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Developing Ultrafine Twinned Microstructure
Enabled Excellent Strength–Ductility Synergy
in Mg–Al–Zn Alloy by Submerged Friction Stir
Processing

TAO SUN, FUJUN CAO, JINPENG HU, YIFU SHEN, XIAOYANG QU, and WEI XU

Traditional multi-pass friction stir processing (FSP) can homogenize the microstructure and
enhance the mechanical properties of magnesium alloy, but the thermal cycle between adjacent
passes will lead to a large heat-affected zone (HAZ), which will cause the inability to create large
high-performance areas. In this paper, magnesium alloy with ultrafine grains was correctly
prepared by multi-pass submerged FSP (SFSP), and a large number of fine tensile twins were
introduced into the stirring zone (SZ). The microstructure and properties of the SZ under
different processing conditions were characterized by scanning electron microscopy, X-ray
diffraction, electron backscatter diffraction, and transmission electron microscopy. The effects
of microstructure and substructure on mechanical properties were systematically studied. The
results show that the thermal cycle was seriously weakened and the HAZ was significantly
reduced compared with air-cooling FSP (AFSP). In addition, SFSP led to more uniform
distribution of second-phase particles and introduced high-density dislocations, while the
dislocation density decreased after AFSP. Although the high dislocation density tended to lead
to plasticity loss, this unique microstructure allows the material to achieve satisfactory
mechanical properties.
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I. INTRODUCTION

CURRENTLY, magnesium alloys, as the lightest
structural alloys, have received extensive attention
around the world due to their high strength-to-weight
ratio and recyclability.[1] They have great application
potential to improve energy efficiency in aerospace,
high-speed rail, and automotive. Unfortunately, dislo-
cation is dominated by basal plane slip during plastic
deformation at room temperature due to the hexagonal
close-packed (HCP) crystal structure, which results in
unsatisfactory comprehensive mechanical properties.
Furthermore, poor corrosion resistance is also a key
factor restricting the application of magnesium alloys.

For more than two decades, a large amount of
research has been devoted to improving the strength,
ductility, or corrosion resistance of magnesium alloys.
Xu et al.[2] produced a Mg–Li–Al alloy with ultra-high
strength and good corrosion resistance by strengthening
the processing technology and composition design. Wan
et al.[3] prepared nanocrystalline high-strength magne-
sium alloys by a conventional industrial method of
rotary swagging. Jung et al.[4] pointed out that rare earth
elements can change the stacking fault energy of Mg and
effectively hinder the movement of dislocations, thereby
significantly improving the strength of magnesium
alloys. Homma et al.[5] achieved successfully magnesium
alloy with high strength plasticity synergistic coordina-
tion by using the ingot metallurgical process combining
hot extrusion and aging. They demonstrated that the
high strength is the result of fine precipitates from aging
and dynamic precipitation at the grain boundaries
(GBs) of dynamically recrystallized grains. These
reports provide a lot of theoretical support for the
application of magnesium alloys. Although these pro-
cesses can efficiently optimize the properties of magne-
sium alloys, their high cost and complex process restrict
inevitably their industrial applications. In addition,
these processes are prone to lead to serious grain growth
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and brittle intermetallic compounds (IMCs) precipita-
tion, and other metallurgical problems.

Friction stir processing (FSP), as a severe plastic
deformation (SPD) technique, was developed based on
friction stir welding (FSW). The FSPed materials
usually do not undergo melting and solidification
processes.[6] Therefore, it naturally shows great advan-
tages in obtaining high-level magnesium alloys due to
their inherently superior ability to alleviate the
above-mentioned problems. Recently, Liu et al.[7] inves-
tigated the grain structure of the SZ of AZ31 after FSP
and proved that there was significant grain refinement
and mechanical property enhancement in the SZ. Liu
et al.[8] also proved the phenomenon. Liu et al.[9] found
that the corrosion resistance of FSPed magnesium alloys
was significantly strengthened due to the refinement of
the a-Mg matrix and the redistributed precipitates.
Douglas[10] and Liu[11] constructed large-sized Al alloy
and Mg alloy sheets by multi-pass FSP, separately.

Nevertheless, there are still several problems with the
FSP of Mg alloy. Previous studies[8,12–14] have demon-
strated that the HAZ temperature of magnesium alloys
during FSP can be as high as 350 �C to 450 �C
(recrystallization temperature �0.4 to 0.7 Tm), which
can lead to larger grain size in the SZ and HAZ and no
twinning, although the maximum temperature of Mg
alloy is lower than its melting temperature. This
phenomenon was reported by Lee et al.,[15] who found
that the grain size in the SZ can be larger than that of
the base material. They attribute the cause to grain
growth at high temperatures after welding. Indeed, the
formation of twins will be beneficial to improve the
synergistic effect of strength plasticity in magnesium
alloys.[16–19] Our team’s previous research[20] on dual-
phase steel has shown that the inhomogeneity of
microstructure along the thickness of SZ strongly will
affect the mechanical properties and corrosion
resistance.

Furthermore, the ductility of SZ is easy to reduce
after FSP, which is always a major problem of FSP. Liu
et al.[21] estimated the mechanical properties of SZ in
FSPed AZ31 and found that the elongation (El) of the
SZ is significantly reduced compared to that of the BM.
Zheng et al.[22] performed multi-pass AFSP of AZ31.
They discovered that the increase in the accumulated
thermal cycles and inputs resulted in a relatively
pronounced recovery. Similar results can be also found
in the FSP of AE42.[23] These results describe the fact
that FSPed magnesium alloy still lacks a good balance
between strength and plasticity. To improve the com-
prehensive performance of the FSPed Mg alloy, the
HAZ should be reduced and the cooling rate of the
workpiece should be increased. Therefore, lower heat
input is required during FSP.

