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The widespread application of wrought magnesium alloys is hampered by their insufficient
formability at room temperature. The tensile ductility of a newly developed Mg-Mn-Ce alloy
has been dramatically improved by friction stir processing (FSP). The microstructure of the stir
zone was characterized mainly by elongated fine grains which were highly separated by low-
angle grain boundaries because of the high contribution of continuous dynamic recrystalliza-
tion. A new {0002} distribution with high basal plane tilt angles which facilitated hai basal slip
when the specimens were pulled along the FSP direction was obtained. Both the enhanced basal
slip and crystallographic orientation evolution of Mg crystals increased the strain hardening
exponent of the FSP specimen, and hence improved its tensile ductility. A material flow model,
developed based on the local textural evolution, could reasonably explain the phenomenon that
the FSP specimen exhibited warping and a high normal anisotropy ratio during tensile test.
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I. INTRODUCTION

OWING to the importance of fuel economy and
environmental awareness, magnesium alloys have been
increasingly adopted in automotive and aerospace
industries and are expected to be extensively used in
the future, because of their low density, high strength/
mass ratio, and good recycling efficiency.[1,2] Wrought
Mg alloys attract special attention since they have better
mechanical properties than cast Mg alloys. However,
the application of wrought Mg alloys has been strongly
limited because of their poor formability at room
temperature.

The poor formability of wrought Mg alloys has been
attributed to the limited number of active slip systems in
hexagonal close-packed (hcp) structures and to the
strong basal texture generated by rolling or extrusion.[3,4]

Recently, however, there have been some instances[5–8]

where the ductility is improved in Mg alloys through
grain refinement and/or textural development even at
room temperature. A typical example is that of equal-
channel angular pressing-processed AZ31B Mg alloy,
with specific orientations exhibiting tremendous ductility
of 45 pct combined with a low yield stress and good
hardening response.[8] This suggests that the poor

ductility of Mg alloys is not their intrinsic nature but
relates to their microstructural conditions.
In Mg, the critical resolved shear stress (CRSS) for

nonbasal slip is about one hundred times as large as that
for basal slip.[9,10] The {10�12} h10�11i twin only occurs
when resolved stress is applied along the c-axis.[11] In
normally rolled Mg alloys, the basal planes are oriented
parallel to the rolling direction, that is, the so-called
basal texture is formed.[12,13] Furthermore, the basal
planes in extruded Mg alloys are oriented parallel to the
extrusion direction.[14] If the rolled or extruded Mg
alloys are deformed along the working direction, then
the ductility is expected to be small because the shear
force does not operate on the basal plane because of
small Schmid factors close to 0.[15] Therefore, their
workability will also be small when secondary working
is carried out at room temperature using the rolled or
extruded Mg alloys.
Friction stir processing (FSP) which was devel-

oped from friction stir welding (FSW)[16] has been
demonstrated to be a simple, effective and versatile
metal-working technique for microstructural modifica-
tion.[17,18] Previous investigations[19,20] have demon-
strated the effectiveness of FSP on significant breakup
and dissolution of the coarse, network-like eutectic
phase and on remarkable grain refinement, leading to
significant enhancement in both the tensile strength and
elongation-to-failure of the cast Mg alloys. A few
primary studies have shown ductility improvements in
the cold rolled and extruded AZ31 Mg alloys because of
the textural changes during FSP.[21–23] However, a
systematical study about the microstructural evolution
and deformation mechanism during subsequent tensile
deformation in the stir zone (SZ), especially the effect of
as-received FSP microstructure on the tensile deforma-
tion behavior is still lacking.
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MnE21 is a recently developed Mg-Mn-Ce alloy and
is characterized by high corrosion resistance, sound
weldability, considerable temperature resistance and low
cost, which has the potential to be widely used in the
automobile industry.[24] In the current study, hot-rolled
MnE21 alloy was first subjected to FSP. The objectives
are to: (a) investigate the material flow pattern and
recrystallization mechanisms during FSP; (b) show the
efficiency of using FSP to reconstruct texture and
improve the formation ability of Mg alloys; and (c)
clarify the textural evolution and deformation mecha-
nism during subsequent tensile deformation and its
effect on the tensile deformation behavior of Mg alloys.

