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ARTICLE INFO ABSTRACT

Keywords: Macroscopic non-uniform deformation is usually found in deformed joints of friction sir welded (FSW) wrought
Non-uniform deformation Mg alloys, detrimental to the joint performance. In the present work, two kinds of FSW joints with different
Mg alloy stirred zone (SZ) structures were generated for extruded AZ31 plates. Comparative studies were conducted

Friction stir welding
Mechanical properties
Texture evolution
Twinning

aiming to unravel the underline mechanism of the non-uniform deformation and their effect on tensile prop-
erties. It was found that the occurrence of non-uniform deformation was associated with the special texture
distribution and twinning behavior in the SZ. The shape of concave sub-regions in the SZ coincided with the
distribution area of extension twins. Texture evolution showed that consistent lattice rotation occurred across
the SZ during tensile process. Schmid factor analysis revealed the role acted by basal slip and extension twinning
in sub-regions at various deformation stages. In addition, the non-uniform deformation behavior could be
suppressed by modifying the texture distribution through increasing the tool rotation rate, which meanwhile
could improve both the tensile strength and ductility of the joints. Digital image correlation measurements
provided detailed examination of the actual strain distribution evolved in the joints and demonstrated the

dominant contribution of strain localization to the tensile properties.

1. Introduction

With significant superiority in weight reduction for energy saving,
light structural materials like Mg alloys have aroused increasing re-
search attention for industrial application. The extensive utilization of
Mg alloys necessitates the selection of reliable welding techniques to
achieve sound joints with mechanical predominance. Friction stir
welding (FSW), as a solid state joining method, has been proved to be
quite workable to obtain ideal welds with fine and equiaxed grains
[1-3]. Despite the microstructure optimization, specific texture dis-
tribution was inevitably introduced in the stirred zone (SZ) [4-6].
Previous studies have confirmed the significant effect of the texture
induced strain localization on the mechanical behavior of FSW Mg al-
loys [7-12]. It was suggested that premature cracks preferentially in-
itiate in the regions subjected to severe deformation concentration and
deteriorate the joint performance. Accordingly, it is essential to pro-
mote understanding about the non-uniform deformation and unravel
the underline mechanism.

Some investigations have manifested the common occurrences of
non-uniform macroscopic deformation in FSW Mg joints when sub-
jected to various loading paths, like transverse tension and compression
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[13,14], bending [15,16], and stress fatigue [17]. Similar “concave-
convex” appearances could be found on the cross-sectional surfaces of
the FSW joints enduring different loading methods. Yang et al. [17]
recognized it as the consequence of the grain orientation distribution
and shear layers arrangement but no detailed analysis provided. He
et al. [18,19] used a multi-scale model to simulate the strain localiza-
tion, finding that slips and twinning took the dominant roles in different
sub-regions. However, the simplified model adopted still lacks au-
thenticity in describing the actual deformation characteristics. Fur-
thermore, it was seldom discussed in regarding reports that the twin-
ning area would evolve in different deformation stages, thus the
contribution of twinning was usually underestimated. In addition, the
texture evolution stemmed from both the slip induced lattice rotation
and twinning reorientation in the deformation process could also
complicate the problem, giving rise to the need for further investiga-
tion.

Although FSW joints of wrought Mg alloys usually showed lower
tensile properties than the base metal (BM), some prior works on FSW
AZ31 indicated that the joint efficiency could be enhanced by in-
creasing the rotation rate [20-22]. Yang et al. [21] achieved an ex-
cellent joint efficiency up to 95% by increasing the rotation rate and
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found that the SZ evolved from an elliptical nugget to a two-layer
structure. Through comparative study on the non-uniform deformation
and mechanical behavior of two AZ31 FSW joints with different SZs, the
current work was designed to uncover the intuitive correlation between
the SZ structure and the non-uniform deformation behavior and its
effect on mechanical properties. Detailed analysis was also conducted
to experimentally verify the underline mechanism of the non-uniform
deformation characteristics.

