites.
Composites Part B: Engineering, 183, p.107664.

103. Vahedi, F, Zarei-Hanzaki, A., Salandari-Rabori, A.,
Razaghian, A., Abedi, H.R. and Minarik, P, 2019. Texture
evolution and wear properties of a frictionally stir processed
magnesium matrix composite reinforced by micro graphite and
nano graphene particles. Materials Research Express, 6(10),
p-1065¢6.

104. Madadi, R., Pishbin, S.M.H., Fatemi, S.M., Zarei, A. and
Cho, J.H., 2024. Friction stir processing of pure titanium/
nanodiamonds nanocomposites: Microstructure, tribological
and corrosion properties. Materials Today Communications,
40, p.109975.

105. Wu, B.L., Peng, Y.C., Tang, H.Q., Meng, C.C., Zhong, Y.E,
Zhang, FL. and Zhan, Y.Z., 2023. Improving grain structure and
dispersoid distribution of nanodiamond reinforced AA6061
matrix composite coatings via high-speed additive friction stir
deposition. Journal of Materials Processing Technology, 317,
p.117983.

106. Yu, H., Xin, Y., Wang, M. and Liu, Q, 2018. Hall-Petch
relationship in Mg alloys: A review. Journal of Materials Science
& Technology, 34(2), pp.248-256.

107. Carvalho, A.P. and Figueiredo, R.B., 2023. An overview of
the effect of grain size on mechanical properties of magnesium
and its alloys. Materials Transactions, 64(7), pp.1272-1283.

108. Figueiredo, R.B., Kawasaki, M. and Langdon, T.G., 2024. The
role of grain size in achieving excellent properties in structural
materials. Journal of Materials Research and Technology, 30,
Pp.3448-3462.

109. Sabbaghian, M. and Mahmudji, R., 2021. Superplasticity of
the fine-grained friction stir processed Mg-3Gd-1Zn sheets.
Materials Characterization, 172, p.110902.

110. Eivani, A.R., Mehdizade, M., Chabok, S. and Zhou, J.,
2021. Applying multi-pass friction stir processing to refine
the microstructure and enhance the strength, ductility and
corrosion resistance of WE43 magnesium alloy. journal of
materials research and technology, 12, pp.1946-1957.

111. Tripathi, A., Tewari, A., Kanjarla, A.K,, Srinivasan, N.,
Reddy, G.M., Zhu, S.M., Nie, ].E, Doherty, R.D. and Samajdar, I.,
2016. Microstructural evolution during multi-pass friction stir
processing of a magnesium alloy. Metallurgical and Materials
Transactions A, 47, pp.2201-2216.

112. Hofmann, D.C. and Vecchio, K.S., 2005. Submerged friction
stir processing (SFSP): An improved method for creating ultra-
fine-grained bulk materials. Materials Science and Engineering:
A, 402(1-2), pp.234-241.

113. Darras, B. and Kishta, E., 2013. Submerged friction stir
processing of AZ31 Magnesium alloy. Materials & Design, 47,
pp.133-137.

114. Khorrami, M.S., Kazeminezhad, M., Miyashita, Y., Saito,
N. and Kokabi, A.H., 2017. Influence of ambient and cryogenic
temperature on friction stir processing of severely deformed
aluminum with SiC nanoparticles. Journal of Alloys and
Compounds, 718, pp.361-372.

115. Zangene, D., Kayvandarian, F, Khodabakhshi, F, Malekan,
M. and Héjovskd, Z., 2024. Nickel-aluminum bronze (NAB)
alloy design under two-steps casting and submerged friction
stir processing. Materials Science and Engineering: A, 890,
P.145960.

116. Charit, I. and Mishra, R.S., 2008. Abnormal grain growth in
friction stir processed alloys. Scripta materialia, 58(5), pp.367-
371.

117. Pourbahari, B., Mirzadeh, H. and Emamy, M., 2017.
Elucidating the effect of intermetallic compounds on the
behavior of Mg-Gd-Al-Zn magnesium alloys at elevated
temperatures. Journal of Materials Research, 32(22), pp.4186-
4195.