II. EXPERIMENTAL

The chemical composition of MnE21 plates is listed in
Table I. The as-received 5-mm-thick hot-rolled MnE21
plates with a length of 240 mm and a width of 80 mm
were friction stir processed along the rolling direction
using a steel tool with a concave shoulder 16 mm in
diameter and a threaded conical pin 5 mm in root
diameter, 4 mm in tip diameter and 3.8 mm in length.
An anticlockwise rotation rate of 400 rpm and a
traverse speed of 50 mm min�1 were selected. The tool
was titled 2.5 deg away from the vertical axis opposite to
the processing direction.

Tensile specimens with a gage length of 20 mm, a
width of 4 mm and a thickness of 2 mm were cut from
the SZ along the FSP direction (Figure 1). For com-
parison, same sized tensile specimens with the tensile
direction parallel to the rolling and transverse directions
were cut from the hot-rolled plates, respectively (here-
after denoted as RD specimen and TD specimen).
Tensile tests were conducted on an Instron 8502 tester at
a strain rate of 1 9 10�3 s�1. At least six specimens were
tested for each condition. The changes in width and
thickness were measured on the failed tensile specimens
around the uniformly deformed gauge region. Normal
anisotropy ratio (r) were calculated in each specimen as

r ¼ Uw=Ut ½1�

where Fw and Ft are the true plastic strains along the
specimen’s width w and thickness t, respectively. For
the FSP specimen, Fw and Ft are estimated, respec-
tively, by

Uw ¼ 1=4 Uwt þ 2Uwm þ Uwbð Þ ½2�

Ut ¼ 1=4 Utr þ 2Utm þ Utlð Þ ½3�

where Fwt, Fwm, and Fwb are the true plastic strains
along the specimen’s width on the top, middle, and
bottom parts, respectively; Ftr, Ftm, and Ftr are the true

plastic strains along the specimen’s thickness on the
right, middle, and left parts, respectively.
Microstructural characterization and analysis were

carried out by X-ray diffraction (XRD) and scanning
electron microscopy (SEM). The specimens which were
cut from the grip and gage regions of the deformed
tensile specimens were lightly electropolished and then
subjected to EBSD examination. EBSD orientation
maps were obtained using a JSM-7600F operated at
20 kV and interfaced to an HKL Channel EBSD
system. Kikuchi patterns were obtained automatically
in steps of 0.33 lm. The average grain sizes of the
specimens were determined by the mean linear intercept
technique (grain size = 1.78 9 mean linear intercept).

III. RESULTS

A. Initial Microstructure of Hot-Rolled and FSP
Specimens

Figure 2(a) shows the EBSD map of the hot-rolled
MnE21 (hereafter referred to as HR specimen). The
colors in the microstructures indicate the different
crystallographic orientations of the grains which can
be seen in the inverse pole figures (standard orientation
triangles) as shown in Figure 2(a). The black and white
lines represent the high angle grain boundaries (HAGBs,
grain boundary misorientation angle ‡15 deg) and low
angle grain boundaries (LAGBs, grain boundary mis-
orientation angle <15 deg), respectively. The HR spec-
imen was characterized by equiaxed grains with an
average grain size of ~21 lm. Figure 2(b) shows the
frequency distribution of boundary misorientation
angles for the HR specimen. The average misorientation
angle was determined to be 39.3 deg. The fraction of the
HAGBs was 86 pct. The textures of the HR specimens in
the form of the {0002} and {10�10} pole figures are also
illustrated in Figure 2(b). The HR specimens tended to
exhibit a ‘‘basal’’ texture in which the majority of grains
are oriented such that their {0002} basal planes are close
to the plane of the sheet. However, the peak intensity is
~28 deg tilted away from the sheet normal direction
(ND) toward the RD. This anisotropy may be associ-
ated with the increased activity of nonbasal slip, hc+ai,
at elevated temperatures.[25] The corresponding pris-
matic planes {10�10} therefore tended to orientate
perpendicular to the sheet plane without distinctive
preferred orientation of the h10�10i poles within the basal
planes.
Figure 2(c) shows the grain structure on the cross

section of the FSP specimen. The location is ~2 mm
away from the FSP surface. This location was selected
to enable comparison with previous reports. The aver-
age grain size of the FSP specimen was ~9 lm which is
significantly smaller than that of the HR specimen. Most

Table I. Nominal Composition (Wt Percent) of MnE21 Alloy

Mn Ce Al Si Cu Fe Ni Zn Cl Mg

1.6–2.0 0.6–1.0 £0.015 £0.01 £0.008 £0.005 £0.001 £0.015 £0.002 bal
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Fig. 1—Schematic illustration of (a) the location of tensile specimens in stir zone, and (b) configuration and size of tensile specimens.