The research of Xu et al.[24] proved that SFSP was a
very effective method to provide high-quality joints in a
variety of materials by reducing the thermal cycle due to
the high specific heat capacity of water. Furthermore,
Mabuwa[25] utilized the SFSP to prepare dissimilar
aluminum alloy joints and certified that the SFSPed area
was more ductile compared to the regular FSP. Also,
Rouzbehani[26] carried out friction stir welding of

Al-7075 alloy under water. They discovered that the
underwater environment increased the precipitates’
volume fraction and reduced the average grain. Der-
azkola et al.[27] implemented FSW on dissimilar Al/steel
joints with water cooling. They found that the maximum
temperature decreased significantly and the formation of
IMCs was limited due to low heat input.
It is well known[28] that the ultrafine grain can allow

for excellent strength–ductility synergy of the material.
Hence, it is crucial to reduce the heat input in the FSP
process, because the grains are difficult to grow under
relatively low thermal cycling.[20] It has been proven[29]

that configuring an additional cooling system to assist
the FSP is an effective strategy for the preparation of
ultrafine grain. It is worth mentioning that Mg alloys
with HCP structure not only have low stacking fault
energy[30] but also are prone to twinning in the process
of the SPD.[31] The appearance of twins is beneficial to
alleviate dislocation packing at GBs, thereby increasing
the ability of grains to store dislocations to enhance
plasticity.[22] Not long ago, Tan et al.[32] implemented
FSP on AA 3003 aluminum alloy sheets under different
cooling conditions and found that the size of recrystal-
lized grains in SZ decreased obviously with decreasing
welding ambient temperature.
As mentioned earlier, SFSP can significantly domi-

nate the heat input of SZ. Furthermore, SFSP exhibits
potential advantages in preparing Mg alloys with
ultrafine grains and twinned structures. The lower
melting point and susceptibility to oxidation cause Mg
alloys to be extremely sensitive to temperature and
processing atmosphere. As a consequence, SFSP may be
a more ideal processing way for Mg alloys. However, so
far, there are few relevant investigations on the SFSP of
magnesium alloys. Although there have been some
implementations of SFSP for Mg alloy,[8,30,33,34] the
cooling device they use cannot achieve water circulation,
so the cooling effect is restricted. At the same time, these
studies lack a comprehensive discussion on mechanical
properties.
In this study, the SFSP on Mg–Al–Zn alloy was

implemented using a homemade cooling apparatus with
circularly flowable normothermic water as a cooling
medium. Meanwhile, AFSP was implemented to facil-
itate better analysis of the advantages of SFSP and thus
probe the applicability of SFSP Mg alloy. The grain
structure, twinning morphology, texture characteristics
of SZ, and their effects on mechanical properties were
explored systematically.

II. MATERIALS AND METHODS

A. FSP Experiment and Materials

The base materials (BMs) are the hot-rolled
Mg–Al–Zn alloy plates with dimensions of 160 mm 9
120 mm 9 6 mm and their chemical composition
includes 2.328Al, 0.993Zn, 0.351Mn, 0.054Si, 0.013Cu,
and 96.261 Mg (wt pct). Four-pass FSP experiments
were performed, respectively, while maintaining the
same rotational (800 rpm) and transversal speeds
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(50 mm/min). The rotation tool made of H13 steel,
which underwent heat treatment, remained a tilt angle
of 1.8 deg and an axial shoulder tie in the depth of
0.2 mm during processing at each pass. The tool with a
shoulder diameter of 24 mm comes with a conical pin
5 mm in length, which has a root diameter of 6 mm and
a base diameter of 4 mm. A newly high-efficiency
cooling system was designed to obtain fast heat dissi-
pation during the experiment, as shown in Figure 1(a).
To transfer the heat generated between the tool and the
sample during the FSP as quickly as possible, copper
mold was used as a backing plate. On the one hand, a
water tank is arranged on the upper surface of the
copper mold, which can ensure the flow of cooling
water. Room temperature water guaranteed to flow
during the experiment always flooded the workpiece
surface. The valves in the water inlet and water outlet
can regulate the flow rate of water. On the other hand,
two channels are machined under the surface of the
copper mold through which cooling water can dip and
flow. A water delivery device is used to ensure that the
flow of water fills the channel. Both methods of water
circulation are used simultaneously.

In order to verify the cooling effect of different
coolants on the thermal cycle during FSP, a wireless
temperature measurement system (WTMS) was used to
measure the SZ and HAZ temperatures in real-time.
Three K-type thermocouples with a diameter of 1 mm
were inserted obliquely into the shoulder through-hole
close to the SZ surface and in the advance side (AS) and
retreating side (RS) HAZ of the sheet (Figure 1(a)). The
feasibility of the WTMS has been verified by our team in
previous studies, as described by Cao et al.[20,35,36]

