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Abstract: Friction stir welding (FSW) is well recognized as a very practical technology for joining
magnesium alloys. Although, a large amount of progress have been made on the FSW of magnesium
alloys, it should be emphasized that many challenges still remain in joining magnesium using FSW.
In this article, we briefly review the background of friction stir welding of magnesium alloys, and
then focus on the effects of the friction stir welding on the macrostructure, microstructure evolution,
texture distribution, and the mechanical properties of the welding joints. The macro-defects in welds
and their relationship to the welding parameters such as welding speed, rotation speed, and axial
force were also discussed. The review concluded with some suggested methods improvement and
future challenges related to FSW of magnesium alloys. The purpose of the present review paper is to
fully understand the relationships between the microstructure and the properties, and then establish
a global, state-of-the-art FSW of magnesium alloys.
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1. Introduction
As light weight engineering materials, magnesium alloys are widely used in the automotive,
aerospace, and ship building industries due to their highly specific strength, ductility, and low
density [1,2]. Nevertheless, because of the limited number of slip systems associated with a hexagonal,
close-packed crystal structure, magnesium alloys have poor workability [3]. Thus, a considerable
amount of research has focused on the joining technologies of magnesium alloys like arc welding [4],
resistance welding [5], electron beam welding [6], and laser welding [7]. However, the defects, e.g., hot
cracking, residual stress, partial melting zone, and porosity generated by conventional fusion welding
process [8], significantly deteriorate joints properties, which hinders the wide range of applications
of magnesium alloys in the aerospace field and the automobile industry. Hence, joining magnesium
alloys by means of solid-state processes appears to be the best solution to these problems. Friction stir
welding (FSW) was developed by The Welding Institute (TWI) of United Kingdom as a solid-state
joining technique, and it has many advantages when welding magnesium alloys [9–13].
A limited number of slip systems available in magnesium alloys, as well as their propensity for
mechanical twinning, may strongly promote their microstructure evolution. It has been found that
the FSW of magnesium alloys can cause pronounced grain refinement [14], which improves their
comprehensive properties. The formation of the equiaxed grain structure in FSWed welds is commonly
referred as recrystallization and is a prominent effect of grain refinement in nugget zone (NZ). However,
strong local texture commonly occurs in FSWed magnesium alloy welds and significantly deteriorates
the tensile mechanical property [15]. Therefore, it is important to reveal the relationship between
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microstructure evolution and the mechanical properties of FSWed Mg alloys. Recently, a great deal of
research has been done on the FSW of magnesium alloys all over the world, and several review papers
on FSW have been published. Maz systematically reviewed friction stir processing technology [11].
Avettand-Fènoël et al. [16] discussed the FSW of metal matrix composites in detail. Salih et al. [17] gave
an overview of the FSW of aluminium matrix composites. Thomas et al. [18], Rai and Bhadeshia [19],
and Zhang et al. [20] comprehensively reviewed the FSW tools of aluminium alloys. However, there
are few systematic review papers about the friction stir welding of magnesium alloys. In order to
provide an in-depth understanding of the FSW of magnesium alloys and further improve their joint
properties, this review paper first gives a brief description of friction stir welding technology (Section 2).
Then, this paper mainly focuses on several critical questions such as an analysis of macrostructure,