Fig. 2—EBSD results of (a) orientation map of HR specimen (RD rolling direction; TD transverse direction); (b) grain boundary misorientation
angle distribution and pole figures of HR specimen; (c) orientation map of FSP specimen (BTD bottom to top direction; AS advancing side);
(d) grain boundary misorientation angle distribution of FSP specimen.
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of the grains were elongated and tended to align with the
pin rotation trace and were mainly separated by
LAGBs. A few fine equiaxed grains were observed
along the grain boundaries, particularly at triple junc-
tions. These fine equiaxed grains were completely
surrounded by HAGBs, and contained almost no sub-
boundaries. The misorientation distribution (Fig-
ure 2(d)) showed a sharp peak in the range from 2 to
3 deg, a broad concentration in the angular range from 2
to 30 deg, a wide gap in the misorientation interval in
the range from 32 to 86 deg and a small concentration in
the range from 86 to 94 deg.

Figure 3 shows the XRD patterns of the HR and FSP
specimens. After FSP, there were no considerable
changes in the number and the intensity of diffraction
peaks, indicating that FSP did not result in significant
phase solution and/or the formation of new phase in the
MnE21. The diffraction peaks of Mg and Mn phases
were detected in both the HR and FSP specimens.
Figure 4 shows the distribution of second phases in the
HR and FSP specimens. In the HR specimen (Fig-
ure 4(a)), many large Mn particles were observed. In the
FSP specimen (Figure 4(b)), the size of the Mn particles
was significantly reduced because of the breaking effect
of the threaded pin during FSP.

B. Tensile Properties of HR and FSP Specimens

Figure 5(a) shows the stress–strain curves of the RD,
TD, and FSP specimens. The TD specimen showed the
highest flow stress and the lowest elongation. The FSP
specimen exhibited the lowest flow stress and the highest
elongation. The ultimate tensile strength (UTS), yield
strength (YS), and elongation are plotted in Figure 5(b).
The YS, UTS, and elongation of the TD specimen were
136, 238 MPa, and 19 pct, respectively. The RD
specimen showed lower YS and UTS of 116 and 201
MPa, respectively, but higher elongation of 28 pct. The
FSP specimen exhibited the lowest YS and UTS of 41
and 115 MPa, respectively, and the highest elongation of
64 pct. The true stress–strain curves showed that the
highest true stress of 205 MPa was achieved in the FSP
specimen (Figure 5(c)). It should be noted that at a true
strain of 0.3 (engineering strain of 35 pct), the true stress
reached 143 MPa, which is higher than the YS of both

the TD and RD specimens. This demonstrates that the
FSP Mg-Mn-Ce has the potential to exhibit high yield
stress after deformation.
The deformation behavior of Mg alloys at room

temperature can be expressed by

r ¼ Ken ½4�

where r and e are the true stress and the true strain,
respectively; K is the strength coefficient; and n is the
strain hardening exponent. Therefore, the value of n
can be calculated by

n ¼ @ðlog rÞ
@ðlog eÞ ¼

e
@

@r
@e

� �
½5�

The variations of strain hardening exponent with true
strain for the TD, RD, and FSP specimens are summa-
rized in Figure 5(d). All the specimens exhibited similar
n values of around 0.23 at a low strain of 0.05. The n
values of all the specimens increased with the increasing
strain initially. After reaching a maximum value, the n
values decreased continuously with increasing the strain
further. Compared with the TD specimen, the RD
specimen showed higher n value increasing trend during
early stage and higher n value at each strain. It is noted
that the n values of the FSP specimen increased sharply
to 0.82 when the strain was increased to 0.25 and then
decreased continuously to 0.45 when the strain reached
0.45.
Normal anisotropy ratio (r) of the tensile specimens is

summarized in Table II. The TD specimen showed the
highest r value while the FSP specimen showed the
lowest r value. This interesting phenomenon is because
the FSP specimens were warped during the tensile test
(Figure 6).