B. Microstructure Characterization

The samples perpendicular to the processing direction
were prepared in order to analyze the microstructure of
processed zones, as revealed in Figure 1(b). All samples
used for analysis in this work were extracted from FSP

material by wire EDM (Electrical Discharge Machin-
ing). The normal, transverse, and processing directions
were denoted as ND, TD, and PD, severally. The optical
microscopy (OM: OLYMPUS GX51), electron
backscattered diffraction (EBSD: Zeiss sigma 300),
transmission electron microscope (TEM: JEOL
JEM-2100 Plus), X-ray diffraction (XRD: Malvern
Panalytical, Empyrean) were used. The samples for
OM were ground, polished, and etched for 5 seconds in
a mixed liquid consisting of 1.5 mL HNO3 + 1 mL
CH3COOH + 1 g H2C2O4 + 150 mL H2O. The sam-
ples for EBSD were mechanically ground, mechanically
polished, and electropolished in 10 pct HClO4 + 90 pct
ethanol at � 30 �C and 20 V. After a lot of attempts, it
was determined that the scanning area is 400 9 300 lm
with a step size of 0.4 lm. The scanning area for all
EBSD tests was kept the same size and the same step
size. The same data cleaning was performed using
Channel 5 and AZtecCrystal software so that the data
could be compared. An equivalent circle diameter is
used to evaluate grain size. The average grain size (AGS)
is the average value of the equivalent circle diameter of
all grains. The calculation formula is dAGS = D/N,
where D is the sum of the sizes of all grains being
counted; N is the total number of grains to be counted.
The grains counted must be complete grains and exclude
grains at the boundary of the scanning area and grains
smaller than 0.8 lm (two steps). In addition, low-angle
GBs (LAGBs) are defined as the GBs with a misorien-
tation angle between 2 and 15 deg, and high-angle GBs
(HAGBs) refer to the GBs with a misorientation angle
above 15 deg.

C. Mechanical Property

Microhardness distribution generally reflects the dis-
tribution characteristics of the microstructure and pre-
cipitate phases. The microhardness of the cross section
of the samples after mechanical polishing was measured
using a microhardness tester (MHV-1000). The test was

Fig. 1—(a) schematics of SFSP and WTMS; (b) illustrates the position and size of the measured specimen. (Unit: mm).
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performed with a constant load of 0.98N, a holding time
of 15 seconds, and adjacent test point intervals of
0.25 mm. The Origin software was used to draw the
hardness cloud map to observe the change of micro-
hardness more intuitively. Room temperature tensile
tests were performed using an INSTRON 5965 testing
machine with a strain rate of 8 9 10�3 s�1. Meanwhile,
three tensile specimens with 3 mm thickness were made
along the PD and TD for each sample to guarantee
accuracy. Fracture topography and fracture character-
istics were analyzed by using scanning electron micro-
scopy (SEM, Hitachi S-4800). Figure 1(b) illustrates the
shape and size of the tensile specimen.

III. RESULTS AND DISCUSSION

A. Thermal Cycling During Processing

The thermal cycle of the processed material plays a
vital role in its structure and properties. It can give
information on the maximum temperature reached by
the material and the residence time of the material at a
certain temperature, so as to determine the rate change
of heating and cooling of the material in the processing
process. Since the temperature history of each pass is
similar, we take the temperature data of the fourth pass
for representative analysis, as presented in Figure 2. The
temperature history profile of the rotation tool is shown
in Figure 2(a). The maximum temperature of SFSP was
291.7 �C, considerably lower than that of AFSP (421.1
�C). According to the Mg–Al phase diagram,[37] eutectic
structures that reduce the mechanical properties of
materials will not appear during processing. According
to Darras et al.,[34] the thermal conductivity of materials
has a great impact on the thermal field of the processed
materials. High thermal conductivity will cause the
temperature of the SZ to rise along the pass, and low
thermal conductivity will easily lead to a higher tem-
perature gradient. Compared with other engineering

materials such as aluminum alloys, the thermal conduc-
tivity of magnesium alloys is considered to be medium.
Therefore, under the induction of flowing water, the
temperature field of magnesium alloy is expected to
become very stable. The thermal cycle curve shows that
the temperature of SZ increases continuously during
processing, but tends to be flat under immersion
conditions. It implies that SFSP has a more stable ther-
mal cycle for magnesium alloy than AFSP, which will be
conducive to inducing the uniformity of structure and
mechanical properties.
The temperature history of HAZ under air and water

cooling is shown in Figure 2(b). The maximum temper-
ature of AS is higher than that of RS, which has been
reported in most of the literature.[8,12,35,38] The maxi-
mum temperature of HAZ (AS-116.7 �C, RS-117.9 �C)
in the water-cooled environment is noticeably lower
than that in the air-cooled environment, and the
temperature gap between AS and RS is significantly
reduced. Temperature history implied that flowing water
has a strong cooling effect during FSP, consistent with a
previous report by Mabuwa et al.,[25] the main reason
for this is that the high specific heat capacity enables
flowing water to acquire strong endothermic and heat
dissipation capacities. It is easy to deduce that this
precipitous cooling effect brought about by water
cooling would inhibit heat conduction and thus influ-
ence the microstructure of the processing zone, espe-
cially reducing the grain size and the range of HAZ.