microstructure, and the mechanical properties of FSW joints in magnesium alloys (Sections 3–6).
Finally, the conclusions, including future challenges and research directions, are discussed.
2. Brief Review of Friction Stir Welding (FSW)
Friction stir welding has been in development for 25 years and was originally intended to be used
in the joining of aluminium alloys. By now, the reach of FSW has extended to a variety of materials
including steels and all kinds of light metals; it is possible that it will replace conventional fusion
welding in the future. As FSW is capable of joining magnesium alloys without melting, and thus the
metallurgical problems associated with it can be eliminated, good quality weld can be obtained [21].
FSW Equipment is relatively simple and mainly consists of a rotating shoulder and a pin, as
shown in Figure 1. The tool is defined as having an Advancing Side (AS) and a Retreating Side (RS),
respectively. The former is the region in which the welding speed vector and the rotational speed
are collinear (the directions between the two sides are opposite). During the welding process, the
non-consumable rotating pin is inserted into the faying surface of the sheets with a proper tilt angle
and then moved in the direction of the welding line. By means of a combination of tool rotation
and linear motion, weld metal undergoes strong plastic deformation and complex mixing around
the rotation axis [22]. Yang [23] and his colleagues have reported that three distinct regions, i.e., the
flow transition zone, the stir zone, and the torsion zone, were developed during the welding process,
due to a combination of rotational, horizontal, and vertical motions of the plasticized metal. Figure 2
clearly illustrates the distinct plastic flow of the metal around the rotation axis with a threaded pin tool.
Due to the friction of the shoulder, the metal underneath it first moves towards the pin tool (motion 1)
and then moves downwards along the pin surface (motion 2). After the metal arrives at the pin tip, it
is forced outwards and moves back following a helical rotational path (motion 3), as indicated via the
arrows in Figure 2. With the repetition of the three motions above, onion rings structures (stir zone)
are shaped in the joint. Colligan [24], Gerlich et al. [25], Guerra et al. [26], and Su et al. [27] also
reported similar metal flow and intermixing during friction stir welding process. However, metal
flow is significantly influenced by the geometrical shape of the pin. In case of cylindrical pin tool
without screw, the metal around pin undergoes simple extrusion, and there seems to be no downward
movement along the pin surface. Thus, this type of pin tool yields less stirring action, which induces
insufficient deformation of material and production of void in stir zone [28]. Zhang et al. reported that
the pin with flats acted as the cutting edge of a cutter, promoting more effective mixing. During the
FSW process, the metal is trapped in the flats and then released behind, which strongly increases the
flow of metal between the probe and matrix [20].
Friction stir welding achieves solid phase bonding not only by producing severe plastic
deformation but also by locally introducing frictional heat [29], and the metal flow mechanism and
thermal mechanism of FSW process are strongly coupled. Heat occurs because of friction between
shoulder and top surface of the sheets and, to a lesser extent, at the pin surface, which induces the
softening of butt material. Finally, metallurgical bonding is formed between the separated sheets.
In order to obtain sufficient frictional heat, the angle of the tool is fixed at a certain small angle.
It is difficult to accurately measure temperature of FSWed welds, therefore many finite element (FE)
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where µ is the local coefficient of friction, p is the normal pressure, ω is the angular velocity, and RS
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Figure
2. Schematic illustration of material flow during FSW.
Figure 2. Schematic illustration of material flow during FSW.