C. Microstructural Characteristics of HR and FSP
Specimens at Various Strains

Figure 7 shows the {0002} and {10�10} pole figures
obtained from the gages of the failed TD and RD
specimens. The tensile deformation along the TD
reduced the spread of the {0002} peak intensity in the
TD and rotated the h10�10i axis roughly along the
TD (Figure 7(a)). Tensile deformation along the RD
reduced the basal plane tilt angles from 28 to 24 deg.
The h10�10i axis was also roughly aligned parallel to the
TD (Figure 7(b)).
Figures 8 and 9 show the {0002} and {10�10} pole

figures obtained from various regions on the surface of
the failed FSP specimens. It should be pointed out that
the top and bottom surfaces of tensile specimen are 0.5
and 2.5 mm away from the FSP surface, respectively.
Three observations can be made: (i) each {0002} pole
figure in the gage regions showed a concentrated strong
peak intensity and a dispersive weak one. The {0002}
planes expressed by the strong peak intensity tended to
randomly rotate around its h0002i axis as indicated by
the continuous intensity distribution of the {10�10}. (ii)
The basal plane tilt angles for grains expressed by the
strong peak intensity are similar to each other in the
same depth, the initial angles are ~56 deg and ~33 degFig. 3—XRD patterns of HR and FSP specimens.
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on the top and bottom surfaces, respectively, but after
the specimen was pulled to rupture, the angles decreased
to ~27 deg and ~23 deg, respectively. (iii) The intensity
of the weak peak intensity in {0002} pole figures
was greatly reduced after tensile deformation in any
observed region.
Based on the observations above, the microstructures

at different parts of the gage developed in a similar way.
Therefore, the region in the center of the bottom surface

Fig. 4—Backscattered electron images of (a) HR and (b) FSP specimens.

Fig. 5—Tensile properties of TD, RD, and FSP specimens: (a) engineering stress–strain curves, (b) summary of the YS, UTS, and elongation, (c)
true stress–strain curves, and (d) variation of strain hardening exponent with true strain.

Table II. True Plastic Strains Along the Specimen’s Width w
(Fw) and Thickness t (Ft), and Normal Anisotropy Ratio (r)

of Tensile Specimens

Specimen Fw Ft r

TD �0.109 �0.046 2.36
RD �0.099 �0.117 0.85
FSP �0.043 �0.388 0.11
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was subjected to EBSD analysis at various strains
(Figure 10). The microstructural characteristics ob-
served on the bottom surface of the FSP specimen
(Figure 10(a)) were mostly similar to that of cross
section (Figure 2(c)), except for the appearance of
banded regions which contained high density of irreg-
ular ‘‘green’’ grains. The ‘‘green’’ grains were sur-
rounded by HAGBs in the range from 80 to 90 deg.
Correspondingly, a distinct peak in the range from 80 to
90 deg was observed in the misorientation distribution
(Figure 10(b)). Five EBSD maps were examined, and all
of them showed the similar characteristics demonstrat-
ing that the appearance of banded regions is a common
characteristic in the FSP specimen. These banded
regions disappeared even at a low strain of 0.17
(Figure 10(c)).

Three microstructural evolution characteristics were
observed with the strain. Firstly, the density of LAGBs
in EBSD maps and the height of low-angle peak
increased gradually when increasing the true strain from
0 to 0.34 (Figures 10(b), (d), and (f)) but increased
sharply with further increase the true strain to 0.51
(Figures 10(f) and (h)). Secondly, newly twinned
‘‘green’’ grains were observed in EBSD maps at various

strains (Figures 10(c), (e), and (g)). Most of the ‘‘green’’
grains have lost their original morphologies, and were
transformed into irregular-shaped grains under the
subsequent deformation. This drastically decreased the
amounts of twin boundaries and scattered peak in the
range from 80 to 90 deg to that from 55 to 90 deg
concentration in the misorientation distribution (Fig-
ures 10(b) and (h)). Thirdly, the angles between the
h0002i axis and tensile direction in both the matrix
region and twined region increased with the increasing
strain (Figures 10(b), (d), (f), and (h)).

IV. DISCUSSION

A. Microstructural Evolution During FSP

1. Basal plane textural pattern
Many studies[26–29] have tried to understand the

material flow during FSW/FSP. From these results, it
was deduced that the material flow mainly occurred in
the tool rotating direction because of a shear stress on
the surface of the FSP pin. The slip deformation of hcp
Mg preferentially occurs on the {0002} basal plane.
Therefore, the material flow during FSP has an influence
on the distribution of the basal planes. The typical
observation which was carried out by Park et al.[26]

showed that the {0002} basal planes were roughly
parallel to the pin surface in most parts of the SZ except
for the regions near the upper surface. However,
different textural characteristics were observed in the
current study.
Figure 11 schematically shows the crystallographic

orientation of Mg crystals based on the pole figures
(Figures 2(d), 8 and 9). The {0002} basal planes roughly
surrounded the pin from the retreating side to the
advancing side (Figure 11(a)), which is similar to
previous reports.[26] However, there was a large angle
between the base planes and the pin surface and the
angles tended to increase with increasing the depth
(Figure 11(b)). This is mainly associated with the fact
that the small-sized tool and low rotation rate used in
the current study resulted in lower thermal input and
lower material flow during FSP,[30,31] which could be
further confirmed by the existence of large-sized Mn
particles (Figure 4(b)) and high fraction of LAGBs
(Figures 2(d) and 10(b)) in the SZ. Furthermore, the
angles between the base planes and the pin surface