118. Shirdel, M., Mirzadeh, H. and Parsa, M.H., 2014.
Abnormal grain growth in AISI 304L stainless steel. Materials

43

characterization, 97, pp.11-17.

119. Naghizadeh, M. and Mirzadeh, H., 2016. Elucidating the
effect of alloying elements on the behavior of austenitic stainless
steels at elevated temperatures. Metallurgical and Materials
Transactions A, 47, pp.5698-5703.

120. Shirdel, M., Mirzadeh, H. and Habibi Parsa, M., 2014.
Microstructural evolution during normal/abnormal grain
growth in austenitic stainless steel. Metallurgical and Materials
Transactions A, 45, pp.5185-5193.

121. Jamei, E, Mirzadeh, H. and Zamani, M., 2019. Synergistic
effects of holding time at intercritical annealing temperature
and initial microstructure on the mechanical properties of dual
phase steel. Materials Science and Engineering: A, 750, pp.125-
131.

122. Mishra, R.S. and Ma, D.Z., 2005. Friction stir welding and
processing. Materials science and engineering: R: reports, 50(1-
2), pp.1-78.

123. Patel, V., Li, W,, Liu, X., Wen, Q., Su, Y., Shen, J. and Fu,
B., 2020. Tailoring grain refinement through thickness in
magnesium alloy via stationary shoulder friction stir processing
and copper backing plate. Materials Science and Engineering:
A, 784, p.139322.

124. Shang, J., Ke, L, Liu, E, Ly, F. and Xing, L., 2019. Aging
behavior of nano SiC particles reinforced AZ91D composite
fabricated via friction stir processing. Journal of Alloys and
Compounds, 797, pp.1240-1248.

125. Bhadouria, N., Kumar, P, Thakur, L., Dixit, S. and Arora,
N., 2017. A study on micro-hardness and tribological behaviour
of nano-WC-Co-Cr/multi-walled carbon nanotubes reinforced
AZ91D magnesium matrix surface composites. Transactions of
the Indian Institute of Metals, 70, pp.2477-2483.

126. Liu, EC., Feng, A.H., Pei, X., Hovanski, Y., Mishra, R.S.
and Ma, Z.Y,, 2024. Friction stir based welding, processing,
extrusion and additive manufacturing. Progress in Materials
Science, p.101330.

127. Hassan, A., Pedapati, SR, Awang, M. and Soomro,
LA, 2023. A comprehensive review of friction stir additive
manufacturing (FSAM) of non-ferrous alloys. Materials, 16(7),
p.2723.

128. Srivastava, A.K., Kumar, N. and Dixit, A.R., 2021. Friction
stir additive manufacturing-An innovative tool to enhance
mechanical and microstructural properties. Materials Science
and Engineering: B, 263, p.114832.

129. Rathee, S., Srivastava, M., Pandey, PM., Mahawar, A. and
Shukla, S., 2021. Metal additive manufacturing using friction
stir engineering: A review on microstructural evolution, tooling
and design strategies. CIRP Journal of Manufacturing Science
and Technology, 35, pp.560-588.

130. Palanivel, S., Nelaturu, P, Glass, B. and Mishra, R.S.,
2015. Friction stir additive manufacturing for high structural
performance through microstructural control in an Mg based
WE43 alloy. Materials & Design (1980-2015), 65, pp.934-952.
131.Joshi, S.S., Patil, S.M., Mazumder, S., Sharma, S., Riley, D.A.,
Dowden, S., Banerjee, R. and Dahotre, N.B., 2022. Additive
friction stir deposition of AZ31B magnesium alloy. Journal of
Magnesium and Alloys, 10(9), pp.2404-2420.

132. Ho, Y.H., Man, K., Joshi, S.S., Pantawane, M.V., Wu, T.C.,
Yang, Y. and Dahotre, N.B.,, 2020. In-vitro biomineralization
and biocompatibility of friction stir additively manufactured
AZ31B magnesium alloy-hydroxyapatite composites. Bioactive
materials, 5(4), pp.891-901.