B. Macro-morphology and Microstructural Features

Figures 3(a) and (b) show the surface morphology
after FSP in air- and water-cooled environments,
respectively. In both cases, the surface morphology is
excellent. In contrast, the surface color of SFSP is
lighter, and the semicircular texture is more obvious due
to the faster cooling speed. We also have similar results
in the report of Chai et al.[39] The reason can be relevant
to the processing environment. SZ in direct contact with

Fig. 2—Temperature history curves under different cooling environments. (a) The temperature history of rotating tools; (b) The temperature
history of AS and RS.
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air will undergo severe oxidation at higher temperatures.
Workpieces in a water-cooled environment are isolated
from the air, so the surface is less likely to oxidize.
Moreover, plasticizing Mg alloy would harden rapidly
at fast cooling rates, which resulted in a more pro-
nounced semicircular texture. Figures 3(c) and (d) show
the cross-sectional morphology of AFSP and SFSP,
respectively. Figures 3(e) and (f) are the enlarged views
near the corresponding thermo-mechanical affected
zone (TMAZ). No macroscopic defects such as tunnels
and pores were observed in these cross sections. It is
easy to recognize the three typical areas in the cross
section including BM, TMAZ, and SZ. This is similar to
the regional distribution analysis of Shahnam et al.[30]

The lower temperature of FSP compared to the melt
welding process made it difficult to distinguish the
heat-affected zone (HAZ) from the grain size. Therefore,
we may as well group HAZ with TMAZ here. However,
combined with the results of Ghetiya et al.,[40] it can be
inferred that TMAZ would inevitably widen after four
passes of AFSP due to excessive thermal effects and
intense shear deformation.

The initial structure is a vital factor in determining the
properties of metals and alloys. The EBSD analysis
along the TD–ND plane is illustrated in Figure 4(a). It
can be seen from the figure that the initial structure after
hot rolling was not homogeneous. The grains were
equiaxed but varied in size, and the AGS is about
10.2 lm, as shown in Figures 2(a) and (b). The grain
boundary misorientation distribution confirms that
there are very few twins and the twins with analogous
orientations are shown by the black arrows in
Figure 1(a). The HAGBs are as high as 69.85 pct
(Figure 1(c)), which demonstrates that BM underwent a

long period of dynamic recrystallization (DRX) during
hot rolling.[41] About 3.31 pct of the GBs have a
misorientation angle in the range of 86 ± 1.5 deg, which
corresponds to the tension twin boundaries (TBs)
misorientation in Mg magnesium alloys (86 deg).[42]

Moreover, the existence of twins is also stated by a
distinct pole diagram analysis of the framed grain in
Figure 4(a), as shown in Figure 4(d).
Figure 4(e) is the pole figure of BM. It can be seen

from the figure that there is a pronounced basal texture
in BM (texture strength as high as 19.29). Indeed, tensile
twins are unfavorable to the activation of the based slip
system,[43] which represents that the twins will be
conducive to enhancing the mechanical properties of
magnesium alloys. Previous studies[44] have shown that
basal slip and dynamic recovery of dislocations are the
primary mechanisms of sharp texturing in magnesium
alloys.
Figure 5 illustrates the EBSD results. In contrast to

BM, grain refinement was obtained in both processing
environments, especially under immersion conditions, as
shown in Figures 5(a) and (b). The AGS of the AFSP
region is about 6.5 lm (Figure 5(a)), while the AGS of
the SFSP region was about 3.2 lm (Figure 5(b)). This
can be explained by the difference in the temperature
field. As mentioned in Section III–A, the thermal field
was very responsive to the submergence conditions,
which not only impacted the maximum temperature but
also the time taken for the material to exceed a certain
temperature. Lower maximum temperature and shorter
high-temperature residence time led to more grain
refinement and thus smaller grain size. Many previous
research results[20,25,45] can support this explanation.
Furthermore, a large quantity of small-sized (less than

Fig. 3—(a), (c) and (b), (d) are the surface and cross-section views after AFSP and SFSP, respectively. (e), (f) are magnified views of AFSP and
SFSP cross sections.
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1 lm) grains with uniform orientation were observed in
the SFSP region (Figure 5(b)). They can be judged as
twin structures preliminarily by the analysis results of
the BM. The formation of ultrafine twins effectively
reduces AGS. Furtherly, there are three common twin
structures in magnesium alloys, including the {1012}
tension twin, {1011} compression twin, and
{1011}-{1012} double twin, as verified by Liu et al.[46]

Figures 5(c) and (d) illustrate that a higher proportion
of twins are formed in the region after FSP compared
with the BM. The principal twins are the tension twin
and compression twin. The SFSP region forms a lot of
tension twins, indicated by red (striped) and black
(granular) arrows specifically in Figure 5(d). From
Figures 5(e) and (f), the proportion of LAGBs increased
after the FSP. However, the number of LAGBs below 5
deg in the AFSP region was significantly reduced, which
was the result of a more sufficient DRX. Interestingly,
both samples had a maximum of 86 ± 1.5 deg, indicat-
ing the presence of tension twins. It can be seen

quantitatively that the percentage of tension twin is up
to 20.54 pct after SFSP, more than three times the AFSP
area (5.51 pct). This phenomenon suggests that SFSP is
an effective means of twinning magnesium alloys. As
reported, the tensile twins are not conducive to disloca-
tion slip,[43] which means that the formation of tension
twins is conducive to upgrading the mechanical prop-
erties of the processing zone. For the above results, we
will make the following summary.
As a material with an HCP structure, the Schmid

factor of the base plane and prismatic plane of magne-
sium alloy is small, which will make it difficult to start
the slip mode so that twinning became the major plastic
deformation mechanism. Therefore, the materials will
flow tangentially under the driving of the high-speed
rotation of the tool. When the shear stress in the twin
direction reached the critical resolved shear stress, twins
were generated. Shang et al.[47] reduced the heat input by
adjusting the process parameters and successfully intro-
duced abundant twins in SZ. He also reported that the

Fig. 4—Microstructure of rolled BM (a) IPF map of TD–ND plane; (b) grain size histogram in IPF map; (c) Grain boundary misorientation
angle distribution of IPF map; (d) Grain and its pole figure corresponding to the red framed area in IPF map; (e) Pole figure analysis (Color
figure online).
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increase in the extrusion force of the shoulder is
conducive to the formation of twins. More specifically,
the increased temperature led to a decrease in the axial
force of the rotating tool, as demonstrated by Jain
et al.[48] The existence of cooling water can effectively
reduce the heat input of the processing zone. Although
the region of AFSP is also prone to form twins, due to
the high heat input, the DRX is fully carried out, so
fewer twins are left.