Fig. 6—Optical micrographs of the cross sections perpendicular to the tensile direction obtained from the gage regions of (a) undeformed, and
(b) failed FSP specimens.

Fig. 7—Pole figures obtained from the failed (a) TD and (b) RD
specimens.
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tended to increase with the increasing depth. This could
be attributed to the decreased deformation temperature
at deep region during FSP. Therefore, a new basal plane
distribution is shown in the current study (Figure 11).

2. Grain structural evolution
As mentioned in the previous section, the material in

the SZ experienced an intense plastic deformation
during FSP, producing substantial microstructural
alterations, such as the crystallographic textural and
grain structural evolutions.[20,26] In previous studies,
FSP could produce the fine equiaxed and fully recrys-
tallized grains with average grain sizes less than 3 lm in
Al alloys[32,33] and Mg alloys.[31] However, in the current
study, the SZ consisted of grains with an average size of
9 lm. This could be associated with the low material
flow and special recrystallization mechanism in MnE21
alloy because of a small-sized tool and a low rotation
rate.

EBSD maps (Figures 2(c) and 10(a)) showed that the
microstructure can hardly be described adequately in
conventional terms of just grains. Instead, the dominant
microstructural feature is a mixture of HAGBs and

LAGBs. This is different from the residual microstruc-
ture in the other FSP Mg alloys that exhibited an
equiaxed grain structure with a high fraction of HAGBs,
which is commonly referred as being ‘‘recrystal-
lized,’’[20,31,34] but is similar to the microstructure
developed near the pin keyhole in FSW AZ31 Mg[35]

and to the microstructure in the severely deformed
materials,[36,37] in which the dislocations piled up to
form LAGBs.
The FSP specimen had a strong {0002} huvtwi B-fiber

texture. This means that the grains were arbitrarily
rotated around the h0002i axis. Owing to the limitations
imposed by the symmetry of the hcp crystal structure,
the maximal rotation angle around the h0002i axis is
limited to 30 deg, since rotations to a greater angle have
a symmetric equivalent with a rotation angle of less than
30 deg.[35] Therefore, the strong {0002} huvtwi B-fiber
texture resulted in a concentration from 2 to 30 deg
angle range in the misorientation distribution of the FSP
specimen (Figures 2(d) and 10(b)).
If the LAGB formation is dominated by the HAGB-

to-LAGB transformation because of the formation of B-
fiber texture, then a random misorientation distribution

Fig. 8—Pole figures obtained from the top surface of the failed FSP tensile specimens.
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in the range from 2 to 30 deg will appear. However, a
sharp peak within the range from 2 to 3 deg (Fig-
ures 2(d) and 10(b)) was observed, which should be
associated with the progress that the dislocations were
arranged in the form of cell walls or LAGBs during
FSP. Usually, such microstructures would develop into
boundaries with higher misorientations with the increas-
ing deformation strain because of continuous absorp-
tion of dislocations on LAGBs. This mechanism of
grain formation is that of continuous dynamic recrys-
tallization (CDRX).[35–37] The recrystallized grains in
the SZ being largely surrounded by the LAGBs indicate
a high contribution of the CDRX during the FSP.

Further analysis showed that the crystallographic
orientations of the fine grains which appeared along the
grain boundaries or at the triple junctions in the SZ
(Figures 2(c) and 10(a)) were not random but close to
the matrix. The misorientations between the fine grains
and the matrix were mostly in the range of 15 to 30 deg.
This indicates that their origins are associated with the
discontinuous dynamic recrystallization (DDRX).[36]

