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Abstract
Magnesium (Mg) alloys have been extensively used in various fields, such as aerospace, automobile, electronics, and bio-
medical industries, due to their high specific strength and stiffness, excellent vibration absorption, electromagnetic shielding 
effect, good machinability, and recyclability. Friction stir processing (FSP) is a severe plastic deformation technique, based 
on the principle of friction stir welding. In addition to introducing the basic principle and advantages of FSP, this paper 
reviews the studies of FSP in the modification of the cast structure, superplastic deformation behavior, preparation of fine-
grained Mg alloys and Mg-based surface composites, and additive manufacturing. FSP not only refines, homogenizes, and 
densifies the microstructure, but also eliminates the cast microstructure defects, breaks up the brittle and network-like phases, 
and prepares fine-grained, ultrafine-, and nano-grained Mg alloys. Indeed, FSP significantly improves the comprehensive 
mechanical properties of the alloys and achieves low-temperature and/or high strain rate superplasticity. Furthermore, FSP 
can produce particle- and fiber-reinforced Mg-based surface composites. As a promising additive manufacturing technique 
of light metals, FSP enables the additive manufacturing of Mg alloys. Finally, we prospect the future research direction and 
application with friction stir processed Mg alloys.

Keywords Friction stir processing · Magnesium alloy · Superplasticity · Grain refinement · Mg-based surface composites · 
Additive manufacturing

1 Introduction

Magnesium (Mg) alloys have been widely used in various 
fields, such as aerospace, automobile, electronics, and bio-
medical industries, owing to their high specific strength and 
stiffness, excellent vibration absorption, electromagnetic 

shielding effect, good machinability, and recyclability [1]. 
With the growing contradiction between resource shortage 
and sustainable development, Mg alloys with lightweight 
and high strength have been attracting increasing interest in 
recent years [2].

Compared with nonferrous metals, such as aluminum 
alloys and titanium alloys, the strength of the Mg alloys 
is relatively lower. Moreover, due to the hexagonal close-
packed (HCP) crystal structure of Mg alloys, the plastic 
deformation at room temperature is mainly dominated 
by basal slip, whereas prismatic and pyramidal slips are 
impeded. Even though the prismatic slip occurs as well, the 
basal and prismatic slips can only provide four independent 
slip systems, which do not satisfy the requirements of the 
von Mises criterion. Furthermore, the basal and prismatic 
slips cannot coordinate the strain along the c-axis; therefore, 
the plasticity of Mg alloys at room temperature is low, and 
the plastic forming is difficult. To improve the strength and 
plasticity of Mg alloys, grain refinement has been applied.

In 1999, Mishra [3] invented a new severe plastic defor-
mation (SPD) technique: friction stir processing (FSP), 
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based on the principle of the friction stir welding (FSW). 
In this processing, the microstructure of materials can be 
refined, homogenized, and densified simultaneously, thus 
improving both the strength and plasticity of materials.

The principle of FSP is similar to that of FSW. Firstly, 
the tool with a shoulder and a pin rotates into the workpiece. 
Then, when the pin is completely inserted into the work-
piece, and the shoulder is in touch with the surface of the 
workpiece, the rotating tool travels along the predetermined 
direction at the same time. Under the synergetic effect of 
the pin and the shoulder, thermoplastic materials undergo 
severe plastic deformation, resulting in dynamic recrystal-
lization and significant grain refinement [3]. Ultrafine- and 
nano-grained materials can be prepared by FSP under forced 
cooling conditions such as water, dry ice, and alcohol [4]. 
For example, ultrafine-grained Mg alloy with a grain size of 
100–300 nm has been successfully prepared by FSP, show-
ing that its strength has been remarkably enhanced [5, 6].

As an SPD technique, FSP has the following advantages. 
Firstly, FSP can refine, homogenize, and densify the micro-
structure of materials simultaneously. It has been shown that 
dynamic recrystallization decreases the dislocation density 
while increasing the fraction of the high-angle grain bound-
ary to 97% [7]. Such microstructure characteristics ensure 
that the fine-grained materials have not only high strength 
but also good plasticity. Secondly, FSP can process the 
workpiece locally without affecting its shape and size: This 
processing depth ranges from hundreds of microns to tens 
of millimeters. The precise control of microstructure and 
properties can be achieved by the optimization of tool design 
and process parameters [8]. Thirdly, the process parameters 
of FSP are easy to control as advanced intelligent FSP equip-
ment can realize the digital forming manufacturing of three-
dimensional components.

In view of the advantages of FSP, many researchers have 
focused on the following aspects of friction stir processed 
(FSPed) Mg alloys: (1) modification of the cast structure 
by FSP; (2) preparation of the fine-grained, ultrafine-, and 
nano-grained Mg alloys by FSP; (3) superplastic deforma-
tion behavior of FSPed Mg alloys; (4) preparation of Mg-
based surface composites by FSP; and (5) FSP additive man-
ufacturing technique. Therefore, this review will focus on the 
progress of FSPed Mg alloys in the five above-mentioned 
aspects, providing new insights into their future development 
and industrial application.

2  Research Progress

2.1  Modification of the Cast Structure

As most of Mg alloys for industrial applications are cast 
structure, casting and solidifying defects, such as pores, 

inclusions, microcracks, and composition segregation, are 
inevitable. In particular, brittle and network-like secondary 
phases of the alloys result in poor plastic deformation. FSP 
not only reduces and even eliminates these defects but also 
breaks up the brittle and network-like secondary phases.

During FSP, the secondary phases in the Mg alloys are 
usually broken and dissolved, thus forming the supersatu-
rated solid solution in the processing zone [9–12]. Feng 
and Ma [9] found that FSP led to the fragmentation of 
the original coarse network-like β-Mg17Al12 phase and its 
rapid dissolution in cast AZ91 Mg alloy. A similar phe-
nomenon of rapid dissolution of β-phase was also observed 
in cast AZ31 Mg alloy during FSP [11]. Generally, it takes 
dozens of hours to achieve the complete solid solution of 
β-phase by traditional solid solution treatment, while FSP 
only takes tens of seconds. This phenomenon can be due 
to two main factors. On the one hand, FSP promotes grain 
refinement and shortens the diffusion distance of elements. 
On the other hand, the severe plastic deformation during 
FSP makes the diffusion mechanism of elements change 
from bulk diffusion to tube diffusion, increasing the dif-
fusion rate by three orders of magnitude [13]. Because 
of the obvious shortening of diffusion distance and the 
increasing of diffusion rate, the secondary phases in Mg 
alloys are completely dissolved instantly during FSP. Usu-
ally, this phenomenon exists in the FSP of precipitation-
strengthened Mg alloys, including AZ series [11, 14, 15], 
ZK series [16], and rare-earth Mg alloys [17–21].