2. Experimental

In this study, as-extruded AZ31 plates with a thickness of 6.4 mm
were used as BM. Bead-on-plate welding was conducted with the
welding direction perpendicular to the extrusion direction. A steel tool
with a concave shoulder of 24 mm in diameter and a threaded cylind-
rical pin of 8 mm in diameter and 5.8 mm in length was adopted. Two
rotation rates (800 rpm and 2000 rpm) at a certain speed of
100 mm min ! were applied to obtain two typical SZ structures, and
the joints were correspondingly denoted as 800 rpm-joint and
2000 rpm-joint.

Optical microscope (OM) and electron backscattered diffraction
(EBSD) were used to characterize and analyze the microstructure and
texture evolution. Samples for OM observation were cut perpendicular
to the welding direction and etched by a solution of 4.2 g picric acid +
70 mL ethanol + 10 mL distilled water + 10 mL glacial acetic acid.
EBSD analysis was conducted by a field emission scanning electron
microscope (FESEM, Supra 55) equipped with an EBSD detector and an
HKL Channel 5 System. Samples for EBSD analysis were prepared by
electropolishing using the 10% perchloric acid ethanol solution.

Tensile specimens with a parallel section of 40 X 10 X 6 mm were
electrical discharge machined perpendicular to the welding direction.
All tensile tests were carried out at a strain rate of 1 X 107 >s™ ! on a
Zwick/Roell Z050 tester, and each test was repeated three times. To
characterize the microstructure evolution, additional tensile tests were
performed up to different stress levels of 100 MPa and ~ 90% ultimate
tensile strength (UTS), i.e., 200 MPa for 800 rpm-joint and 220 MPa for
2000 rpm-joint. After tension to ~ 90% UTS, the contour profiles were
measured on the non-uniformly deformed surfaces of the joints using a
3D optical scanner. To evaluate the local strain distribution, the digital
image correlation (DIC) technique was employed using a commercial
GOM ARAMIS DIC system [14,23].

3. Results
3.1. Microstructure and texture

Fig. 1 shows the macroscopic images of the FSW AZ31 joints. The SZ
of 800 rpm-joint exhibited a large elliptical shape. At a higher rota-
tional rate of 2000 rpm, the SZ turned out to be a two-layer structure,
i.e. the triangular upper SZ (denoted as USZ) and elliptical lower SZ
(denoted as LSZ). Specifically, the thickness of the USZ is approximately
equivalent to that of the LSZ. The optical micrographs of the SZs are

AS
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Fig. 1. Macroscopic images of cross-sections of FSW AZ31 joints: (a) 800 rpm-joint and
(b) 2000 rpm-joint.

Materials Science & Engineering A 707 (2017) 426-434

RS AS
~— —
800 rpm
N ’ ‘
{0001}

Imax 64.05 76.90 59.49 67.14 66.60

2000 rpm ND

\

USZ D
Imax 991 12.68 21.45 11.61 15.55
Imax  68.23 59.51 50.47 43.13 49.64 59.17

Fig. 2. {0001} pole figures of different regions in SZ of 800 rpm-joint and 2000 rpm-joint.
(The measurement locations are indicated in Fig. 1).

given in supplementary Fig. S1.

The texture distribution investigated by EBSD across the SZs of the
two joints was illustrated in Fig. 2. It is noted that a typical char-
acteristic of texture distribution appeared in the SZ of 800 rpm-joint
with the poles of c-axes gradually rotating from the transverse direction
(TD) to the welding direction (WD) as the position moving from SZ-
boundaries to SZ-center. For the 2000 rpm-joint, the USZ and LSZ ex-
hibit entirely different texture types. The texture distribution in the LSZ
is similar to that in the 800 rpm-joint while the texture in the USZ is
much more complicated. Compared to the strong texture evolved in the
800 rpm-joint, the texture in the USZ of the 2000 rpm-joint is sig-
nificantly randomized with drastically eclipsed intensity even though
some texture components exhibit an alignment of c-axes close to the
normal direction (ND); besides, no obvious regularity was found in the
texture distribution across the USZ, implying a complicated material
transportation in such region during FSW.

3.2. Tensile behavior

Table 1 summarizes the transverse tensile properties of the BM and
FSW joints. The associated engineering stress-strain curves are pre-
sented in supplementary Fig. S2. It was revealed that the yield strengths
(YS) of the FSW joints were obviously lower than that of BM. In addi-
tion, both the UTS and elongation (El) of the 2000 rpm-joint are higher
than those of the 800 rpm-joint. It is noted that the joint efficiency
(defined as the ratio of UTS between the joint and the BM) was opti-
mized from 92.2% to ~100% and the El was enhanced from 7.3% to
10.5%.