Additionally, the kernel average misorientation
(KAM) value in the SFSP region is 0.65 deg, higher
than that in the AFSP (0.42) and BM (0.55) region, as
shown in Figures 6(a) through (c). KAM is commonly
used to characterize the local strain distribution in
metallic materials and KAM is positively correlated
with dislocation density.[49] Therefore, the dislocation
density of different specimens can be compared by
KAM with the same step size. Cao et al.[20] recently

found that the average value of KAM was larger in the
area with large dislocation density. This means that the
dislocation density in the SFSP region has significantly
increased compared to the AFSP region. It is worth
mentioning that the KAM of AFSP was lower than that
of the BM, which means that the SZ of AFSP underwent
more DRX, which led to a decrease in dislocation
density. The degree of recrystallization was additionally
characterized using Grain Orientation Spread (GOS),
which is consistent with KAM’s discussion, as shown in
Figures 6(d) through (f). The average GOS value
(GOSAVE) of the AFSPed sample is the smallest (1.21),
which indicates that the AFSPed sample underwent the
fullest recrystallization. The GOSAVE of the SFSPed
sample reached 2.56, which suggests that insufficient
dynamic recrystallization occurred in the SZ in the rapid
cooling environment, which leads to an increase in
KAM values.

Fig. 5—IPF map, GBs, and Misorientation angle distribution under various cooling conditions: (a), (c), (e) AFSP; (b), (d), (f) SFSP.
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It is known from Figure 4(e) that the {0001} orien-
tation (texture) of the grains in the BM tended to be
close to the south and north poles of the pole figure, and
the distribution is relatively random. After FSP, the
proportion of grains with {0001} preferred orientation
increased and tended to rotate toward the south pole of
the projection plane, as shown in Figure 7. It illustrates
that the vigorous stirring of the rotation tool will have a
vital influence on the texture during the FSP. In fact, the
material flow near SZ is complex and directly driven by
the rotation of the mixing pin.[50] The SFSP samples
exhibited pronounced texture features with a c-axis
almost 16 deg away from ND and almost 85 deg away
from TD, as illustrated in Figure 7(a), from which the
formation of a typical texture in the SZ can be deduced.
The SZ of the AFSP also showed drastic textural
features with the c-axis almost 49 deg away from ND
and almost 56 deg away from TD (Figure 7(b)). The
pole densities of the AFSP and SFSP samples are close,
which is about 2.5 times that of the BM. It is shown that
the movement of GBs and the rotation of grain occurred
simultaneously in both processing environments. The
mechanical stirring of the rotating tool remained strong
despite the diminished thermal cycling underwater.

It is worth mentioning that the collection positions of
the specimens under both conditions are the same for
both conditions and the final pole density is approxi-
mate, but there is a large difference in grain orientation
(color of the inverse pole figure in Figure 5). The above
phenomenon can be explained by the difference in shear
stance and the deformation characteristics of the mag-
nesium alloy itself.[51,52] Magnesium alloys usually form
a strong shear texture under shear deformation condi-
tions, but this shear texture is similar to rotating because

of the different strain fields. The deformation of
materials is mainly shear during FSP, and the different
shear stress fields will produce different grain orienta-
tions. During the FSP of magnesium alloys under
different cooling environments, dynamic recrystalliza-
tion is unable to eliminate the orientation generated by
shear stresses in the SZ. Thus, even though we consider
that EBSD data are obtained in similar areas, different
grain orientations still exist because of different shear
stress fields.
Figure 8 shows the XRD analysis results of the

samples. The results show that both the base metal and
the FSP specimens are principally composed of a-Mg.
No other secondary phases were found, probably due to
the low content. We believe that the main reason for the
decrease in diffraction peak intensity after FSP is the
change in grain size.
This can be explained by the Scherrer formula[53]:

Dhkl ¼ kkð Þ= bcoshhklð Þ ½�

among b is the half peak width; Dhkl is the grain size in
the normal direction of {hkl} crystal plane; k is the shape
factor; h Is the angle of incidence; k Is the wavelength.
Therefore, when the X-ray incident on a small crystal,

its diffraction line will become dispersive and broadened.
The smaller the crystal grain, the wider the X-ray
diffraction band or the lower the intensity. In addition,
the crystal orientation is also an important factor. After
FSP, the basal plane in SZ undergoes vigorous agitation
and tilt, resulting in a low (0002) diffraction peak. The
analysis in Figure 7 has already revealed that FSP
caused the basal plane texture to deviate significantly
from the TD direction, which led to a decrease in the
intensity of the diffraction peaks.