The rapid dissolution of secondary phases during FSP 
improves the hot workability but leads to the decrease in 
the strength of the Mg alloys. Therefore, Feng and Ma [9] 
firstly adopted FSP and aging duplex process to improve 
the comprehensive mechanical properties of AZ91 Mg 
alloy. Subsequently, Xiao et al. [17] and Afrinaldi et al. 
[22] indicated that FSP combined with aging was an 
effective approach to improve the mechanical properties 
of Mg–Gd–Y–Zr and AMX602 Mg alloys, respectively. 
Similarly, Jin et al. [23] also conducted a post-aging heat 
treatment after FSP. Figure 1 shows the microstructures 
of the as-cast base material (BM), FSP, and aged samples 
of AE42 Mg alloy. Through the duplex process of FSP 
and post-aging treatment, gth, ultimate tensile strength, 
and elongation of the cast AE42 Mg alloy along trans-
verse direction (TD) and processing direction (PD) are 
increased by 84%, 56%, and 133.6%, respectively (Fig. 2). 
It should be noted that the structural factors affecting the 
strength of FSPed AE42 Mg alloy are ranked as the sethe 
yield strencondary phase, grain orientation, and grain size. 
These experimental outcomes indicated that the duplex 
process combining FSP and post-aging treatment is an 
effective method to control the comprehensive mechani-
cal properties of the precipitation-strengthened Mg alloys.
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In recent years, FSP has also become an effective method 
for repairing fusion-welded joints of Mg alloys. Xu and Bao 
[24] used rapid cooling FSP to repair the tungsten inert gas-
welded joint of AZ31 Mg alloy. The results showed that FSP 
promoted the solid solution of the coarse eutectic β-phase; 
furthermore, the grain size was refined to 3.1 μm, and the 
modified joint had excellent strength and plasticity. Kumar 

et al. [25] reported that the strength and plasticity of laser-
welded joints of WE43 rare-earth Mg alloy were improved 
by FSP. Karthik et al. [26] demonstrated out that FSP could 
be used as a pretreatment process before the fusion welding 
of Mg alloys to effectively prevent the formation of lique-
faction cracks in the heat-affected zone (HAZ). The above 
studies confirm that FSP is an effective method to repair 
fusion-welded joints of Mg alloys.

2.2  Preparation of Fine‑, Ultrafine‑, 
and Nano‑grained Mg Alloys

FSP can be used to prepare fine-, ultrafine-, and nano-
grained Mg alloys. According to the microstructural char-
acteristics, processing zones of FSPed Mg alloys are usu-
ally divided into the stir zone (SZ), thermomechanically 
affected zone (TMAZ), and HAZ. The SZ is subjected to the 
mechanical stirring of the shoulder and the pin during FSP 
at high temperature, resulting in the occurrence of dynamic 
recrystallization and formation of equiaxed recrystallized 
grains. By comparison, the mechanical action and heat input 
in the TMAZ are considerably reduced. Thus, only partial 
recrystallization occurs and the grain shows the deformation 
characteristics of elongation. The grain coarsening of the 
HAZ occurs only at high temperature.

Fig. 1  Microstructures of a BM, b FSPed, c aged samples, d legend and direction [23]. ND normal direction, PD processing direction, TD trans-
verse direction

Fig. 2  Tensile properties of the BM, FSPed, and aged samples tested 
along TD and PD directions, respectively [23]
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Because of the remarkable grain refinement effect in the 
SZ, researchers mainly focus on the mechanism of grain 
refinement in the SZ and optimize the FSP process param-
eters (such as the shape and size of the stir tool, rotational 
speed, travel speed, cooling medium, and processing pass) 
to obtain fine-, ultrafine-, and even nano-grained Mg alloys. 
Grain refinement is mainly due to the dynamic recrystalliza-
tion of Mg alloys during FSP; the recrystallization mecha-
nism includes continuous dynamic recrystallization, discon-
tinuous dynamic recrystallization, and twinning-induced 
recrystallization [27, 28]. The recrystallization mechanism 
is mainly related to the degree of deformation, deforma-
tion rate, and temperature [29]. However, there is no uni-
fied conclusion about the recrystallization mechanism dur-
ing FSP. Feng and Ma [27] claimed that the discontinuous 
dynamic recrystallization and twinning-induced recrystal-
lization occurred in the FSPed AZ80 Mg alloy. Chai et al. 
[30] inferred that the continuous dynamic recrystallization 
occurred in FSPed AZ31 Mg alloys. Similar results had been 
concluded for FSPed AE42 Mg alloy [23]. However, Chai 
et al. [31] concluded that both continuous and discontinu-
ous dynamic recrystallization occurred during FSPed AZ91 
Mg alloys.

The grain size of Mg alloys obtained by conventional FSP 
is 1–10 μm [30, 32–41]. To obtain ultrafine- or nano-grained 
Mg alloys, Chang et al. [6] used the copper mold with liquid 
nitrogen as a gasket to reduce the processing temperature 
and increase the cooling rate, finally obtaining ultrafine 
grains (100–300 nm). Similarly, Du and Wu [35] obtained 
the ultrafine-grained (300 nm) Mg alloy by a similar rapid 
heat sink method. Subsequently, Chang et al. [42] obtained 
nano-grains (85 nm) by two-pass repetitive FSP when using 
a rapid heat sink.

Although lowering the processing temperature is ben-
eficial to refine the grains, low temperature reduces the 
molding quality, and the defects such as tunnel holes may 
appear in the processing zone. In order to ensure that the 
fine-grained Mg alloys prepared by FSP have good form-
ability, Del Valle et al. [43] used two-pass FSP to prepare 
ultrafine-grained Mg alloys. In their study, a gasket insula-
tion device was used to increase the heat input and improve 
formability during first-pass FSP, while a liquid nitrogen 
cooling device was used to reduce the heat input to prevent 
the growth of recrystallized grains during the second pass. 
The ultrafine-grained Mg alloys prepared by this method 
had a better surface with the grain size being decreased to 
400 nm.

In order to reduce the cost of liquid nitrogen cooling, 
while pursuing the degree of grain refinement, the sub-
merged friction stir processing (SFSP) was proposed. Dar-
ras and Kishta [39], Chai et al. [31], and Huang et al. [44] 
employed SFSP to obtain fine-grained AZ31, AZ91, and 
AZ80 Mg alloys, respectively.