3.3. Non-uniform macroscopic deformation

As revealed in Fig. 3, severe non-uniform deformation occurred in
both FSW joints after transverse tensile tests. The overall deformation
appearances varied with different rotation rates but similar “concave-
convex” regions were obtained in the surface on the TD-ND plane. The
whole SZ of 800 rpm-joint exhibited a “concave-convex” appearance
while such morphology only arose at the LSZ of the 2000 rpm-joint.

Table 1
Transverse tensile properties of as-extruded AZ31 and FSW joints.

YS, MPa UTS, MPa El, % Joint efficiency, %
BM 158 + 5.0 243 + 2.6 12.8 £ 0.9
800 rpm-joint 96 *+ 6.4 224 + 0.4 7.3 +1.1 92.2
2000 rpm-joint 99 + 8.1 242 £ 6.6 10.5 = 0.7 99.6
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Accordingly, the “concave-convex” regions were conjectured to relate
to the elliptical structures in both the joints and the contour edges were
consistent with the SZ boundaries. It is noted that materials at the
center of the concave-convex regions would protrude along the WD
without obvious deformation appearing on the reverse side. On the
bulge side, a couple of concave sub-regions in a fan shape were dis-
tributed roughly symmetric between the advancing side (AS) and the
retreating side (RS). For the samples subjected to transverse tension, the
concave regions are actually the places where deformation mainly
concentrated. Besides, the area and the concavity of the concave sub-
regions on the RS are greater than that on the AS, revealing some
asymmetry in plastic deformation.

3.4. Microstructure evolution in tensile deformation

Fig. 4 exhibits the microstructure evolution in the 800 rpm-joint
when deformed to different stress levels. At the stress of 100 MPa, twins
were observed initiating near the SZ-boundaries due to the favorable
orientation. It was verified in Fig. 2 that the (0001) basal planes of
grains adjacent to SZ-boundaries were roughly perpendicular to the
tensile direction, leading to a preferential activation of {10-12} < 10-
11 > extension twins. When the stress was enhanced up to 200 MPa,
the twin volume fraction increased significantly near the boundaries
and the twinning area propagated from the boundaries to the SZ-center.
As illustrated in Fig. 5, the shape of twinning area in the SZ of 800 rpm-
joint was approximately triangular, roughly coinciding with the shape
of concave sub-regions (Fig. 3). Similar phenomenon was also observed
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Fig. 3. Deformation morphology of failed FSW joints and contour
profiles of joints tensiled up to ~ 90% UTS.

ND

WD TD

in the LSZ of 2000 rpm-joint.

4. Discussion
4.1. Microstructure and texture evolution

The influence of welding parameters on the heat input has been
considerably investigated before. According to the study by Arbegast
et al. [24], the relationship between the welding parameters and the
peak temperature in a SZ was given in Eq. (1):

T g 7,

Tn V104 (@D)]
where T, is the melting point of the alloy, and a and K are constants.
The W and V represent the rotation rate and welding speed, respec-
tively. It is confirmed by the equation that higher heat input can be
obtained with the increase of rotation rate.

In this regard, the SZ shape evolution could be deduced to be related
to the reinforced effect of shoulder with increasing rotation rate. As
reported by relevant literatures [25-27], the shoulder usually takes the
dominant role in heat generation and the temperature gradually goes
down from the weld top to the bottom. Therefore, with the increasing
temperature induced by rotation rate enhancement, growing amount of
materials beneath the shoulder are softened and the plasticized region
complied with the shoulder driving force would expand downwards.
Consequently, the prevailing impact of pin on material flow would be
suppressed by the stepped-up prominence of shoulder. Also, the shape

Fig. 4. Microstructure near SZ-boundary on RS in 800 rpm-joint
at different stress stages: (a) 0MPa, (b) 100 MPa, and (c)
200 MPa.
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of the USZ would be consistent with the volumetric distribution of
temperature field.