133. Dixit, A.R., Srivastava, A.K., Dwivedi, S., Nag, A. and
Hloch, S., 2023. An investigation on microstructural features
and bonding strength of magnesium-based multifunctional
laminated composite developed by friction stir additive
manufacturing. The International Journal of Advanced
Manufacturing Technology, 128(1-2), pp.531-546.

134. Xiao, Y., Shi, L., Wu, C,, Li, S., Chen, J. and Ren, W,
2025. Microstructure evolution and mechanical properties
of ZK61 magnesium alloy fabricated via friction stir additive
manufacturing. Journal of Materials Research and Technology,
34, pp.1379-1390.


http://dx.doi.org/10.1002/mawe.202000101
http://dx.doi.org/10.1016/j.compositesb.2019.107664
http://dx.doi.org/10.1016/j.compositesb.2019.107664
http://dx.doi.org/10.1016/j.compositesb.2019.107664
http://dx.doi.org/10.1016/j.compositesb.2019.107664
http://dx.doi.org/10.1088/2053-1591/ab4059
http://dx.doi.org/10.1088/2053-1591/ab4059
http://dx.doi.org/10.1088/2053-1591/ab4059
http://dx.doi.org/10.1088/2053-1591/ab4059
http://dx.doi.org/10.1088/2053-1591/ab4059
http://dx.doi.org/10.1088/2053-1591/ab4059
http://dx.doi.org/10.1016/j.mtcomm.2024.109975
http://dx.doi.org/10.1016/j.mtcomm.2024.109975
http://dx.doi.org/10.1016/j.mtcomm.2024.109975
http://dx.doi.org/10.1016/j.mtcomm.2024.109975
http://dx.doi.org/10.1016/j.mtcomm.2024.109975
http://dx.doi.org/10.1016/j.jmatprotec.2023.117983
http://dx.doi.org/10.1016/j.jmatprotec.2023.117983
http://dx.doi.org/10.1016/j.jmatprotec.2023.117983
http://dx.doi.org/10.1016/j.jmatprotec.2023.117983
http://dx.doi.org/10.1016/j.jmatprotec.2023.117983
http://dx.doi.org/10.1016/j.jmatprotec.2023.117983
http://dx.doi.org/10.1016/j.jmst.2017.07.022
http://dx.doi.org/10.1016/j.jmst.2017.07.022
http://dx.doi.org/10.1016/j.jmst.2017.07.022
http://dx.doi.org/10.2320/matertrans.mt-mf2022005
http://dx.doi.org/10.2320/matertrans.mt-mf2022005
http://dx.doi.org/10.2320/matertrans.mt-mf2022005
http://dx.doi.org/10.1016/j.jmrt.2024.04.059
http://dx.doi.org/10.1016/j.jmrt.2024.04.059
http://dx.doi.org/10.1016/j.jmrt.2024.04.059
http://dx.doi.org/10.1016/j.jmrt.2024.04.059
http://dx.doi.org/10.1016/j.matchar.2021.110902
http://dx.doi.org/10.1016/j.matchar.2021.110902
http://dx.doi.org/10.1016/j.matchar.2021.110902
http://dx.doi.org/10.1016/j.jmrt.2021.03.021
http://dx.doi.org/10.1016/j.jmrt.2021.03.021
http://dx.doi.org/10.1016/j.jmrt.2021.03.021
http://dx.doi.org/10.1016/j.jmrt.2021.03.021
http://dx.doi.org/10.1016/j.jmrt.2021.03.021
http://dx.doi.org/10.1007/s11661-016-3403-0
http://dx.doi.org/10.1007/s11661-016-3403-0
http://dx.doi.org/10.1007/s11661-016-3403-0
http://dx.doi.org/10.1007/s11661-016-3403-0
http://dx.doi.org/10.1007/s11661-016-3403-0
http://dx.doi.org/10.1016/j.msea.2005.04.032
http://dx.doi.org/10.1016/j.msea.2005.04.032
http://dx.doi.org/10.1016/j.msea.2005.04.032
http://dx.doi.org/10.1016/j.msea.2005.04.032
http://dx.doi.org/10.1016/j.matdes.2012.12.026
http://dx.doi.org/10.1016/j.matdes.2012.12.026
http://dx.doi.org/10.1016/j.matdes.2012.12.026
http://dx.doi.org/10.1016/j.jallcom.2017.05.234
http://dx.doi.org/10.1016/j.jallcom.2017.05.234
http://dx.doi.org/10.1016/j.jallcom.2017.05.234
http://dx.doi.org/10.1016/j.jallcom.2017.05.234
http://dx.doi.org/10.1016/j.jallcom.2017.05.234
http://dx.doi.org/10.1016/j.msea.2023.145960
http://dx.doi.org/10.1016/j.msea.2023.145960
http://dx.doi.org/10.1016/j.msea.2023.145960
http://dx.doi.org/10.1016/j.msea.2023.145960
http://dx.doi.org/10.1016/j.msea.2023.145960
http://dx.doi.org/10.1016/j.scriptamat.2007.09.052
http://dx.doi.org/10.1016/j.scriptamat.2007.09.052