In Mg alloys with an HCP structure, the base slip has a 
lower critical resolved shear stress than the prismatic and 
pyramidal slips; therefore, it is easy to process them dur-
ing FSP, leading to obvious basal texture in the processed 
zone. In addition, different processing zones are subjected to 
different mechanical effects of the stir tool, further leading 
to different characteristics of basal texture. Woo et al. [45] 
characterized the texture of each region of the FSPed AZ31 
Mg alloy. The original rolling texture was retained in the BM 
with the c-axis of the transition zone between the SZ and the 
BM being parallel to the TD. Meanwhile, the basal plane in 
the SZ was cylindrically distributed around the surface of 
the pin, which indicated that the SZ was mainly controlled 
by basal slip, showing a simple shear deformation mode.

The inhomogeneity of metal flow along the thickness 
direction during FSP leads to the different distribution of 
texture in the direction of thickness. Yuan et al. [46] inves-
tigated the texture distribution in the SZ of the FSPed AZ31 
Mg alloy along the thickness direction. At 0.5 mm from 
the upper surface, the angle between the c-axis and the PD 
was about 45°. With the increase in thickness, the angle 
decreased gradually. At 1.5 mm from the upper surface, the 
c-axis was parallel to the PD, indicating that the shear defor-
mation was mainly affected by the shoulder action in the 
region near the upper surface, whereas the effect of the pin 
on the shear deformation was enhanced as the thickness was 
increased. It is worth mentioning that there are many fac-
tors affecting the texture distribution in the processed zone, 
such as the shape and size of stir tool, rotation speed, travel 
speed, reduction, and thickness of the plate. Therefore, the 
texture characteristics of the FSP samples obtained accord-
ing to different processing parameters can be rather different. 
Yu et al. [47] found that Zener–Hollomon parameters (Z) 
also influenced the texture of the SZ. Indeed, by increasing 
the values of the Z parameters, the ND of the basal plane 
deflected from the PD to the vertical direction. Moreover, Jin 
et al. [23] reported that the post-aging heat treatment after 
FSP could also impact the orientation of grains for the AE42 
rare-earth Mg alloy.

The grain orientation significantly weakens the fine-
grained strengthening effect of FSPed Mg alloys. The linear 
relationship between yield strength and grain size is charac-
terized by the Hall–Petch (H–P) equation as follows:

where �s is the yield strength, �0 is the friction stress, k is 
the stress concentration factor, and d is the average grain 
size. Friction stress and stress concentration factor reflect 
the degree of grain refinement. The k of coarse-grained 
Mg alloys (5–50 μm) is usually 280–320 MPa µm1/2. H–P 
parameters of AZ31 Mg alloy prepared by different pro-
cesses are reported in Table 1. Compared with rolling, 

(1)�s = �0 + kd
−1∕2

,
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extrusion, equal-channel angular pressing (ECAP), and elec-
tron beam welding, the k of fine-grained FSPed Mg alloys is 
relatively low. Wang et al. [48] showed that the FSPed AZ31 
Mg alloy had lower fine-grained strengthening sensitivity 
than the extruded AZ31 Mg alloy. Yuan et al. [49] dem-
onstrated that the H–P equation of FSPed AZ31 Mg alloy 
was �s = 24 + 119d−1∕2 , which showed that that alloy had 
a low k [50]. This was mainly due to the soft orientation of 
Mg alloys caused by FSP. The soft orientation decreases the 
strength of fine-grained FSPed Mg alloys.

In general, FSP can refine the grains of Mg alloys and 
improve their strength and plasticity. Furthermore, it has 
been shown that FSP can promote the grain refinement of 
Mg alloys as well. However, the total elongation and uniform 
elongation are still low. For examples, Xin et al. [63] showed 
that the elongation of AZ31 Mg alloy has reduced by 41% 
after FSP, as the grain size reduced from 26 to 12 μm. Zheng 
et al. [64] also found that the same phenomenon occurred 
on the FSPed NZ20 K Mg alloy. The grain size was reduced 
from 20 to 4 μm, while the elongation decreased from 13 to 
11%. The main reason is that the ability to store dislocations 
in fine grains is weak during plastic deformation, which 
results in the lack of strain hardening ability, thus causing 
the plastic instability and low elongation [64].

At present, additional studies have been carried out on the 
effect of FSP on the strength of Mg alloys, and the several 
strength models also have been established. However, there 

is limited knowledge of the quantitative effect of FSP on the 
elongation of Mg alloys. Indeed, the present authors found 
that the ratio of initial work-hardening rate (θ0) to satura-
tion stress (σs) of fine-grained FSPed AZ31 Mg alloy is in 
agreement with the exponential function relationship with 
uniform elongation (Fig. 3). Furthermore, we observed that 
the high uniform elongation of FSPed AZ31 Mg alloy can 
be obtained by increasing the value of σs and/or decreas-
ing the value of θ0. The quantitative relationship between 
work-hardening properties and uniform elongation of FSPed 

Table 1  H-P parameters for AZ31 Mg alloy [51]

Preparation process Loading direction Grain size (µm) �
0
 (MPa) k(MPa·µm1/2) References

Rolling Tensile//rolling direction 5.2–24 85 200 [52]
Rolling Tensile//rolling direction 5.2–21.5 131 250 [53]
Rolling Tensile//rolling direction 5–17.3 89 231 [53]
Rolling Tensile//transverse direction 13–140 115 272 [54]
Rolling Tensile//rolling direction 13–140 88 281 [54]
Rolling Tensile//normal direction 26–78 12.2 228 [51]
Rolling Tensile∠normal direction = 22.5° 26–78 10.5 231 [51]
Rolling Tensile∠normal direction = 45.0° 26–78 18.2 158 [51]
Rolling Tensile∠normal direction = 67.5° 26–78 26.5 221 [51]
Rolling Tensile//transverse direction 26–78 41.1 411 [51]
Extrusion Tensile//extrusion direction 2.5–8.0 80 304 [48]
Extrusion Compressive//extrusion direction 3–11 22 390 [55]
ECAP Tensile//extrusion direction 5–32 30 170 [56]
ECAP – – 30 170 [57]
ECAP Tensile//extrusion direction 2.2–8 30 180 [58]
ECAP Tensile//extrusion direction 2.5–48.3 85.2 205 [59]
ECAP Tensile//extrusion direction 2–55 122 207 [60]
ECAP Tensile//extrusion direction 9–22 10 327 [61]
ECAP + extrusion Tensile//extrusion direction 6–22 50 343 [61]
Electron beam welding Tensile//welding direction 11–38 62 202 [62]
FSP Tensile//forward direction 2.6–6.1 10 160 [48]

Fig. 3  Variation in the uniform elongation as a function of the ratio 
of θ0 to σs
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AZ31 Mg alloy has been established and provides an effec-
tive method for describing the uniform elongation of the 
FSPed AZ31 Mg alloy.