As deformation textures are usually imposed on resultant micro-
structure after plastic flow, the difference in texture evolution between
the two types of joints could be related to the different modes of ma-
terial flow. The formation of texture in 800 rpm-joint could be simply
considered as the result of an extrusion process. It was reported by
Krishnan [28] that the FSW process could be thought of as simply ex-
truding one semi-circular shear layer in one rotation of the tool. Park
et al. [4] found that the formation and the repetitive stacking of these
shear layers would give rise to an intense (0001) basal plane texture as
only the basal slip systems preferentially operated during the welding.
Suhuddin et al. [29] also confirmed the material flow as a complex
process mainly associated with the basal slip.

In case of the 2000 rpm-joint, the flow pattern is quite different due
to the growing effect of shoulder and the hierarchical process of the SZ,
which agrees well with the flow-partitioned model proposed by
Arbegast [30]. Although the texture distribution developed in the LSZ
indicates similar layered material flow with that in the 800 rpm-joint,
the randomized texture components in the USZ can reveal considerably
turbulent and complicated plastic deformation. As reported by Kumar
et al. [31], unlike the pin that can transfer the material layer by layer,
the shoulder could just provide a shear stress to transport the material
bulk. The diminishing of such stress with increasing distance from
shoulder makes it impossible to achieve the extruded shear layers with
strong texture. In addition, the mixing of material flow induced si-
multaneously by the shoulder and pin in the USZ also complicates the
texture evolution.
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Fig. 5. Macro and micro metallographs of FSW AZ31 joints ten-
siled up to ~ 90% UTS: (a) 800 rpm-joint and (b) 2000 rpm-joint
(The contour of twinning area is highlighted with dashed white
lines. The locations of micrographs are marked with green wire-
frames.). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this
article.)

4.2. Non-uniform deformation behavior

4.2.1. Different deformation characteristics between the two types of joints

As shown in Fig. 3, severe incompatible deformation occurred in the
different sub-regions of SZ after transverse tensile test and significant
difference can be observed between the two types of joints. For the
800 rpm-joint, the whole SZ exhibited a concave-convex morphology.
For the 2000 rpm-joint, in contrast, such phenomenon only appeared in
the LSZ while no severe incompatible deformation occurred in the USZ.
As the activation of various deformation modes at ambient temperature
is usually governed by the local texture, this difference in deformation
behavior could result from the discrepancy in texture characteristics.

From the pole figures shown in Fig. 2, it is evident that the concave-
convex appearance should be related to the specifically distributed
strong texture existed in both the SZ of 800 rpm-joint and the LSZ of
2000 rpm-joint. The great microtexture difference in various sub-re-
gions could give rise to the different involvement of (0001) basal slip
and {10-12} < 10-11 > extension twinning, which are predominantly
operative in ambient temperature as the critical resolved shear stress
(CRSS) required for them are much lower than that for non-basal slips
and other twinning systems [32,33]. Simply, the basal slip and {10-12}
twinning would take different roles in different sub-regions. For the
basal slip, the grain orientations in the SZ-center and the regions near
boundaries are quite hard and the Schmid factor (SF) for transverse
tensile load would increase first and then decrease as moving away
from boundaries to center, meaning that the basal slip tends to con-
centrate in the area between SZ-center and SZ-boundaries.

Unlike basal slip which is non-directional, the SF for {10-12}
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twinning can be quite different for tensile and compressive stress be-
cause of the polar characteristic of twinning shear. Therefore, the ex-
tension along c-axis is quite favorable for {10-12} twinning while
compression along c-axis adds considerable impediment to its activa-
tion. It could thus be inferred that the SF for {10-12} twinning would
gradually go down from SZ-boundaries to SZ-center due to the devia-
tion of tensile load direction from c-axes. Consequently, {10-12} twin
would preferentially initiate near the SZ-boundaries and gradually ex-
pand to the SZ-center with the increase of stress level during the tensile
process. It is the different contribution of the basal slip and the exten-
sion twinning to deformation that would give rise to the strain locali-
zation, leading to the concave-convex appearance in these places.