Fig. 6—(a) to (c) represent KAM maps of BM, AFSP, and SFSP, respectively. (d) to (f) represent GOS maps of BM, AFSP, and SFSP,
respectively.
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In order to analyze the microstructure of SZ more
deeply, the distribution of dislocations, twins, and
precipitates was observed by transmission electron
microscope, as presented in Figure 9. After hot rolling,
the grain size of the BM was coarse and there were a few
dislocations in some grain boundaries, as presented in

Figure 9(a). Twins were not observed in BM because of
the rare amount. The dislocation density increased
evidently after four passes of FSP compared to BM,
especially for SFSP samples. Many dislocation tangles
and dislocation walls were induced in grains and
deformed twins, as shown in Figures 9(b) and (c). This
phenomenon quite corresponded well with the EBSD
analysis, which completely illustrated that higher dislo-
cation density and more ultrafine twins appeared in
SFSP. The essential reason for the phenomenon was
that the based slip system can be activated due to the
low critical resolved shear stress, and high-density
dislocations were formed in the twin region.[54]

The SZ was exposed to severe thermoplastic defor-
mation and dynamic recovery (DR) during FSP, and
thus DRX occurred under the strong mechanical stirring
of rotating tools. Subsequently, fine recovery grains and
recrystallized grains formed. A lot of studies[55–58] have
verified that dislocations will decrease sharply during
DRX. There are fewer dislocations other than twins in
the SZ of AFSP, and some sub-GBs are found
(Figures 9(b) and (e)), which signifies that the DR and
DRX are fully carried out because multi-pass processing
provided multiple thermal cycles. According to Liu
et al.,[7] the increase of heat input was conducive to
stimulating the DRX of magnesium alloy, but it is also
easy to lead to the growth of the second-phase particle.

Fig. 7—Pole figures of specimens under water- and air-cooled environment: (a) SFSP; (b) AFSP.

Fig. 8—XRD patterns of Mg–Al–Zn alloy in different states.
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Meanwhile, a lot of dislocation tangles and sub-GBs can
be found in the SZ of SFSP. According to Wang
et al.,[18] the TBs will continuously absorb the sub-GBs
so that HAGBs would gradually form when magnesium
alloy was subjected to high-speed strain. This process is
called twin-induced DRX, which means that SZ under-
went violent DR, but the DRX was not sufficient due to
the lack of heat input and lots of dislocations were
retained. Interaction between dislocations led to slip
difficulties and then the formation of dislocation walls.
The subsequent dislocation will be harder to move
through it. Eventually, dislocation walls that have
absorbed enough dislocations will transform into dislo-
cation tangles. Some dislocation entanglements and
dislocation walls were left and formed isolated segments
inside the grains and at grain boundaries.

The difference in precipitation phase distribution was
also noteworthy. The precipitated phase of BM was
shown as a large amount of acicular-like (marked by the
blue arrow) and punctate-like (marked by the red
arrow), as shown in Figure 9(d). The precipitates were
primarily distributed in dispersed punctation after FSP.
Some coarse precipitates were formed in the AFSP
region because of the higher processing temperature
(Figure 9(e)), while the precipitates in the SFSP region
were more dispersed and homogeneous (Figure 9(f)). It
has been reported[7] that the precipitates of AZ31 will
undergo ‘‘dissolution-precipitation-growth’’ during
FSP. Therefore, the final precipitate morphology and
size in the SZ often exhibit significant differences from
BM. They will inevitably dissolve into a-Mg under the
thermal effect.[59] A lot of metastable phases and
supersaturated solid solutions were formed because the
thermal cycling increased the diffusion rate of atoms and
shortened the diffusion distance.[23] In the subsequent

cooling stage, a lot of precipitates grew (Figure 9(e)) due
to the high-temperature residence time in the AFSP
region, while the fine-dispersed precipitated phases in
the SFSP region were retained under the condition of
rapid cooling. According to the Orowan mechanism,[11]

small dispersed precipitates contribute very significantly
to the increase in strength. The above results indicate
that the precipitation morphology of SFSP samples is
consistent with our expected results.

C. Mechanical Properties

The cloud maps of both samples in Figure 10 revealed
the microhardness characteristics. The average hardness
of the AFSP sample is 69.5HV, which is slightly higher
than the average hardness value of BM (62.6HV). In
contrast, the microhardness in SZ of the SFSP sample
with 86.3HV has a relatively high hardness value. The
samples produced a large-scale HAZ after four passes of
AFSP, but the HAZ of SFSP samples was not evident in
the hardness cloud map. This is because the water-cool-
ing effect reduced the influence of the thermal cycle on
HAZ so that HAZ retained the microhardness equiva-
lent to that of the BM. The above phenomenon is
consistent with the conjecture of Figure 3.
It has been reported that FSP/W will form softening

or hardening zones. When the strengthening precipitates
are coarsened and dissolved, it will lead to softening of
SZ and HAZ, which is especially noticeable in alu-
minum alloys.[26,45,58] Related reports also verified that
the SFSP of aluminum alloy can weaken the softening
effect caused by the precipitation phase through grain
refinement.[56] For magnesium alloys, most of the
available reports show that the microhardness of SZ
increases with the decrease in grain size.[7,8,15,47,60–62]

Our results are in perfect agreement with it.