A practical method for improving the strength and plas-
ticity of Mg alloys simultaneously is to construct a bimodal 
grain structure in the Mg alloys. Zhang et al. [65] prepared 
the bimodal grain structure in Mg alloys using hard-pate-
rolling. It can be concluded that ultrafine- and nano-grained 
structures contribute to high strength, whereas coarse 
grains facilitate good plasticity. Raja et al. [66] used FSP 
to obtain the bimodal grain structure in the cast AZ91 Mg 
alloy and reported that the elongation of bimodal grain struc-
ture was related to the proportion and distribution of fine 
grains. Although the above research did not describe how 
to improve the strength and plasticity simultaneously in the 
bimodal grain structure of FSPed Mg alloys, it promoted the 
use of FSP to construct a bimodal grain structure.

FSP not only causes grain refinement and texture transfor-
mation, but also induces deformation twins, thus improving 
the strength and plasticity of fine-grained Mg alloys. Yuan 
and Mishra [67] indicated that the twins promoted the elon-
gation of FSPed AZ31 Mg alloy. Similarly, Shang et al. [68] 
employed FSP to induce the deformation twins in AZ31 Mg 
alloy, improving its strength significantly. In addition, Xu 
et al. [69] obtained a large number of {1012̄ } twins in the 
FSPed AZ31 Mg alloy. They showed that twinning promoted 
grain refinement, thus increasing the yield strength of FSPed 
AZ31 Mg alloys. Moreover, {1012̄ } twins provided enough 
space for dislocation motion. As dislocation moved to the 
twin boundaries, the perfect dislocation decomposed into 
half dislocations, which resulted in dislocation accumula-
tion and improved the strain hardening rate to increase the 
uniform elongation of FSPed AZ31 Mg alloy.

2.3  Superplastic Deformation Behavior

The microstructure of Mg alloys prepared by FSP is refined 
and homogenized with low dislocation density and a high 
proportion of high-angle grain boundaries, which are ben-
eficial to the superplastic deformation. The different super-
plastic deformation behaviors (microcrystalline structure 
superplasticity, high strain rate superplasticity (HSRS), and 
low-temperature superplasticity (LTSP)) of FSPed Mg alloys 
are here described.

(1) Superplasticity of microcrystalline structure

The superplasticity of the microcrystalline structure requires 
the material having fine equiaxed grains with the average 
grain size lower than 10 μm and good thermal stability. 
Most microcrystalline superplastic Mg alloys are two-phase 
or multiphase alloys. The secondary phase can improve 

the microstructure stability and prevent grain coarsening. 
The deformation conditions of microcrystalline superplas-
ticity are high deformation temperature (T > 0.5Tm, Tm is 
the melting point of metal) and a relatively low strain rate 
 (10−4–10−1 s−1).

The superplastic behavior of FSPed ZK60 and ZK60-Y 
Mg alloys was presented by Ma et al. [70]. FSP promoted 
the rapid dissolution of the MgZn phase in ZK60 Mg alloy. 
When the temperature was 275 °C, the elongation of FSPed 
ZK60 sample was as high as 940%; as the temperature 
increased, the pinning effect of the secondary phase on Mg 
matrix weakened, while the grains coarsened and the super-
plasticity decreased significantly. In contrast, W-Mg3Zn3Y2 
in ZK60-Y alloy had a good pinning effect on the Mg matrix, 
which remarkably improved the thermal stability of the FSP 
fine-grained structure. Therefore, FSPed ZK60-Y alloy still 
exhibits superplasticity at 400–450 °C. Xie et al. [71] also 
confirmed that the W phase was conducive to the superplas-
tic stability of FSPed Mg–6.19Zn–1.1Y–0.46Zr alloy. The 
superplastic deformation behavior of FSPed AZ80 Mg alloy 
was systematically investigated by Takayama et al. [72]. The 
elongation of FSPed sample was 10–30 times higher than 
that of the BM at 300 °C and low strain rate. Zhang et al. 
[73] performed FSP on hot-rolled AZ31 Mg alloy plates, 
resulting in the grain size being refined from 92 to 11.4 μm. 
At 450 °C and the strain rate of 5 × 10−4 s−1, the elongation 
of FSPed alloy reached 1050%. The HSRS of 268% was 
produced at the strain rate of 1 × 10−2 s−1.

(2) High strain rate superplasticity

In order to improve the efficiency of superplastic deforma-
tion, the high strain rate superplastic deformation behavior 
of Mg alloys was investigated. HSRS indicated the super-
plasticity of materials with an elongation greater than 200% 
when the strain rate exceeds 1 × 10−2 s−1 [74]. In general, 
grain refinement and high proportion of high-angle grain 
boundaries are beneficial to HSRS.

Chai et al. [75] carried out FSP on cast AZ91 Mg alloy in 
air and water and compared their superplastic deformation 
behavior, showing that the average grain sizes of FSPed sam-
ples in air and water were 7.8 μm and 1.2 μm, respectively. 
Submerged FSPed sample exhibited higher superplasticity 
than those in air. When the superplastic deformation was 
conducted at 350 °C and 2 × 10−2 s−1, the submerged FSPed 
samples exhibited HSRS with the elongation of 990%, while 
the elongation of the FSPed sample in air was only 158%. It 
is generally accepted that grain boundary slip (GBS) is the 
main mechanism of superplastic deformation. Yang et al. 
[76] showed that the grain size of hot-rolled Mg–Zn–Y–Zr 
alloy was refined to 4.5 μm after FSP as the W phases were 
uniformly distributed on the Mg matrix. The proportion 
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of high-angle grain boundaries reached 91%, whereas the 
elongation of FSPed sample was 1110% at 450  °C and 
1 × 10−2 s−1. It was also found that the thermal stability of 
the fine-grained structure and high-angle grain boundaries 
plays a major role in HSRS. Mohan et al. [77] performed 
FSP on as-rolled AZ31 and cast AZ91 Mg alloys, whose 
grain size was refined to 0.8 μm and 0.5 μm, respectively. At 
330 °C and 1 × 10−2 s−1, the elongation of FSPed AZ91 sam-
ple was 1251%. Due to the relatively low content of alloying 
elements, the high-temperature microstructure stability of 
FSPed AZ31 alloy was poor, showing only superplasticity 
and not HSRS.