The manner in which the recrystallization texture
developed from a particular deformation texture and

microstructure has been the subject of controversy for
more than 6 decades[36], and during the whole of that
period, two major theories, i.e., oriented nucleation
theory and oriented growth theory, have been strongly
advocated. Though there is no evidence that nuclei
random orientations ever occur, it still cannot confirm
the origin of recrystallization texture in the current
study, because the fine grains in the SZ were several
microns in size, which reached the early stage of grain
growth.
EBSD maps showed that the wedge- and irregular-

shaped ‘‘green’’ grains were mainly distributed in some
banded regions in the SZ (Figure 10(a)), indicating the
nonuniform deformation during FSP. The misorienta-
tions between the ‘‘green’’ grains and the matrix are
typically close to 86 deg h1�210i, thus indicating that the
active twin family is {10�12} extension twins.[38] The
transformation of the wedge-shaped twins into irregular
grains has been widely observed in Mg alloys.[39,40]

During the transformation, the misorientation between
the twin boundaries starts to deviate from the exact
twin/matrix relationships. The above observations dem-
onstrate that, a low proportion of {10�12} twins were

Fig. 9—Pole figures obtained from the bottom surface (2 mm below the top surface) of the failed FSP tensile specimens.
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Fig. 10—EBSD results obtained from the bottom surfaces of FSP tensile specimens that deformed to true strains of (a), (b) 0; (c), (d) 0.17; (e),
(f) 0.34; (g), (f) 0.51.
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formed in the initial stage, which were then effectively
destroyed by the subsequent deformation during FSP,
inducing the transformation of the 86 deg twin bound-
aries into HAGBs in the range from ~80 to 90 deg
(Figure 10(b)). This mechanism of the grain formation
is that of twining dynamic recrystallization (TDRX).[20]

The microstructure of the FSP sample was character-
ized by extremely high density of LAGBs (Figures 2(a),
(b), and 10(a), (b)). This indirectly indicates that the
dynamic recrystallization of the FSP sample was not
completed because of lower thermal input, slower
deformation rate, and insufficient deformation strain.
Such a microstructure is helpful to enable us understand
the microstructural evolution of Mg alloys during FSP.

B. Influence of Microstructural Evolution on Subsequent
Tensile Deformation Behaviors

1. Influence of microstructural evolution on tensile
elongation improvement

In Mg-Mn-Ce alloys, higher elongations correspond
well with higher n values (Figure 5) which represent the
strong ability of the material to retard necking. When
the n values are lower than the true strains, the Mg
alloys cannot delay necking (Figure 5(d)). This is in
good agreement with the well-known Consideré crite-
rion which predicts instability as shown in References
41, 42

n

e
¼ 1

@

@r
@e

� �
� 1 ½6�

The above results demonstrate that the high strain of the
FSP sample was attributed to its high n values at various
strains.

In single-crystal Mg, the CRSS for nonbasal slip is
about one hundred times as large as that for basal
slip.[9,10] Therefore, the basal slip is the dominant
deformation mechanism at room temperature. How-
ever, in polycrystalline Mg, if only the basal slip occurs,
because of the constraint by neighboring grains, then
only two independent slip systems are available out of
the required five. This causes strain incompatibility at
the grain boundaries and gives rise to the activation of
nonbasal dislocations as well as twins.[43,44] Previous
studies[13,45,46] showed that the CRSS for hai prismatic
system is only 2 to 5 times higher than that for basal slip
in polycrystalline Mg based on experiments and simu-
lations. These results indicate that the compatibility

effects at grain boundaries restrict the activity of basal
slip and, concomitantly, enhance the activity of nonba-
sal slip in polycrystalline Mg.
A few reports[46,47] also showed the activation of

pyramidal hc+ai slip at room temperature besides the
basal and prismatic slips. However, in the case of tensile
deformation at room temperature, the relative activity
of the hc+ai slip to the hai basal slip is less than
0.1.[46,47] This indicates that the activation of hc+ai is
possible, but its contribution to the strain is not
significant. Therefore, only basal and prismatic slips
were mainly considered in the current study.
Under a uniaxial tensile deformation condition, the

crystallographic orientation of each grain rotates such
that the slip direction of the particular slip system with
the largest Schmid factors is tilted toward the tensile
axis.[44] Based on this theory, the effect of hai basal slip
and hai prismatic slip on the distribution of Mg crystal
during uniaxial tensile deformation are schematically
shown in Figure 12. The crystal lattices are assumed as
rigid units. The activation of basal slip (Figure 12(a))
gradually leads to the rotation of the crystal lattice to
the orientation where the basal plane is aligned parallel
to the tensile direction, and therefore forming a fiber
texture. Simultaneously, a compressive deformation
roughly along the h0002i axis and an extended defor-
mation along tensile direction occur. Comparatively, the
activation of prismatic slip (Figure 12(b)) gradually
leads to the rotation of the crystal lattice to the
orientation where the h10�10i axis is aligned parallel to
the tensile direction. The prismatic slip also resulted in
an extended deformation along the tensile direction and
a compressive deformation along the direction perpen-
dicular to both the tensile direction and h0002i axis.
Based on the discussion above, the activation of basal
and nonbasal slips can be easily recognized in the pole
figures and r values of the tensile specimens.
High r value (Table II) and the phenomenon that
h10�10i axis was aligned parallel to the tensile direction in
the failed TD specimen (Figure 7(a)) demonstrated a