Fig. 9—The TEM images of different regions: (a) to (c) are the dislocation density in BM, AFSP, and SFSP regions, respectively; (d) to (f) are
the precipitate distribution characteristics in BM, AFSP, and SFSP regions, respectively.
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In fact, the microhardness value is closely associated
with the thermal history. Temperature distribution
impacted the size and distribution of grains and precip-
itates. According to the well-known Hall–Petch rela-
tion,[63] an increased grain refinement effect led to
increased hardness. Nevertheless, the microhardness of
the AFSP samples did not increase significantly after
grain refinement. This can be explained by the change in
dislocation density. A decrease in dislocation density led
to a decrease in microhardness.[26] Sufficient DRX led to
a rapid drop in the dislocation density, even lower than
that of the BM, as shown in Figure 6(c), which
weakened the grain refinement strengthening effect.
The ultimate result of this ‘‘strengthening-weakening’’
effect is a slight increase in microhardness. On the
contrary, in addition to the more pronounced grain
refinement of the SFSP sample, the insufficient twin-in-
duced DRX led to the retention of a large number of
dislocations in the SZ, which are key factors for the
enhancement of the SZ microhardness of the SFSP.
Equally crucial, the contribution of the twinning-in-
duced hardening effect to the microhardness was also
considerable. In explaining the hardening mechanism of
titanium alloys, Fitzner et al.[64] mentioned that the
major contribution of twins to the hardening of titanium
alloys was by reorientation-induced hardening through
tensile twinning. This theory is also applicable to
magnesium alloys because of the same HCP structure.
Magnesium alloys with poor plastic deformation ability

are prone to form strong texture (Figure 7) in SZ during
SFSP, LAGBs provided a restricted barrier effect on
dislocation movement and twinning transmission, so the
k values (Hall–Petch slope) of the FSPed magnesium
alloys are relatively low[47,65] compared to magnesium
alloys constructed by other processing methods. Conse-
quently, the contribution of grain refinement on micro-
hardness was less pronounced than that of
twinning-induced hardening. From this perspective,
the twin-induced hardening effect and high dislocation
density may be the dominant role for the increased
microhardness of SZ.
Tensile properties of BM, TD-SZs, and PD-SZs

manufactured in different processing environments are
shown in Figure 11. For simplicity, the AFSP and SFSP
samples along the transverse and processing directions
are denoted as AFSP-TD, AFSP-TD, SFSP-TD,
SFSP-TD, respectively. Figures 11(a) and (b) show the
mechanical property of the AFSP-TD and SFSP-TD.
The FSPed samples show higher ultimate tensile
strength (UTS) than BM (275 MPa) and the SFSP
sample exhibits higher UTS (349 MPa) than AFSP
(296 MPa). The El of the AFSP specimen increased to
27 pct compared to BM of 24 pct. The El of the SFSP
sample was reduced to 20 pct, but the yield strength
(YS) (199 MPa) significantly increased compared to the
BM (161 MPa), while the YS of AFSP decreased to
153 MPa. Although the EI of the AFSP-PD was further
improved, it was still lower than the YS of the BM, as

Fig. 10—Microhardness distribution cloud plots of cross section under different cooling environments: (a) AFSP; (b) SFSP.
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shown in Figures 11(c) and (d). Surprisingly, the YS,
UTS, and EI of the SFSP-PD have surpassed the BM. In
summary, a satisfactory synergistic strength–ductility
improvement was obtained for the SFSP-PD.

There are three questions here that need to be
discussed in depth: (1) Why do all samples show better
plasticity along the PD? (2) What is the reason for the
decrease in yield strength of the AFSP samples? (3)
What is the mechanism by which SFSP samples syner-
gistically improve strength and ductility along the PD?

Firstly, it was reported that the texture of SZ along
the TD is inhomogeneous for Mg–Al–Zn alloys that
have undergone FSP.[66] The texture of the edges of the
SZ is often different from the middle of the SZ, which
will lead to poor intergranular coordination and thus
stress concentration, as shown in Figure 12(a), while
stretched sample can be uniformly deformed in the PD
direction (Figure 12(b)). As a result, the ductility of
samples along TD is always poorer than that of PD
specimens, regardless of whether they are AFSP or
SFSP samples. In particular, the SFSP-TD samples lost
4 pct of plasticity due to the uneven texture and the high
dislocation density. If the size of the tool pin is increased
to expand the width of the SZ, excel

strength-productivity along the TD is promising. Sec-
ondly, as mentioned above, the SZ of AFSP got
significantly finer and the dislocation density was lower
than that of the BM, which implied that the ability of
the grains to contain dislocations increased during room
temperature stretching.[20] This seems to counteract the
unfavorable effect of the inhomogeneous texture along
TD. Therefore, the AFSP samples exhibit good plastic-
ity both along the TD and also the PD. However, this
also leads to a decrease in yield strength. Therefore, it is
difficult for AFSP to realize the synergistic improvement
of the strength and plasticity of magnesium alloys.
Thirdly, the strengthening effects of the SFSP-SZ

were mainly attributed to fine-grain strengthening, twins
strengthening, and dislocation strengthening. Ultrafine
grains and twinning can contribute to reinforce-
ment[32,67] and the retained large number of dislocations
provided resistance to the movement of dislocations.[20]

The result was a significant increase of YS and UTS.
Meanwhile, the plasticity of the SFSP-PD samples was
significantly improved because the texture along the PD
was even and refined grain can also improve plasticity.
The appearance of twins is beneficial to alleviate
dislocation packing at GBs, which can increase the

Fig. 11—Mechanical properties of BM, AFSP, and SFSP along the TD and PD directions, respectively. (a), (c): engineering stress-elongation
curves; (b), (d): average UTS and El statistics of the corresponding stretched samples.
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ability of grains to store dislocations to enhance
plasticity.[22,67] In summary, fine-grain strengthening
and twin strengthening are effective means to realize
the synergistic strength–ductility improvement of mag-
nesium alloys, which can overcome the unfavorable
effect of high dislocation density on ductility. In
addition, reducing the loss of plastic SFSP samples
(containing a high density of dislocations) requires
avoiding uneven texture.