(3) Low-temperature superplasticity (LTSP)

LTSP indicates the superplasticity of materials below 0.5Tm. 
Zhang et al. [78] confirmed that the AZ91 Mg alloy prepared 
by FSP exhibited LTSP; after FSP, the grain size of cast 

AZ91 Mg alloy was refined to ~ 3 μm, while the β-particles 
were broken and uniformly distributed on the Mg matrix. 
The high elongation of 1604% was obtained at 300 °C and 
1 × 10−4 s−1. However, when the temperature was decreased 
to 200 °C and the strain rate was 3 × 10−3 s−1, the elongation 
dramatically decreased to 204.4%, showing LTSP. Previous 
studies reported that LTSP also existed in FSPed ZK60 [70, 
79] and AM60B [80] Mg alloys.

The superplasticity parameters of FSPed Mg alloys are 
summarized in Table 2. The brands of Mg alloys mainly 
include AZ31, AZ91, ZK60, and rare-earth Mg alloys. The 
superplastic deformation behavior of FSPed Mg alloys 
has the following characteristics. Firstly, the grain refine-
ment induced by FSP is beneficial to the superplasticity of 
Mg alloys, especially for HSRS and LTSP. It is generally 
accepted that superplasticity can be obtained only when the 
grain size is less than 10 μm, but it was demonstrated that the 
superplasticity, even HSRS, can still be obtained when the 
grain size was larger than 10 μm for FSPed AZ31 Mg alloy 

Table 2  Superplasticity parameters of FSPed Mg alloys

Alloys State Grain size (μm) Tempera-
ture (°C)

Strain rate  (s−1) Elongation (%) Behavior References

AZ31 Rolled 11.4 450 5 × 10−4 1050 [73]
AZ31 Rolled 11.4 450 1 × 10−2 268 HSRS [73]
AZ31 Rolled 0.94–3.21 450 5 × 10−4 405 [83]
AZ61 SiO2 0.8 400 3 × 10−1 454 HSRS [84]
AZ61 7–8 300 1 × 10−4 235 [85]
AZ80 Cast – 300 1.4 × 10−4 541 [72]
AZ91 Cast 4 300 5 × 10−4 1050 LTSP [86]
AZ91 Cast ~ 3 300 1 × 10−4 1604 LTSP [78]
AZ91 Cast ~ 3 350 2 × 10−2 207 HSRS [78]
AZ91 Cast 7.9 325 1 × 10−4 311 [81]
AZ91 Cast 0.5 330 1 × 10−2 1251 HSRS [77]
AZ91 Cast 0.5 330 3 × 10−2 827 HSRS [77]
AZ91 Cast 1.2 350 2 × 10−2 990 HSRS [87]
ZK60 2–5 275 3 × 10−4 940 LTSP [70]
ZK60 Extrusion 2.9 300 3 × 10−4 1390 LTSP [79]
AM60B Cast 2.5 200 1 × 10−4 ~550 LTSP [80]
AM60B Cast 2.5 300 1 × 10−4 ~1280 LTSP [82]
MB8 Rolled 6 400 4 × 10−4 231.2 [88]
Mg–6.19Zn–1.1Y–0.46Zr Extrusion 5.2 450 3 × 10−3 635 [71]
Mg–6.19Zn–1.1Y–0.46Zr Extrusion 5.2 450 1 × 10−2 225 HSRS [71]
Mg–7.12Zn–1.2Y–0.84Zr Rolled 4.5 450 1 × 10−2 1110 HSRS [76]
Mg–7Zn–1.2Y–0.8Zr 4.6 450 1 × 10−2 1200 [89]
Mg–10Gd–3Y–0.5Zr Cast 6.1 415 1 × 10−3 1110 [90]
Mg–1.2Zn–1.7Y–0.53Al–0.27Mn Rolled 2.8 350 1 × 10−4 335 [82]
Mg–3.99Y–3.81Nd–0.53Zr Cast ~2 475 2 × 10−2 631 HSRS [91]
Mg–4.27Y–2.94Nd–0.51Zr Cast 1.3 485 1 × 10−1 549 HSRS [92]
Mg–2.08Ag–2.07Nd–0.6Zr Cast 0.63 450 1 × 10−2 1630 HSRS [93]
Mg–2.08Ag–2.07Nd–0.6Zr Cast 0.63 350 3 × 10−3 850 LTSP [93]
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[73]. Secondly, the secondary phase has a significant effect 
on the superplasticity of FSPed Mg alloys. In order to obtain 
excellent superplasticity, it is necessary to increase the ther-
mal stability of Mg alloys by improving the high-tempera-
ture pinning effect of the secondary phase on grain bounda-
ries. The effect of alloy composition on superplasticity is 
mainly reflected in the action of the secondary phase on the 
thermal stability of the microstructure. The superplasticity 
of FSPed Mg alloys with different compositions was investi-
gated by Jain et al. [81, 82]; their results showed that FSPed 
AZ91C alloy had a large number of secondary phases such 
as  Mg17(Al, Zn)12,  Mg2Si, and  Al8Mn5, which significantly 
improved the thermal stability of the alloy. Furthermore, 
the FSPed sample of Mg–1.2Zn–1.7Y–0.53Al–0.27Mn alloy 
also had a large number of second phases such as W and  C15. 
As a result, the FSPed sample exhibited excellent thermal 
stability at high temperature. Therefore, the superplasticity 
of FSPed sample of Mg–1.2Zn–1.7Y–0.53Al–0.27Mn alloy 
was higher than that of FSPed AZ31, Mg–10.6Zn–2.3Y and 
Mg–4.3Zn–0.7Y Mg alloys. Thirdly, a high proportion of 
high-angle grain boundaries are conducive to superplastic 
deformation.