3. Macro-Defects of Friction Stir Welded (FSWed) Magnesium Alloys
During the FSW process, several macro-defects like porosity, hot cracks, voids, and tunnels, etc.,
are possibly generated due to insufficient material flow or excess heat input mainly influenced by
rotational speed (ω) and travel speed (υ) [28,37–43]. We have discussed that higher tool rotational
speeds generate larger heat, which results in more thermal stress during cooling process, while lower
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3. Macro-Defects of Friction Stir Welded (FSWed) Magnesium Alloys
During the FSW process, several macro-defects like porosity, hot cracks, voids, and tunnels, etc.,
are possibly generated due to insufficient material flow or excess heat input mainly influenced by
rotational speed (ω) and travel speed (υ) [28,37–43]. We have discussed that higher tool rotational
speeds generate larger heat, which results in more thermal stress during cooling process, while lower
tool rotational speeds lead to insufficient material flow due to the fact that the frictional heat is not
sufficient to promote joint material flow. Thus, joints without defects are only formed at optimum
rotational speeds. In case of the effect of welding speed, the defects are caused by too high or too slow
welding speed. Kim et al. [42] reported that excess heat input caused by the smaller travel speed lead
to a larger mass. However, increasing welding speed, the top part material is pumped downward into
the weld nugget zone, which results in sufficient material flow around the rotational axis. In addition,
higher axial force can increase the friction force between lower surface of shoulder and top surface of
sheets, which may cause excess heat input and thinner thickness [28]. In the case that the axial force
is relatively low, there is the possibility of insufficient stirring at the bottom of the stir zone. Thus,
according to the experimental data, the axial force of 3–5 kN is optimized for gaining a promising
welding joint.
Figure 3 summarizes the relationship between defects and different welding conditions (V, W)
with other parameters held constants [37,39–41,43–47]. There should be a good FSW condition
(condition I) where the appropriate welding speed and rotational speed leading to a promising
joint without defects. In the case of condition II (with lower welding speed and higher rotational
speed), excess heat input results in large amount of defects in the joint. As for the insufficient heat
input in condition III, severe defects (inner voids all along the weld) are formed at higher welding
speed and lower rotational speed. There is an interesting phenomenon that the joints without defects
are possibly obtained in Condition IV (high rotational speed and welding speed), which has been
discussed by Xin et al. in their study [43]. Such conditions can provide appropriate heat input, in which
the welding is characterized by relatively high stability of the tool load, thus presumably reflecting a
more stable character of material flow. From the aforementioned results, it can be found that defects of
FSWed welds are generated by improper temperature, and the peak temperature can be estimated by
Equation (2) [48]:
α
T
W2
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A welding procedure with optimal parameters generates the required heat input and suitable
material flow leading to the joint without macro-defects. Amount of previous literatures confirm that
various series of Mg alloys can be successfully bonded with a relatively wide range of welding
parameters. However, the joints without defects obtained at different parameters may cause different
microstructure and properties, which will be discussed in detail in the next section.
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Figure 3. Relationship between the macro-defects and the welding parameters.
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4. Macrostructure of FSW Joints
4. Macrostructure of FSW Joints
In terms of the distinct thermo-mechanical histories during the welding process, a unique Onion
In terms of the distinct thermo-mechanical histories during the welding process, a unique Onion
Ring can be frequently identified in the friction stir joint [16,36,48], as schematized in Figure 4. From the
Ring can be frequently identified in the friction stir joint [16,36,48], as schematized in Figure 4. From
center to the edge, the welding joint shows four regions, i.e., nugget zone (NZ), thermo-mechanically
the center to the edge, the welding joint shows four regions, i.e., nugget zone (NZ), thermoaffected zone (TMAZ), heat-affected zone (HAZ), and base metal (BM). Those zones with various
mechanically affected zone (TMAZ), heat-affected zone (HAZ), and base metal (BM). Those zones
features mainly result from different material flow. The HAZ is characterized by undeformed grains
with various features mainly result from different material flow. The HAZ is characterized by
and presents some grain coarsening (only due to the influence of heat). Thus, structure features of
undeformed grains and presents some grain coarsening (only due to the influence of heat). Thus,
HAZ and BM are broadly similar to each other. TMAZ experiences higher thermal histories and mild
structure features of HAZ and BM are broadly similar to each other. TMAZ experiences higher
material flow; as a result, there are elongated grains in TMAZ. In addition, the features of TMAZ in AS
thermal histories and mild material flow; as a result, there are elongated grains in TMAZ. In addition,
and RS are asymmetrical due to more severe material flow on the AS. Moreover, banded structures
the features of TMAZ in AS and RS are asymmetrical due to more severe material flow on the AS.
are observed in the interface between TMAZ and NZ, and they are clearly revealed in AS, while they
Moreover, banded structures are observed in the interface between TMAZ and NZ, and they are
are is not pronounced in RS. In case of NZ (under the tool), a number of fine grains are obtained, and
clearly revealed in AS, while they are is not pronounced in RS. In case of NZ (under the tool), a
the bottom is of finer grains than top zone. It is generally accepted that those equiaxed fine grains are
number of fine grains are obtained, and the bottom is of finer grains than top zone. It is generally
generated by recrystallization.
accepted that those equiaxed fine grains are generated by recrystallization.