Fig. 11—Schematic illustrations showing the crystallographic orien-
tation of Mg crystals (a) parallel to the FSP surface, and (b) along
the centerline of the FSP region.

Fig. 12—Schematic illustrations showing the rearrangements of Mg
crystals under the effect of (a); (b) hai basal slip; and (c), (d) hai pris-
matic slip.
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high contribution of prismatic slip during tensile defor-
mation. The concentration of basal pole along the
tensile direction (Figure 7(a)) indicated the occurrence
of basal slip in the TD specimen which can be attributed
to the fact that the Schmid factors for the basal slip in
most grains are not absolutely zero. Most grains had
higher Schmid factors for basal slip in the RD specimen
than in the TD specimen (Figure 2(b)). Therefore, a
lower applied stress was needed for the basal slip
activation, resulting in lower YS in the RD specimen
(Figure 5). Compared with the TD specimen, the RD
specimen showed a reduced r value (Table II). All these
indicate that the contribution of basal slip in the RD
specimen was higher than that in the TD specimen.
Accordingly, the contribution of prismatic slip was
reduced in the RD specimen, which is further verified by
its {10�10} pole figure (Figure 7(b)) and low flow stress
(Figure 5).

The microstructural evolution during tensile defor-
mation is complex in the FSP specimen. The concen-
trated strong peak and dispersive weak peak represented
the basal planes of the matrix grains and TDRX grains
(Figure 10), respectively, based on EBSD observations
(Figures 8 through 10). Most of the matrix grains had
high Schmid factor for hai basal slip initially. Therefore,
the basal slip could be activated at very low applied
stresses. Upon increasing the strain from 0 to 0.17
(Figures 10(b) and (d)), the tilt angles of basal plane in
the matrix grains decreased from 33 deg to 31 deg
because of the basal slip. Correspondingly, the fraction
of LAGBs increased with the increasing strain. Upon
increasing the strain from 0.17 to 0.34 (Figures 10(d)
and (f)), a great tilt angle degression from 31 deg to 25
deg was observed, indicating the extensive activation of
basal slip. However, the extensive activation of basal slip
did not result in a great development of subgrain
boundaries (Figures 10(a), (c), and (e)). This indicates
that the dominant deformation mechanism was still one
of dislocation interaction and multiplication. Therefore,
the maximum n value was observed in this stage. Upon
further increasing the strain to 0.51 (Figures 10(f) and
(h)), it was observed that only a small tilt angle decrease
from 25 deg to 23 deg, demonstrating the reduced
activation of basal slip. Simultaneously, the fraction of
LAGBs increased sharply at this stage (Figures 10(e)
and (g)), suggesting the high contribution of dynamic
recovery. Therefore, the n values decreased with increas-
ing strain in this stage. Although the distribution of
prismatic planes {10�10} tended to be more concentrated
in the failed specimens, its maximum density was still
low (Figures 8 and 9). This demonstrated that the
dominant deformation mechanism during the tensile
deformation for the FSP specimen was one of basal slip,
which was accompanied by prismatic slip.

In the current study, the gradually formed twins
during tensile test rapidly lost their original shapes
through boundary migration, demonstrating the occur-
rence of TDRX. This phenomenon is significantly
different from that in twinning-induced plasticity
(TWIP) steels. In the TWIP steels, the gradual forma-
tion of deformation twins during deformation increased
the strain hardening because of the increased boundary

density and therefore dramatically enhanced their duc-
tility.[48,49] During TDRX, the twin boundaries migrate
into highly defective region and leave perfect crystals
behind them.[36] This process reduces the dislocation
density. Based on the fact that only low densities of
twins were observed in the FSP specimen, the contribu-
tion of {10�12} twin to n value was quit limited.
The discussion above demonstrates that the main

deformation behavior of FSP Mg alloy during tensile
testing should be as follows: During the initial stage of
deformation, there is an increase in the flow stress and
the n value as dislocations multiply and interact. In the
meantime, the decrease of the Schmid factor for basal
slip further accelerates the flow stress increment. How-
ever, as the dislocation density rises, the rate of recovery
increases. A microstructure with LAGBs developed
because of the rearrangement of dislocations. At a
certain strain, the n value begins to decrease with the
increasing strain because of high recovery. The speci-
mens cannot delay rupture when the n value is lower
than that of the true strain.