Generally, texture also plays an important role in the 
deformation behavior of Mg alloys at room temperature; 
however, its effect on superplastic deformation behavior 
remains controversial. Kaibyshev et al. [94] reported that 
the flow stress and superplastic elongation of Mg alloys 
were anisotropic due to texture. Similarly, Lin et al. [95] 
proved that texture improved the LTSP of fine-grained Mg 
alloy. In contrast, Del Valle and Ruano [96] and Panick-
eret et al. [97] indicated that the initial texture had little 
effect on the superplastic deformation of AZ31 Mg alloy. 
At present, there are only a few studies on the effect of tex-
ture on the superplastic deformation behavior of FSPed Mg 
alloys. Yang et al. [79] showed that although texture weak-
ening occurred during superplastic deformation, the initial 
basal fiber texture still led to the anisotropy of superplastic 
deformation of FSPed ZK60 Mg alloy; this was mainly due 
to the different slip systems activated during superplastic 
deformation. The present authors studied the effect of tex-
ture on the superplastic deformation of FSPed AZ80 Mg 
alloy (Fig. 4). It can be seen that FSP resulted in the evident 
modification of texture with the c-axis tilting to the PD and 
TD with angles of 48°–67° and 75°, respectively (Fig. 4c). 
Moreover, 

⟨

112̄0
⟩

 and 
⟨

1̄21̄0
⟩

 orientations were close to 
the TD (Fig. 4d). The average Schmid factor (SF) values 
of the FSPed samples for different slip systems are listed in 
Table 3. The results showed that the texture was beneficial 
to the activation of prismatic and pyramidal slips, which 
improved the superplasticity.

At present, there is no unified conclusion about the super-
plastic deformation mechanism of FSPed Mg alloy. It is gen-
erally believed that the superplastic deformation mechanism 

of FSPed Mg alloy is the multimechanism dominated by 
GBS [77, 84]. During the superplastic deformation of FSPed 
Mg alloy, the activation energy of GBS is slightly higher 
than that of grain boundary diffusion and lattice diffusion. 
GBS always causes stress concentration at the intersection 
of grain boundaries, which hinders GBS and produces pores. 
For example, Cao et al. [92] showed that stress concentration 
induced pores nucleation at the intersection of grain bounda-
ries during superplastic deformation of FSPed Mg–Y–Nd 
alloy; it means that the GBS mechanism alone cannot ensure 
high superplasticity of FSPed Mg alloys. Therefore, it is nec-
essary to have a coordinated deformation mechanism to pro-
mote stress relaxation and coordinate GBS. Previous studies 
showed that the coordinated deformation mechanisms for 
GBS were grain boundary diffusion [84], dislocation slip 
[98], and creep [72]. With regard to the superplastic failure 
mechanism of FSPed Mg alloy, it is generally believed that 
grain growth [75], followed by pore nucleation and growth 
[92] along the grain boundaries, can lead to fracture.

2.4  Fabrication of Surface Mg Matrix Composites

Surface metal matrix composites (SMMCs) are a class of 
promising structural materials due to their high hardness, 
good friction and wear resistance, and excellent corrosion 
resistance. In SMMCs, the matrix material is a metal, while 
the reinforcing phase consists of ceramic particles, whiskers, 
and fibers. At present, the Mg-based SMMCs reinforced by 
particles and fibers can be successfully prepared by FSP. As 
a result, the surface properties of SMMCs such as hardness, 
strength, and wear resistance are significantly increased.

In 2006, Morisada et al. [99] firstly used FSP to prepare 
Mg-based SMMCs. AZ31/MWCNTs (multiwalled carbon 
nanotubes) surface composites were successfully prepared 
by adding MWCNTs into AZ31 Mg matrix by machining 
grooves on the surface of the plate. This work triggered 
a research wave on the preparation of Mg-based SMMCs 
by FSP. It is reported that FSP has many advantages in the 
fabrication of Mg-based SMMCs. For example, their low 
processing temperature can prevent the adverse interfacial 
reaction between reinforcing particles and Mg matrix. Fur-
thermore, besides being environmentally friendly, the severe 
plastic deformation is beneficial to the fragmentation and 
uniform mixing of reinforcing particles.

One of the key factors for the preparation of Mg-based 
SMMCs by FSP is the addition of reinforcing particles. At 
present, there are three main ways to add reinforcing parti-
cles into the surface of Mg alloys: (1) machining grooves 
or drilling holes directly on the surface of the plates, and 
then filling the grooves or holes with reinforcing particles 
[100], as shown in Fig. 5a; (2) filling the reinforcing par-
ticles directly between two plates to create a sandwich-
like structure, as shown in Fig. 5b; and (3) pre-assembling 
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the reinforcing particles directly in a stir tool with a hol-
low structure for addition during FSP [101], as shown in 
Fig. 5c. In general, for the first method, in order to prevent 
the particles in the grooves and holes from flashing dur-
ing FSP, a pinless tool is used to pretreat the area filled 
with particles firstly, and then a tool with a pin is used to 

process the Mg alloy plates. In the latter two methods, the 
tool with a pin is used directly during FSP.

The summary results of the study on preparing FSPed 
Mg-based SMMCs are shown in Table 4. At present, the 
brands of Mg alloys mainly include pure Mg, AZ31, AZ61, 
AZ91, ZM21, ZK60, and RZ5. The reinforcing particles 
include carbon nanotubes (CNTs), carbon fiber, SiC,  SiO2, 
 Al2O3,  B4C, TiC,  ZrO2, fly ash, hydroxyapatite, and stain-
less steel powder. Many factors significantly influence the 
formability and mechanical properties of FSPed Mg-based 
SMMCs, such as the shape of the tool, rotational speed, 
rotation direction, traverse speed, processing depth, the size 
and type of reinforcing particles, number of the processing 
passes, and other processing parameters. The agglomera-
tion and uniform distribution of reinforcing particles can 
be improved by increasing the processing passes. The sur-
face hardness, tensile strength, and wear resistance of Mg 

Fig. 4  Microstructure of FSPed AZ80 alloy: a EBSD map, b misorientation angle distribution, c pole figure, d inverse pole figure

Table 3  Average SF values of FSPed sample for different slip systems

Slip systems SF

Basal slip {0001} 
⟨

112̄0
⟩

0.252

Prismatic slip {101̄0 } 
⟨

112̄0
⟩

0.410

Pyramidal 〈a〉 slip {101̄1 } 
⟨

112̄0
⟩

0.425

Pyramidal 〈c + a〉 slip {112̄1 } 
⟨

112̄3
⟩

0.431

Pyramidal 〈c + a〉 slip {112̄2 } 
⟨

112̄3
⟩

0.376
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alloys are improved by adding reinforcing particles. Disper-
sion strengthening and fine-grained strengthening are the 
main mechanisms for improving of mechanical properties. 
Controlling the size and distribution of reinforcing particles 
plays a key role in the performance of Mg-based SMMCs.