Compared with the specific strong texture evolved in the LSZ, the
texture in the USZ was significantly weakened and randomized, thereby
effectively avoiding the site-specific selection of certain deformation
modes; that is to say, the basal slip and twinning would not pre-
ferentially concentrate in specific sub-regions, thus inhibiting the oc-
currence of strain localization and homologous incompatible deforma-
tion.

4.2.2. Twinning area and the concave appearance

As seen in Fig. 5, the triangular shaped concave regions approxi-
mately coincide with the distribution area of twins at nearly the end of
the tensile testing. Although twinning was usually reported to be less
contributive to the whole strain owing to the low twinning shear of {10-
12} twins in magnesium (y, = 0.13), these observations reveal the non-
negligible role of twinning in the deformation of FSW joints. The ad-
ditional strain induced by twinning leads to the deformation localiza-
tion in these twin-distributed sub-regions. Therefore, the shape of the
concave regions can be explained by verifying the distribution char-
acteristics of twins during tensile deformation.

The special distribution of twins is speculated to be determined by
the global distribution of microtexture on the cross sections of the
joints, which is determined by the repetitive stacking of shear layers
during FSW. In view of this, a grain orientation distribution model is
proposed in the present study aiming to explain the characteristics of
twin propagation and distribution. Several basic assumptions are listed
as follows to simplify the model and the analysis process:

(1) The distribution of basal planes in resultant microstructure entirely
aligns with the geometry of shear layers.

(2) The inclination of tool is ignored to prevent the shear layers from
the downward and backward forging effect so that the geometry of
shear layers is circular around the normal direction. The difference
between the AS and RS is also neglected.

(3) The rotation of grains during tension is ignored that the grain or-
ientations can remain unchanged until the twins formed.

(4) The distance between SZ-center and SZ-boundaries is a function of
depth. The geometry of a shear layer is the curved face formed by
the rotation of the SZ-boundary line.

As indicated in Fig. 6, the function of SZ-boundary line can be set by
Eq. (2):

y=f0), fx)=0 N
(b) WD) TD(y)
@
SZ  4(x,y)
|
SZ-boundary
ND(x)

Fig. 6. Schematic illustrations of (a) trace surface of basal plane [4] and (b) function of
SZ-boundary.
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Let the curve rotate around axis x, the function of the curve surface
is shown in Eq. (3) :

F,y,2)=f(x) -y -2 3)
Thus, the normal vector of the surface can be described by Eq. (4)
(Fe(x, y, 2), Fy(x, 3, 2), F,(x, ¥, 2)) = (=2f (x)-f" (), 2y, 22) 4

The included angle between the normal and the tensile direction
(0,1,0) can be calculated by Eq. (5)

coso=——F
FENIF QP +1 )
The criterion for twinning is confirmed by Eq. (6)
0 cos & > Olpss (6)

olgss is the critical resolved stress required on c-axes to activate {10-
12} twins.

T
When y >0, 0> mf(x)\/[f’(x)]z +1 o
y

From formula (7), one can find out that when x is a constant, the
stress required for twinning would increase with decreasing y, which is
consistent with the observation that the twinning area would expand
from SZ-boundaries to SZ-center with increasing stress level during
tension.

When o is a constant, formula (7) can be converted into formula (8)

FEOJIFOP +1 < ——y
OCRSS (€©)]

Thus, the range of x would decrease with decreasing y, which is also
consistent with the phenomenon that the range of twinning area in ND
would decrease when approaching SZ-center.

Generally, we found that the simplified model was roughly appro-
priate to describe the distribution characteristics of extension twins and
the shape feature of twinning area was closely related to the geometry
of shear layers.

4.2.3. Orientation evolution during tensile process

In the tensile deformation process, appreciable numbers of twins
would form and cause drastic texture change; for instance, extension
twinning could reorient the basal planes for about 86°. In addition, slip
induced lattice rotation would also adjust the grain orientations gra-
dually during the continuous deformation. However, the deformation
behavior and the metallographic results in the present study indicate
that the actual texture evolution was complicated due to the competi-
tive operations between twinning and basal slip as well as their dif-
ferent contribution in various sub-regions. Therefore, the texture dis-
tributions at different stages of tension were characterized aiming to
figure out the evolution process of grain orientations.