http://dx.doi.org/10.1016/j.scriptamat.2007.09.052
http://dx.doi.org/10.1557/jmr.2017.415
http://dx.doi.org/10.1557/jmr.2017.415
http://dx.doi.org/10.1557/jmr.2017.415
http://dx.doi.org/10.1557/jmr.2017.415
http://dx.doi.org/10.1557/jmr.2017.415
http://dx.doi.org/10.1016/j.matchar.2014.08.022
http://dx.doi.org/10.1016/j.matchar.2014.08.022
http://dx.doi.org/10.1016/j.matchar.2014.08.022
http://dx.doi.org/10.1007/s11661-016-3764-4
http://dx.doi.org/10.1007/s11661-016-3764-4
http://dx.doi.org/10.1007/s11661-016-3764-4
http://dx.doi.org/10.1007/s11661-016-3764-4
http://dx.doi.org/10.1007/s11661-014-2426-7
http://dx.doi.org/10.1007/s11661-014-2426-7
http://dx.doi.org/10.1007/s11661-014-2426-7
http://dx.doi.org/10.1007/s11661-014-2426-7
http://dx.doi.org/10.1016/j.msea.2019.02.052
http://dx.doi.org/10.1016/j.msea.2019.02.052
http://dx.doi.org/10.1016/j.msea.2019.02.052
http://dx.doi.org/10.1016/j.msea.2019.02.052
http://dx.doi.org/10.1016/j.msea.2019.02.052
http://dx.doi.org/10.1016/j.mser.2005.07.001
http://dx.doi.org/10.1016/j.mser.2005.07.001
http://dx.doi.org/10.1016/j.mser.2005.07.001
http://dx.doi.org/10.1016/j.msea.2020.139322
http://dx.doi.org/10.1016/j.msea.2020.139322
http://dx.doi.org/10.1016/j.msea.2020.139322
http://dx.doi.org/10.1016/j.msea.2020.139322
http://dx.doi.org/10.1016/j.msea.2020.139322
http://dx.doi.org/10.1016/j.jallcom.2019.04.280
http://dx.doi.org/10.1016/j.jallcom.2019.04.280
http://dx.doi.org/10.1016/j.jallcom.2019.04.280
http://dx.doi.org/10.1016/j.jallcom.2019.04.280
http://dx.doi.org/10.1007/s12666-017-1111-0
http://dx.doi.org/10.1007/s12666-017-1111-0
http://dx.doi.org/10.1007/s12666-017-1111-0
http://dx.doi.org/10.1007/s12666-017-1111-0
http://dx.doi.org/10.1007/s12666-017-1111-0
http://dx.doi.org/10.1016/j.pmatsci.2024.101330
http://dx.doi.org/10.1016/j.pmatsci.2024.101330
http://dx.doi.org/10.1016/j.pmatsci.2024.101330
http://dx.doi.org/10.1016/j.pmatsci.2024.101330
https://pubmed.ncbi.nlm.nih.gov/37049016
https://pubmed.ncbi.nlm.nih.gov/37049016
https://pubmed.ncbi.nlm.nih.gov/37049016
https://pubmed.ncbi.nlm.nih.gov/37049016
http://dx.doi.org/10.1016/j.mseb.2020.114832
http://dx.doi.org/10.1016/j.mseb.2020.114832
http://dx.doi.org/10.1016/j.mseb.2020.114832
http://dx.doi.org/10.1016/j.mseb.2020.114832
http://dx.doi.org/10.1016/j.cirpj.2021.08.003
http://dx.doi.org/10.1016/j.cirpj.2021.08.003
http://dx.doi.org/10.1016/j.cirpj.2021.08.003
http://dx.doi.org/10.1016/j.cirpj.2021.08.003
http://dx.doi.org/10.1016/j.cirpj.2021.08.003
http://dx.doi.org/10.1016/j.matdes.2014.09.082
http://dx.doi.org/10.1016/j.matdes.2014.09.082
http://dx.doi.org/10.1016/j.matdes.2014.09.082
http://dx.doi.org/10.1016/j.matdes.2014.09.082
http://dx.doi.org/10.1016/j.jma.2022.03.011
http://dx.doi.org/10.1016/j.jma.2022.03.011
http://dx.doi.org/10.1016/j.jma.2022.03.011
http://dx.doi.org/10.1016/j.jma.2022.03.011
https://pubmed.ncbi.nlm.nih.gov/32637752
https://pubmed.ncbi.nlm.nih.gov/32637752
https://pubmed.ncbi.nlm.nih.gov/32637752
https://pubmed.ncbi.nlm.nih.gov/32637752
https://pubmed.ncbi.nlm.nih.gov/32637752
http://dx.doi.org/10.1007/s00170-023-11911-2
http://dx.doi.org/10.1007/s00170-023-11911-2
http://dx.doi.org/10.1007/s00170-023-11911-2
http://dx.doi.org/10.1007/s00170-023-11911-2
http://dx.doi.org/10.1007/s00170-023-11911-2
http://dx.doi.org/10.1007/s00170-023-11911-2
http://dx.doi.org/10.1016/j.jmrt.2024.12.153
http://dx.doi.org/10.1016/j.jmrt.2024.12.153
http://dx.doi.org/10.1016/j.jmrt.2024.12.153
http://dx.doi.org/10.1016/j.jmrt.2024.12.153
http://dx.doi.org/10.1016/j.jmrt.2024.12.153