Figure 4. Macro-structure of FSWed joint (TMAZ: thermo-mechanically affected zone; HAZ: heatFigure 4. Macro-structure of FSWed joint (TMAZ: thermo-mechanically affected zone; HAZ:
affected zone; BM: base metal).
heat-affected zone; BM: base metal).

5. Microstructure of FSW Joints
Attempting to provide deeper insight into the microstructure development of FSW joints, the
distribution of grain size, texture evolution, and grain development will be summarized in this section
in detail.
5.1. Distribution of Grain Size
It is accepted that the recrystallization and geometry during deformation lead to grain refinement
in FSWed welds [40,41,43,48–52]. The heat input of geometry deformation is different in different zones
of FSWed welds, which causes a different distribution of grain size. The HAZ with a distance far away
from the stirring tool has the characteristics of slightly coarser grains than those of the BM. It is very
possible that the material in this zone undergoes no plastic deformation but only heating exposure,
which induces grains growth. However, grain refining in the TMAZ mainly results from influence of
shoulder friction. Thus, there are partially, recrystallized refined grains and a few elongated grains
along direction of stirring action, following a grain-size gradient. This extraordinary microstructure
in the TMAZ is mainly due to insufficient heating temperature or strain of dynamic recrystallization
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during FSW [52]. In addition, the grain size in AS is a bit coarser than that in RS. It results from the
greater strain in AS [40]. In the case of the stir zone, the metals undergo extreme levels of plastic
deformation and thermal exposure (at elevated temperature), which normally leads to significant grain
refinement. As a result, the microstructure consists almost entirely of dynamically recrystallized grains
and the grain size is homogeneously centered on a smaller value. The specific character of SZ (stir zone)
may be explained in terms of the dynamic recrystallization during severe plastic deformation of FSW.
A high rate of the high-angle grain boundaries (HAGBs) (about 97.5) after FSW was observed in
cast Mg-Al-Zn [53], which indicates that dynamic recrystallization occurred in SZ. Moreover, some
investigations showed that dynamic recrystallization gives rise to low-angle grain boundaries (LAGBs)
and high-angle grain boundaries (HAGBs) [48,54]. However, of particular interest is the observation
that the grains in SZ grow up after FSW in some cases. This is attributed to the ultrafine, grained
microstructure of the base material, which is unstable in the thermal cycle during FSW. The heat
input generated by plastic deformation provides the driving force for recovery, which will lead to
grain growth in SZ [55]. Su et al. have pointed out the fact that the evolution of the grain structure
in SZ may be associated with grain boundary structure, grain size, and dislocation density of the
initial microstructure of the base material [56]. Ultrafine grained material, with a large quantity of
dislocations and high-angle boundaries, easily causes the growth of grains during friction stir welding
process. This phenomenon may be explained by the recovery, which leads to the growth of grain by
consuming defect density within the grains [57]. Moreover, the grain size is also affected by the initial
hardness, as was discussed by Chang et al. [58]. The material with lower hardness leads to lower
heat input.
5.2. Texture Distribution
It is well known that the very specific character of metal flow during FSW extremely likely
creates an inhomogeneous distribution of crystallographic texture in welds. In addition, due to the
limited number of available slip systems associated with hexagonal close-packed crystal structure,
magnesium alloys are very sensitive to crystallographic texture. As a result, a large number of
studies have revealed that strong local texture produced during FSW significantly influences the
microstructure [3,41,43,46,59,60]. Moreover, the distribution of texture obviously changes from
base material to stir zone associated with the non-uniform plastic deformation in different zone.
Plastic deformation of magnesium alloys is mainly attributed to slip deformation on the (0001)
basal plane, with the lowest critical resolved shear stress at room temperature. A large number
of researchers have pointed out that the complicated texture is also related to shear stress introduced
by stirring tool [61–63].
In the case of magnesium, the base material has no obvious texture or a moderate texture, with
the c-axis of (0001) plane nearly parallel to ND (normal direction). After FSW, a strong fiber texture
with the basal {0001} planes is formed in SZ, with the direction (basal (0001) planes) approximately
perpendicular to the welding direction. A number of studies have demonstrated that the formation of
this type of fiber texture (so-called B-fiber (0002) <uvtw> ideal simple shear texture) has contributed
to the simple shear stress introduced by the rotating shoulder or pin [48,54,59]. Many researchers
summarize the complicated orientation distribution in different zones of FSW joint (shown in Figure 4).
With the position moving from the interface (between TMAZ and SZ) to SZ along mid-thickness of the
welds, the c-axis of most grains tilt from TD to WD (welding direction) [44,50,59,60], and the initial
texture (introduced by rolling) decreases in strength, and a new texture with direction of <0001> nearly
parallel to WD appears. The formation of the strong <0001> k WD texture in welds is due to the simple
shear deformation produced by the rotating pin. Suhuddin and Park reported that metal in the SZ
sharply interacts with the pin, resulting in the corresponding alignment of the (0002) basal planes with
the pin column surface (the basal plane (0002) for the SZ has a larger maximum relative pole intensity
than that of the basal material [54,61]).