This phenomenon can also be illustrated by the
dislocation slip feature. The ability of dislocations to
be activated was also critical for the plasticity of
magnesium alloys. It is well known that the plastic
deformation of magnesium alloys at room temperature
was predominantly dominated by basal plane slips.[23]

Figure 13 illustrates the Schmidt factor (SF) distribution

of the basis slip system ({0002}h1120i) of SZ at room
temperature.[68] The SF diagrams come from the
microstructure of the specimen in Figure 5. It can be
seen that the Schmidt factors along the TD

(Figures 13(a) and (c)) were lower than that along the
PD (Figures 13(b) and (d)), which means that the basal
plane slip was more easily activated along the PD.
Therefore, SZs have higher plasticity along PD, which
agrees well with the results of mechanical properties. In
addition, most of the twins were in a soft orientation
(darker color), as shown in Figures 13(c) and (d). This
means that twinning can increase the ability of grains to
accommodate dislocations by absorbing dislocations
during forming. The Schmidt factor reduction of the
grains and the promotion of twinning together enhanced
the EI when the forming appeared along the PD.
Beyerlein et al. reported that deformation twinning
frequently exhibits non-Schmid behavior.[69] In addition
to ambient temperature and Schmidt factor, grain size
and grain boundary misorientation have a strong
influence on twinning behavior.
The tensile fracture morphology was characterized as

shown in Figure 14. It can be seen from Figure 14(a)
that a step-like morphology emerged at the fracture of

Fig. 12—Mechanism diagram of different ductility in different stretching directions: (a) TD; (b) PD.
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Fig. 13—The Schmid factor distribution of {0002}h1120i basal slip under different cooling environments: (a) AFSP-TD; (b) AFSP-PD; (c)
SFSP-TD; (d) SFSP-PD.

Fig. 14—SEM images of tensile fracture surfaces: (a, f) BM; (b, g) AFSP-TD; (c, h) SFSP-TD; (d, i) AFSP-PD; (e, j) SFSP-PD.
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the BM specimen, which was due to the presence of a
heap of coarse precipitates in the BM. The regions rich
in precipitates were prone to stress concentration during
the deformation process, which not only provided
nucleation sites for cracks but also changed the prop-
agation path of cracks.[23] Fine dimples, cleavage planes,
and tear ridges appeared on the BM fracture at high
magnification (Figure 14(f)), which indicates that the
tensile fracture mode of the BM specimen is more
inclined to brittle fracture. The fracture surface of
AFAP-TD is characterized by large dimples
(Figures 14(b) and (g)), which indicates better plasticity
during stretching. However, the dimples on the fracture
surface of SFSP-TD became blurred (Figures 15(c) and
(h)), indicating a reduced level of plastic deformation.[70]

In contrast, the dimples of the AFSP-PD and SFSP-PD
are more and deeper (Figures 14(b) and (c)). A large
number of large tear ridges and small shear lips imply
that the failure mode was a mixed ductile–brittle
fracture mode dominated by ductile fracture. It shows
that the FSP-PD samples showed good plasticity, which
is consistent with the tensile test results.[71] Particularly,
the samples of SFSP exhibited larger and longer tear
ridges (Figure 14(f)), which implied that significant
strength and plasticity improvements were obtained
simultaneously for the SFSP-PD specimen.[39]

To further reveal the mechanism of SFSP-PD
strength–ductility synergistic enhancement, the OM of
the crack boundary along PD was analyzed as shown in
Figure 15. Fine DRX grains and a large number of twins
were observed on the BM crack boundaries. Initial
coarse crystals were also observed, which indicated that
the plastic deformation was inhomogeneous. In con-
trast, the plastic deformation of AFSP-PD is more
uniform. More dense twins and DRX grains were
observed at the crack edges. DRX grains in the vicinity
of the crack have been reported to be caused by twins
where sufficient strain may be present.[72] Interestingly,
dense twins were not observed at the fracture bound-
aries of the SFSP-PD samples, while equiaxed recrys-
tallized grains dominated. A small number of elongated
grains and intersecting twins are observed away from
the fracture. This may be the result of fine grains and a
large number of nano-twins with sufficient strain. As a
result, the SFSP-PD samples are more prone to dynamic
recrystallization during deformation to increase

intergranular coordination, which leads to a synergistic
increase in the strength–ductility of SFSP-PD.

IV. CONCLUSION

High-quality modified regions with ultrafine grains
and twins were successfully prepared by multi-pass
submerged stirred friction processing (SFSP) on
Mg–Al–Zn alloys. The grain structure, twinning mor-
phology, texture characteristics of the stirring zone, and
their effects on mechanical properties were studied
systematically. The following conclusions can be drawn:

1. SFSP with flowing water significantly reduced the
maximum temperature compared to AFSP. Mean-
while, multi-pass SFSP was proved to be an
effective means of twinning magnesium alloys.

2. SFSP inhibited recrystallization and grain growth
compared to AFSP which had undergone sufficient
recrystallization, which was conducive to higher
dislocation densities.

3. Grain refinement, high-density dislocations, and
twinning-induced hardening significantly increased
the microhardness of the SFSP region.

4. It is difficult for AFSP to achieve a synergistic
strength–ductility improvement in magnesium
alloys because of the reduced yield strength,
although grain refinement and reduced dislocation
density were conducive to improved ductility.
However, the ultrafine twinned magnesium alloys
prepared by SFSP obtained a synergistic enhance-
ment of the strong plasticity along the PD.

5. The SFSP-PD specimen failed in a ductile–brittle
mixed fracture mode. Lots of tear ridges and
numerous dimples demonstrate excellent mechani-
cal properties.
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