When the 800 rpm-joint was just tensiled to yield at a stress of about
100 MPa (the joint was denoted as 100 MPa-joint), twins could be ob-
served to initiate close to the SZ-boundaries due to the appropriate local
texture. Fig. 7 shows the comparative analysis between the 100 MPa-
joint and the joint without tension. From the boundary misorientation
distributions, a peak at 86 + 5° appeared in the 100 MPa-joint com-
pared to the control joint, indicating the formation of extension twins.
As the extension twinning could reorient the local basal planes for
nearly 90°, the texture components introduced by twinning are still
unfavorable for basal slip. However, the statistical SF maps indicated
that the numbers of grains with high SF for basal slip increased sig-
nificantly as the stress level up to 100 MPa, implying the effect of slip
induced lattice rotation.

It is generally accepted that the slip plane would gradually rotate to
parallel with the load direction in the uniaxial tension of a single
crystal. In the uniaxial tension of FSW AZ31, the basal planes in dif-
ferent sub-regions of SZ all tend to rotate around the ND and
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Fig. 7. Comparative analysis between original 800 rpm-joint and 100 MPa-joint at the same place near SZ-boundary: (a) and (b) grain orientation map coded by IPF color, (c) and (d)

boundary misorientation distribution, (e) and (f) Schmid factor for basal slip.

{0001} Distance from SZ-boundary on RS

0 mm 1 mm 2 mm 3 mm 4 mm

Imax  61.92 61.48 61.85 72.64 64.23
Tilt angle  84.71° 65.15° 44.91° 31.91° 27.17°
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Fig. 8. {0001} pole figures at different regions of 800 rpm-joint at various stress stages.
(Tilt angle refers to deviation of max intensity pole from WD).
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Fig. 9. Schematic illustration for partition of SZ based on texture distribution.

SZ-boundary

perpendicular to the WD, as exhibited in Fig. 8. This identical lattice
rotation in the polycrystalline SZ could be rationalized by the limited
slip systems (i.e. basal slip) activated at ambient temperature and the
convergent alignment of basal planes among neighboring grains in SZ,

demonstrated by the high texture intensity. Due to the lattice rotation,
the sub-regions with different initial texture would get geometric
hardening or softening. If the angle between the basal plane and TD is
more than 45°, the orientation for basal slip would be softened first and
then hardened. If not, the orientation would get sustained hardening.
From the texture distribution in SZ, the region between SZ-center and
SZ-boundary could be divided into two parts as illustrated in Fig. 9. The
part near the SZ-boundaries (denoted Part A) would show better con-
tinuous deformation capability than the part near the SZ-center (de-
noted Part B). Fig. 8 shows that the width of Part A in TD is less than
2 mm, hence basal slip would preferentially concentrate in the region
very close to the SZ-boundaries.

In addition, the profuse activation of extension twins complicated
the actual deformation process, as the introduction of twin lamellae
could exert a strengthening effect by grain subdivision and also bring
about drastic texture changing. Actually, the introduced texture com-
ponent is governed by the twin variant selection, which depends on the
grain orientations related to the load direction [34]. After tension to
200 MPa, the grain orientations in 800 rpm-joint were characterized
and displayed in Fig. 10. It is noted that the twinning induced or-
ientations are similar in different sub-regions. The new texture com-
ponents are unfavorable for basal slip as the c-axes are all close to the
ND. To verify the actual cooperation of twinning and basal slip in the
tensile deformation of the strong-textured SZ, the mean SF for both the
basal slip and extension twinning in different sub-regions was calcu-
lated and shown in Fig. 11. Actually, all the possible basal slip systems
and extension twin variants were considered in the calculation and only
those with the largest SF were presented. At different stages of tensile
deformation, the mean SF for extension twinning would gradually de-
crease with the position moving from the SZ-boundary to the SZ-center
on RS, and that for basal slip would increase first and then decrease.
From 0 MPa to 100MPa, the mean SF for extension twinning in all sub-
regions would slightly decrease and that for basal slip in the Part A
would slightly increase, implying the effect of lattice rotation. From
100 MPa to 200MPa, the mean SF for both extension twinning and
basal slip was significantly decreased. This could result from the
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Fig. 10. Grain orientations at different sub-regions in SZ of 800 rpm-joint tensiled up to 200 MPa.

pronounced multiplication of extension twins at that stage, as the tex-
ture component introduced by twinning was unfavorable for both
twinning and basal slip. In general, local deformation would pre-
ferentially concentrate in Part A for its better continuous deformation
capability during transverse tension.