of the welds, the c-axis of most grains tilt from TD to WD (welding direction) [44,50,59,60], and the
initial texture (introduced by rolling) decreases in strength, and a new texture with direction of
<0001> nearly parallel to WD appears. The formation of the strong <0001> ‖ WD texture in welds is
due to the simple shear deformation produced by the rotating pin. Suhuddin and Park reported that
metal in the SZ sharply interacts with the pin, resulting in the corresponding alignment of the (0002)
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microstructural evolution in ZK60A magnesium alloy. They found that grain refinement preferentially
occurred around original grain boundaries, which resulted in the appearance of the “mixed structure”
(coarse bands and small equiaxed grains). Furthermore the structural characters of discontinuous
and continuous recrystallization were observed in NZ. This phenomenon indicated that this process
may be related to discontinuous and continuous recrystallization. Therefore, although nearly no
twins are observed in the welds after FSW, it should be emphasized that twinning plays an important
role on microstructural evolution of FSW joint, which is also demonstrated by other studies [67,68].
Due to the insufficiency of the basal slip to accommodate arbitrary strains in magnesium, twinning
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6. Mechanical Properties of FSW Joint
6.1. Microhardness
The micro-hardness is inhomogeneously distributed in FSW welds, which is related to the
grain size, crystallographic texture, dislocation density, and distribution of hardening phases.
The Hall–Petch parameter is utilized in revealing relationship between hardness (HV ) and grain
size (d) by Chang et al. [58]. The hardness can be expressed as follows (Equation (3)):
1

HV = 40 + 72d− 2

(3)
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It shows that the hardness value increases with the reduction of grain size. That is to say, for the
magnesium alloys AZ31 and AZ61 with less eutectic phases, the hardness of FSW welds is associated
with grain size in different zone. Some studies have demonstrated the effect of grain size on the
mechanical properties of FSW welds [41,51,52,55], in which more refined grains obtained in SZ lead to
an increase of hardness. However, Salih et al. found that the micro-hardness in the nuggets (with the
lowest grain size) is lower than that in base material [17], which is in disagreement with the Hall–Petch
relationship. It is very possible that distribution of hardening phases exerts a significant influence on
the micro-hardness. This result was confirmed in a later study by Kouadri-Henni and Barrallier [40].
In case of as-cast AZ91 (solid-solution hardened magnesium alloy), a large number of eutectic phases
(α-Mg + β-Mg17 Al12 ) in SZ are dissoluted, and a majority of β-Mg17 Al12 phases are dissolved into
the α-Mg matrix due to the thermal cycle and mechanical stirring, which indirectly decrease the
micro-hardness in SZ. Compared to the effect of grain size and hardening phases, crystallographic
texture and dislocation density have relatively less effect on the hardness of FSW welds; it also possible
that more studies are focused on the former. Another interesting point is the observation that hardness
exists as a sharp change in the edge of the pin [17,41,55], which may result from many factors. However,
it is still unknown which factor plays a predominant role in this zone.
6.2. Tensile Properties
After FSW, the yield strength, ultimate tensile strength, and elongation of the joints decrease
to different extent compared to the original material. A large number of researchers stated
that strong micro-texture introduced by FSW plays a dominant role in the variation in tensile
properties [3,43,51,52,55,59,60,71,72]. Xin et al. reported that fracture occurs on interface between
TMAZ and SZ of the AS, and the yield strength of the joint was largely reduced compared to that
of the basal material (from 123 to 73 MPa) [43]. It may be attributed to the corresponding texture
transition in this fracture interface. Park et al. discussed that the (0001) plane is roughly perpendicular
to the WD in NZ, while most grains in TMAZ have the (0001) plane perpendicular to the TD. Thus,
there may be a zone with the (0001) plane of grains lying at 45◦ to the TD. It is very possible that
the maximum resolved shear stress on (0001) basal planes of the grains is obtained in the particular
interface above, which results in a significant reduction in the tensile properties and fracture in this
zone [52]. In addition, Liu et al. [59] reported that the cracks may originate from the triple junction
region of TMAZ, SZ, and CZ, which is due to the complicated extension twinning associating with
textural variation. It also demonstrated that drastic textural variation induces the inhomogeneous
twinning pattern, which leads to the fracture in this zone. In order to clarify the formation mechanism
of the crack, Mironov and his colleagues systematically described the development of the crack in
FSW weld during the tensile test [3]. Their studies showed that the cracks were favored at the bottom
surface of the stir zone, and the final crack path was changed towards AS, which is attributed to
the activity of double {1011}–{1012} twinning associating with the particular texture as well as the
relatively high strain accumulation, respectively.
The yield strength is also related to the grain size [43,71], and this relationship can be estimated
by Equation (4):
1