Different reinforcing particles show obvious diversity in 
the reinforcing effect. For example, CNTs can effectively 
increase the elastic modulus, yield strength, and ultimate 
tensile strength of Mg-based SMMCs [102]. However, when 
CNTs are added to pure Mg, they induce galvanic corrosion 
and decrease the corrosion resistance [103]. Similarly, the 
addition of Mg–18.8%Gd–2%BN can increase the strength 
and elongation of Mg-based SMMCs [104]. The addition 
of ceramic particles, such as SiC,  SiO2,  Al2O3,  B4C, TiC, 
and  ZrO2, improves wear resistance of Mg-based SMMCs 
[101, 105–124]. It is interesting that among three types of 
particles of SiC,  Al2O3, and  B4C, the  B4C particles exhibit 
the best reinforcing effect, while  Al2O3 particles exhibit the 
worst one.

Recently, FSP can also be employed to produce Mg-
based SMMCs for biomedical use. For instance, Sunil et al. 
[100, 125] used FSP to add hydroxyapatite into pure Mg 
and AZ31 Mg alloy. It showed that the SMMCs prepared 
by FSP had excellent bioactivity, degradation rate, and cell 
adhesion properties. In addition, the hydroxyapatite had a 
pinning effect on the grain boundaries, which resulted in 
grain refinement. Similarly, Hanas et al. [124] used FSP to 
prepare hydroxyapatite-enhanced AZ31 SMMCs to obtain 
higher biological activity. Qin et al. [123] used two-pass 
FSP to add hydroxyapatite to the ZK60 Mg alloy to pro-
mote uniform dispersion of hydroxyapatite. The so-prepared 
SMMCs showed improved corrosion resistance. Therefore, 
developing FSP to prepare biomedical Mg-based SMMCs 
is a promising research direction.

2.5  FSP Additive Manufacturing

Additive manufacturing is a process of joining materials 
to make objects from 3D model data, rather than subtrac-
tive manufacturing such as machining technology. The 
conventional additive manufacturing technology for Mg 
alloys mainly includes laser cladding [129] and selective 
laser melting [130], which are based on high-energy beam 
as the heat source to melt and solidify the metal layer by 
layer. However, there are solidification defects in the met-
als prepared by using the above-mentioned technologies. 
Furthermore, the static and dynamic mechanical properties 
of the prepared metals are low, which cannot be compared 
with forgings. Moreover, traditional additive manufactur-
ing technology cannot realize the additive manufacturing 
of light metals, such as Al and Mg alloys, due to their high 
reflectivity.

To solve the problem of traditional additive manufactur-
ing technology for Mg alloys, Schultz and Creehan [131] 
invented the FSP additive manufacturing technology, whose 
technical schematic is reported in Fig. 6. There, the raw 
materials of solid powder are in contact with the substrate 
through the tool with a hollow structure under the action of 
axial feed pressure and rub the substrate under the action of 
the rotating shoulder, resulting in severe plastic deformation. 
Thermoplastic materials are deposited on the substrate layer 
by layer along with the moving of the stir tool, which real-
izes the three-dimensional additive manufacturing. Figure 7 
shows the products fabricated by using FSP additive manu-
facturing technology of the MELD manufacturing company 
[132].

Kandasamy et al. [133] prepared the bulk AZ31 Mg alloy 
from powder by using FSP additive manufacturing technol-
ogy, proving that this technique can be successfully used 
to fabricate non-defective and dense bulk Mg alloys. Dur-
ing the additive manufacturing process, the alloy under-
went severe plastic deformation, while the grains were 

Fig. 5  Schematic representation of SMMCs fabrication by FSP
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Table 4  Brief summary of the work research carried out to produce FSPed Mg-based SMMCs as reported in the literature

Mg matrix Reinforcing phase Method of reinforcing particles introduction Findings

Pure Mg [103];
AZ31 [99];
AZ91 [102];
RZ5 [118]

MWCNTs Groove + covering [103, 118];
Groove [99];
Hole + melting + extrusion [102]

The secondary phase strengthening and fine-
grained strengthening of CNTs increase the 
microhardness of Mg-based SMMCs.

CNTs lead to the occurrence of galvanic corro-
sion and the decrease in corrosion resistance 
of pure Mg.

Low traverse speed is beneficial to the uniform 
distribution of MWCNTs.

The elastic modulus, yield strength, and 
ultimate tensile strength increase, but the 
plasticity decreases

AZ31 [126];
AZ91 [126, 127]

Carbon fiber Sandwich [126, 127] FSPed AZ91 Mg alloy has the characteristics 
of precipitation hardening and high hardness.

The addition of carbon fibers reduces the plas-
ticity of Mg-based SMMCs

AZ31 [101];
AZ91 [105,106, 108-111];
ZM21 [107]

SiC Hollow tool [101];
Groove [108];
Groove + covering [105, 106, 109, 110];
Hole [111];
Hole + covering [107]

The uniform distribution of SiC particles 
improves the strength of AZ91 Mg alloy.

SiC particle-reinforced AZ91 Mg alloy has 
excellent friction and wear resistance.

The microstructure with the addition of nano-
SiC particles is more uniform than that with 
the addition of micron-SiC particles.

Increasing the number of FSP passes can 
promote the uniform distribution of SiC 
particles

AZ31 [112];
AZ61 [113]

SiO2 Groove [112];
Groove + covering [113]

The addition of nano-SiO2 particles leads to 
the grain refinement and the formation of 
equiaxed ultrafine-grained structure.

The hardness of Mg-based SMMCs reinforced 
by nano-SiO2 particles is increased by two 
times.

Multipass FSP promotes the uniform distribu-
tion of  SiO2 particles

AZ31 [114, 115];
AZ91 [106, 116, 117]

Al2O3 Groove + covering [107, 114–116];
Groove [117]

The distribution of  Al2O3 particles is improved 
by increasing the rotational speed.

Grain refinement is promoted by the addition 
of  Al2O3 particles.

Increasing the number of FSP passes can 
improve the uniformity of microstructure and 
refine grains

RZ5 [118];
ZM21 [107]

B4C Groove + covering [118];
Hole + covering [107]

Grain refinement is promoted by the addition 
of  B4C particles.

B4C particles promote wear resistance, due 
to grain boundary pinning and dispersion 
hardening

AZ31 [119, 120] TiC Groove + covering [119];
Groove [120]

TiC particles are uniformly distributed in the 
AZ31 Mg alloy matrix without agglomera-
tion and interfacial reaction.

TiC particles promote the grain refinement and 
the increase in microhardness

AZ31 [121] ZrO2 Groove [121] The addition of  ZrO2 promotes the grain 
refinement and improves the strength and 
hardness of Mg-based SMMCs.