4.3. Tensile behavior

As displayed in Table 1, obvious degradation of YS was found in the
FSW joints of AZ31 Mg alloy. This could be rationalized by the favor-
able texture in the region adjacent to the SZ-boundaries where basal
slip and extension twinning are preferentially active [8,12]. It was also
found that both the UTS and the El were enhanced when the SZ shape
evolved from a single nugget to a two layer structure with increasing

(a)

Mean Schmid factor

0 1 2 3 4
Distance from the NZ-boundary on RS, mm

_—~
(]

)

0.5

Mean Schmid factor

0 1 2 3 4
Distance from the NZ-boundary on RS, mm

tool rotation rate. As widely reported that the texture induced strain
localization was a critical reason for premature failure in FSW Mg joints
[7-14], the improved mechanical performance in the 2000 rpm-joint
could be attributed to the relatively uniform deformation. Fig. 3 in-
dicated that both the area size and the altitude variation of the concave-
convex region in 2000 rpm-joint were less than those in the 800 rpm-
joint, demonstrating inhibited deformation concentration.

However, the intuitive macroscopic deformation can’t accurately
reflect the actual local strain distribution due to the internal deforma-
tion coordination between different sub-regions. With the aim to obtain
thorough experimental verification of the difference in strain localiza-
tion between the two kinds of joints, the distribution of tensile strains at
different stress levels was measured via DIC technique and given in
Fig. 12. It was observed that strain localization was obviously severer in

(b)

0.5

0.44

0.3

0.2

0.1

Mean Schmid factor

0.0-

0 1
Distance from the NZ-boundary on RS, mm

Il SF for basal slip
I SF for extension twinning

Fig. 11. Mean SFs for basal slip and extension twinning at different sub-regions in the SZ of 800 rpm-joint at the stress levels of (a) 0 MPa, (b) 100 MPa, and (c) 200 MPa.
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Fig. 12. The distribution of local tensile strains on the bulge sides of 800 rpm-joint and
2000 rpm-joint at different stress levels.

800 rpm-joint at the same stress level. Plastic strains tended to overly
concentrate along the SZ-boundary on AS. As for the 2000 rpm-joint,
the strain concentration fields were located at the center of USZ and the
two sides of LSZ. Specifically, strain distribution in these fields was
generally uniform, which in turn postponed the premature failure and
thus gave rise to better tensile properties.

Accordingly, it was proved to effectively optimize the joint perfor-
mance by controlling the strain localization via increasing the tool ro-
tation rate.

5. Conclusions

The non-uniform deformation behavior of typical FSW AZ31 joints
during transverse tension was investigated. The underline mechanism
of the typical deformation characteristics was uncovered, and the effect
of microstructure and texture evolution on deformation behavior and
tensile properties was elucidated. Several conclusions are made as fol-
lows:

(1) The “concave-convex” appearance in the deformation of FSW AZ31
joints was related to the strong specific-distributed texture with
basal planes aligned cycle around the pin column. The area of re-
gion with this texture distribution could be reduced by enhancing
the tool rotation rate.

The triangular shape of the concave regions was consistent with the
distribution area of extension twins. The distribution characteristics
of twins could be well explained by a simplified orientation model.
Extension twins would be prevalently formed adjacent to the SZ-
boundaries.

The consistent lattice rotation induced by basal slip was found in
the SZ during the whole tensile deformation process. Thus, the re-
gion between the SZ-center and SZ-boundaries could be divided
into two parts. Basal slip in the part near the SZ-boundaries would
be continuously contributive due to the gradually softened or-
ientation.

The effect of orientation evolution for subsequent deformation was
investigated via SF analysis. The results showed that the deforma-
tion concentration would occur in the part near SZ-boundaries for
the well operation of both slip and twinning.

It is possible to optimize the FSW joint performance of wrought Mg
alloys by constraining the strain localization behavior through in-
creasing tool rotation rate.

(2)

(3)

(C)]

(5)
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