2. Influence of textural evolution on warping phenom-
enon
In order to investigate the effect of textural evolution

on warping phenomenon, the {0002} pole figures are
summarized on the cross section of the undeformed and
the failed FSP tensile specimens (Figures 13 and 14).
The peak intensities in all the pole figures tended to
move away from the center toward the circumference
with progress of tensile deformation. These can be
attributed to the fact that the activation of basal slip
gradually leads to the rotation of the basal plane to be
aligned parallel to the tensile direction. When the basal
slip is the dominant deformation mechanism, compres-
sive deformation mainly occurred along the h0002iaxis.
Based on the discussion above, Figure 15 schematically
shows the material deformation on the cross section of
the FSP specimen under the action of basal slip. There
are large deformation components along the thickness
and low deformation components along the width. This
model corresponds well with the fact that deformation
mainly occurred along the thickness. At both sides of
the upper parts, the deformation components along the
width move the material toward the centerline. Con-
versely, at both sides of the lower parts, the deformation
components along the width move material outward
from the centerline. Under the action of the opposite
deformation components, the tensile specimens warped
in the entire gage parts. This further confirms that the
tensile deformation of the FSP specimen was mainly
controlled by the basal slip.

C. Deformation Ability and Flow Stress

The current FSP Mg-Mn-Ce alloy possesses a large
portion of grains in orientations with many {0002}
planes aligning nearly 45 deg with respect to the FSP
direction, and therefore exhibits low initial flow stress,
enhanced n values, and excellent deformation ability
when tensile stress was applied along the FSP direction.
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This result provides a potential solution to enhance the
deformation ability of Mg alloys by textural reconstruc-
tion.

The significant gain of the tensile strain in magnesium
alloys through textural reconstruction is inevitably
sacrificed by the loss of the YS. The inadequate YS

Fig. 13—{0002} pole figures summarized on cross section of undeformed FSP tensile specimen.

Fig. 14—{0002} pole figures summarized on cross section of the failed FSP tensile specimen.
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would be a hurdle if using the FSP Mg alloys as load-
bearing materials without any additional treatments.
The authors believed that the YS of the alloys can be
enhanced through alloying, grain refinement, or other
solutions. These are the challenges that we shall deal
with in the future. From another perspective, the lower
flow stress satisfies the forming requirement because it is
beneficial for reducing the power required of the
forming equipment and prolonging the die life.

V. CONCLUSIONS

1. FSP produced fine grains 9 lm in size in a HR Mg-
Mn-Ce alloy. Most of the grains were elongated
along the pin rotation trace and were mainly sepa-
rated by LAGBs. A few fine equiaxed grains and
wedge-shaped twins were also observed.

2. A new basal plane texture was developed in the SZ
because of the low thermal input and material flow
during FSP. The {0002} basal planes roughly sur-
rounded the pin from the retreating side to the
advancing side. However, there was a large angle
between the base planes and the pin surface and the
angles tended to increase with increasing the depth.

3. EBSD analysis showed that the recrystallization
mechanism during FSP is mainly CDRX, but also
associated with DDRX and TDRX.

4. An enhanced hai basal slip during tensile deforma-
tion in FSP specimen resulted in significantly in-
creased n values, a high ductility and a reduced r
value. This demonstrated that facilitating basal slip
in polycrystalline Mg alloys by textural reconstruc-
tion using FSP is an effective method of increasing
their deformation abilities.

5. The deformation behavior of FSP Mg alloy during
tensile test is as follows. The flow stress increased
with strain initially because of the increase in the
Schmid factors for basal slip combined with dislo-
cation multiplication and interaction. New LAGBs
were developed because of the rearrangement of
dislocations. At a certain strain, the n value began
to decrease with further increasing strain because of
high recovery. Fracture occurred when the n value
was lower than the true strain.

6. A material flow model, developed based on the
local textural evolution on the cross section of FSP
tensile specimen, can reasonably explain the warp-
ing phenomenon during tension.
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