Increasing the number of FSP passes reduces 
the particle agglomeration, promotes the 
grain refinement, and enhances the pinning 
effect of the particles
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significantly refined, showing the typical microstructure of 
FSP. The hardness of the bulk AZ31 Mg alloy was compara-
ble to that of the BM; the ultimate tensile strengths along the 
PD, TD, and BD were 254, 264, and 333 MPa, respectively, 
reaching 96%, 98%, and 114% of those of the corresponding 
directions of the BM.

Calvert [134] used solid powder and bar as raw materials 
to prepare bulk WE43 Mg alloy by FSP additive manufac-
turing technology. The well-formed bulk Mg alloys were 
obtained without macroscopic defects such as pores and 
cracks. Compared with the initial bar, the grain size of the 
prepared bulk Mg alloys was refined from 15 μm of the 
raw materials to 2.0–2.4 μm, whereas the elongation was 
increased by 22.5% and 200% for the powder filler and the 
bar filler, respectively. The ultimate tensile strengths along 

the PD, TD, and BD were 287, 295, and 290 MPa (powder 
filler), and 280, 285, and 275 MPa (bar filler), respectively, 
indicating that there was no significant anisotropy in bulk 
Mg alloys.

The above-mentioned studies show that FSP addi-
tive manufacturing is a promising method for fabricat-
ing bulk Mg alloys with excellent mechanical properties, 
such as low residual deformation, homogeneous and dense 
microstructure.

3  Summary and Prospect

FSP, as a severe plastic deformation technique, exhibits great 
advantages in the modification of the cast structure, super-
plastic deformation, preparation of fine-grained Mg alloys 
and Mg-based SMMCs, and additive manufacturing. The 
summary and prospect in research and application of FSP 
are as follows:

(1) FSP can modify the cast structure of Mg alloys, leading 
to the break and rapid dissolution of network-like sec-
ondary phases, thus decreasing the composition segre-
gation. Moreover, the duplex process of FSP and post-
aging heat treatment is an effective method to improve 
the mechanical properties of precipitation-strengthened 
Mg alloys. In addition, FSP is also an effective method 

Table 4  (continued)

Mg matrix Reinforcing phase Method of reinforcing particles introduction Findings

Pure Mg [104];
AZ31 [104]

Mg-18.8%Gd-2%BN Groove + covering [104] The particles agglomerate and present 
streamlined distribution in pure Mg, while 
uniformly distributed in AZ31.

The particle agglomeration leads to a doubling 
of microhardness in pure Mg.

The addition of particles promotes the grain 
refinement and improves the strength and 
hardness of AZ31

AZ31 [122] Fly ash Groove [122] The addition of fly ash particles promotes the 
grain refinement and improves the micro-
hardness

ZK60 [123];
AZ31 [124]

Hydroxyapatite Groove + covering [123, 124] Reverse second pass of FSP is beneficial to the 
uniform distribution of nano-hydroxyapatite.

The addition of nano-hydroxyapatite particles 
improves the corrosion resistance.

Nano-hydroxyapatite promotes the grain 
refinement.

AZ31/nano-hydroxyapatite composite material 
prepared by FSP has high biological activity.

Acid treatment of AZ31/nano-hydroxyapatite 
composite material facilitates the decrease 
in the degradation rate, promoting biominer-
alization

AZ31 [128] Stainless steel Groove [128] The Mg alloy reinforced by 304 stainless steel 
powders has good tensile strength, hardness, 
corrosion resistance, and wear resistance

Fig. 6  Schematic of FSP additive manufacturing technology. BD 
building direction
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combination to repair the microstructure of fusion-
welded joints of Mg alloys, therefore improving their 
strength. In the future, it is important to focus on how 
to enhance the engineering application of FSP in the 
surface defect repair of cast Mg alloys.

(2) FSP can be used to prepare fine-, ultrafine-, and even 
nano-grained Mg alloys. The main reason for grain 
refinement is the dynamic recrystallization during FSP. 
The recrystallization mechanism includes continuous 
dynamic recrystallization, discontinuous dynamic 
recrystallization, and twinning-induced recrystalliza-
tion. Fine-grained Mg alloys prepared by FSP show 
low sensitivity of fine-grain strengthening due to shear 
texture. Therefore, it is necessary to study the relation-
ship between texture and mechanical, corrosion, and 
biological properties. In the future, the stability of FSP 
should be further controlled, while the modification 
area should be expanded in order to prepare bulk mass 
fine-grained Mg alloys.

(3) The microcrystalline superplasticity, HSRS, and LTSP 
of Mg alloys prepared by FSP can be achieved. It is 
generally believed that the superplastic deformation 
mechanism of FSPed Mg alloys is the multimecha-
nism dominated by GBS. The coordination mechanism 
of GBS in FSPed Mg alloys includes grain boundary 
diffusion, dislocation slip, and creep. Future research 
efforts should focus on how to accelerate the applica-
tion of FSP in the whole or selection superplastic form-
ing of Mg alloys.

(4) The Mg-based SMMCs can be successfully prepared 
by FSP, with the reinforcing particles mainly including 
CNTs, carbon fiber, SiC,  SiO2,  Al2O3,  B4C, TiC,  ZrO2, 
fly ash, hydroxyapatite, and stainless steel powder. The 
agglomeration and uniform distribution of reinforcing 
particles can be improved by increasing the number 
of processing passes. The surface hardness, tensile 
strength, and wear resistance of Mg alloys are improved 
by adding reinforcing particles. Dispersion strengthen-
ing and fine-grained strengthening are the main mecha-
nisms for the improvement in mechanical properties of 
Mg-based SMMCs. The following challenges are worth 
paying attention to in the future: firstly, to prepare the 
complex and irregular Mg-based SMMCs; secondly, to 
accurately control the amount of reinforcing particles; 
and thirdly, to improve the uniformity of reinforcing 
particles.

(5) FSP additive manufacturing is a prospective method for 
fabricating bulk Mg alloys with excellent mechanical 
properties, such as low residual deformation, homoge-
neous and dense microstructure. However, the research 
on FSP additive manufacturing technique on Mg alloys 
has been just initiated as there are some shortcomings 
in the design, process, equipment, as well as theoretical 
considerations. It is necessary to carry out a systematic 
study on the relations between design, process param-
eters, microstructure, and properties. Equally important 
is to develop FSP additive manufacturing equipment 
and realize its engineering application.

Fig. 7  Products fabricated by using FSP additive manufacturing technology of the MELD manufacturing company [132]
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(6) In addition to fabricating high-performance structural 
materials, FSP can also be used to prepare functional 
materials, such as gradient functional materials, bio-
medical materials, and hydrogen-storage materials. 
Therefore, in the future research efforts, researchers 
should actively explore new application fields for FSP.
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