σy = σ0 + kd− 2

(4)

where σy is the yield strength of material, d is the grain size, σ0 is the friction stress, and k is a
constant. It indicates that yield strength of FSWed joint increases with the decreasing of the grain size.
Chen and Fujii investigated the effect of grain size on the mechanical properties of FSWed weld [41].
The yield strength and ultimate tensile strength of the fine-grained joints are higher than those of the
coarse-grained joints. This result was confirmed in a later study by Pan et al. [51]. They found that
the joint with low average grain size of 5.2 µm is of a higher yield strength than the joint with large
average grain size of 8.3 µm.
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Besides crystallographic texture and grain size, dislocation density also strongly influences the
tensile properties. The following strain hardening model takes into account the effects of grain size
and dislocation [73]:
σ = σ0 + σHP + σd
(5)
1

σHP = kd− 2
σd = MαGbρ

− 21

(6)
(7)

where σ0 is the frictional contribution, σHP is Hall–Petch contribution, σd is Taylor dislocation
contribution, ρ is the dislocation density, α is a constant, M is the Taylor factor, G is the shear modulus,
and b is the Burgers vector. It is well known that the plastic deformation is related to the slip and
twinning in magnesium alloys, and the slip is associated with the dislocation motion. Humphreys
reported that, due to recrystallization, the zone in FSW weld with refined grains has a greater total
grain boundary area, which may impede the dislocation motion [74].
7. Conclusions and Future Challenges
Comparing traditional welding and FSW to weld magnesium alloys highlights the pronounced
microstructure and superior mechanical properties of the welds of FSW. By means of adopting
appropriate process parameters, the required heat input is attained. Increasing the rotational speed
or reducing the welding speed optimally can result in higher heat input and thus promote suitable
material mixing. Most of the studies are focused on the optimization of process parameters and
evaluation of microstructure evolution of Al-Mg series magnesium alloys. The maturity of adopting
FSW to joint magnesium alloys is still at an early stage in industrial application.
Widespread applications of FSW of magnesium alloys are still limited due to a key issue: the
significant reduction of tensile properties at the interface between TMAZ and SZ. Early research
indicated that the decrease in strength is associated with many factors. Thus, there is a clear need
for more effort to understand the dominant effect causing the decreasing strength. Furthermore,
there is no general means to enhance the strength of the joints. Thus, further systematic studies
need to be carried out to deal with the drawback of low strength. For instance, some literature has
shown that the addition of a metallic foil interlayer between the welded sheets markedly improves the
mechanical properties. To the authors’ knowledge, studies of the addition of metallic foil are limited
and few researchers are focused on adjusting the IMCs formation by adding external foil materials.
Further work needs to be carried out to define the welding parameters and the types of metallic foil
used for various magnesium alloy joints.
Furthermore, outstanding FSWed joints are obtained by means of the appropriate flow of
plasticized metal, which is associated with tool rotation speed, traverse speed, and axial pressure.
The microstructure evolution and mechanical properties of magnesium alloys bonded by FSW are
largely dependent on the flow of metal in the joints. However, there are limited data on the relationship
between welding parameters and the flow of metal. More effort is needed to obtain the pronounced
joints of magnesium alloys by inhibiting the inappropriate flow of metal.
Finally, it should be emphasized that present studies have provided an insight into the
characterization of the final microstructure in the stir zone. However, relatively little attention
has been paid to how the microstructure actually develops and which mechanism governs the
microstructural evolution during the FSW of different types of magnesium alloys. Thus, combined
with the “stop-action” technique, more efforts are needed to fill this important technical gap.
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