H. Mirzadeh, J Ultrafine Grained Nanostruct Mater, 58(1), 2025, 33-44

136. Wang, H., Li, Y,, Yang, B., Wang, J., Lai, R., Wang, Z. and
Li, Y, 2025. Understanding the processing, microstructure,
and deformation behavior of AZ31B Mg alloy fabricated by
additive friction stir deposition. Journal of Materials Processing

Technology, p.118781.

135. Williams, M.B., Robinson, T.W., Williamson, C.J., Kinser,
R.P, Ashmore, N.A., Allison, P.G. and Jordon, J.B., 2021.
Elucidating the effect of additive friction stir deposition on
the resulting microstructure and mechanical properties of
magnesium alloy WE43. Metals, 11(11), p.1739.

44


http://dx.doi.org/10.3390/met11111739
http://dx.doi.org/10.3390/met11111739
http://dx.doi.org/10.3390/met11111739
http://dx.doi.org/10.3390/met11111739
http://dx.doi.org/10.3390/met11111739
http://dx.doi.org/10.1016/j.jmatprotec.2025.118781
http://dx.doi.org/10.1016/j.jmatprotec.2025.118781
http://dx.doi.org/10.1016/j.jmatprotec.2025.118781
http://dx.doi.org/10.1016/j.jmatprotec.2025.118781
http://dx.doi.org/10.1016/j.jmatprotec.2025.118781

	Manufacturing of fine-grained AZ80 surface composites by friction stir processing: A review
	Abstract
	1. Introduction
	2. AZ80/CNT composites by FSP
	3. Hybrid AZ80 composites by FSP
	4. Composites reinforced by high-entropy alloys
	5. Composite plates by FSP
	6. Summary and future prospects
	References


