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Abstract: In order to improve microstructure distribution and mechanical properties of Mg alloy joint
by annealing treatment, die-casting AZ31 Mg alloy was successfully welded at rotation speed of 1 400 rpm
and travel speed of 200 mm/min. The welded joints were annealed at 150-300 C for 15-120 min and then
were subjected to transverse tensile. The microstructure of annealed joints was analyzed by optical microscopy
and electron backscatter diffraction. The experimental results indicate that (0001) texture intensity in stir
zone significantly reduces and sharp transition of grain size is relieved in the interface between stir zone and
thermo-mechanically affected zone after annealed at 200 ‘C for 30 min. Meanwhile, the elongation is increased
from 7.5% to 13.0% and strength is increased slightly. It is because that annealing treatment can inhibit twin
transformation and retain its ability to coordinate deformation during tensile deformation, which contributes to
the improvement of plasticity. In addition, annealing treatment can increase the width of interfacial transition
zone and lead to gradual transition of grain size between the SZ and TMAZ, which balances dislocation

diffusion rate in different zone.
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1 Introduction

The remarkable characteristics of magnesium
alloys are low density and high strength, which makes
them suitable for application in transportation, aero-
space and 3C industries (computer, communication and
consumer electronics)”. One of the major drawbacks
is low ductility for Mg alloys compared to face- or
body-centered cubic Fe and Al alloys. The five inde-
pendent slip systems are required for sufficient ductility
by the von Mises criterion”’. For Mg alloys, only three
independent slip systems belonging to the basal plane
can be activated at room temperature. However, critical
stress for activating prismatic plane slip is two orders
higher than basal plane slip, which results in poor duc-
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tility and limited formability of anisotropic hexagonal
metals'”. For manufacturing of some specific or com-
plex Mg alloy structural parts, researchers gradually
focus attention to new joining technologies to replace
die forging and rolling technologies.

Joining magnesium alloys by conventional fusion
welding techniques may result in porosity, hot cracking
and grain coarsening, which can deteriorate mechanical
properties and corrosion resistance of welded joints'.
Friction stir welding (FSW) as a solid state joining
process can avoid a series of defects caused by fusion
welding, which is suitable for Mg alloys joining'**..
After FSW, the microstructure in the stir zone (SZ) is
significantly changed. For example, it is found that the
SZ microstructure is usually characterized by refined
equiaxed grains, which has been demonstrated that this
is associated with continuous recrystallization or dis-
continuous recrystallization and preferred orientation of
(0001) basal planes during FSW™ ', Hence, stir zone
has better strength and plasticity, which is attributed to
significant grain refinement'"”. Nevertheless, FSW also
can leads to formation of inhomogeneous microstruc-
ture and deformation texture in interface between stir

zone and thermo-mechanically affected zone (TMAZ).
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The strong transition of grain size or crystal orientation
from SZ to TMAZ generally causes strain localization
and significantly deteriorates welding strength and duc-
tility!™'"'*'% Therefore, the fracture frequently occurs
in the interface between TMAZ and SZ during defor-
mation'"”. To our knowledge, numerous studies focus
on improvement of microstructure and mechanical
property of FSW Mg alloys by optimizing weld pa-
rameters. In addition, some investigations reported that
post-deformation can improve FSW joint strength by
introducing multiple twins"'""*. However, this method
led to the reduction of the ductility of FSW joints. It is
well know that post-annealing treatment for deformed
materials can improve microstructure distribution
depending on static recovery and recrystallization'”.
However, less systematic researches about to effect of
heat treatment on microstructure evolution and tensile
properties of FSW Mg alloy joints have been done.

Thus, the effect of annealing temperature and
holding time on microstructure evolution and mechan-
ical property of friction stir weld AZ31 alloys was in-
vestigated. We focus on variation of grain size, texture
intensity and distribution in different zone of FSW
AZ31 Mg alloys during annealing treatment. The ob-
tained results could optimize annealing parameters and
provide a valid method to improve plasticity of FSW
joints.

2 Experimental

The materials are die-casting AZ31 magnesium
alloy with a nominal chemical composition of Mg-
3.0Al-1.0Zn (wt%). To illustrate the microstructure of
base material (BM), optical micrograph of cross-sec-
tion (along transverse direction x normal direction) is
shown in Fig.1. Remarkably, BM microstructure con-
sists of a large quantity of elongated grains and a minor
fraction of fine equiaxed grains without twins. The
AZ31 sheet with nominal gage dimensions of 300 mm
(rolling direction, RD) % 100 mm (transverse direction,
TD) x 6 mm (normal direction, ND) were prepared
for welding. A cylindrical stir tool with thread pin (¢5
mmx5.7 mm) was used. After mechanical grinding,
AZ31 Mg alloys were subjected to FSW along RD at a
rotation rate of 1 400 rpm and a welding speed of 200
mm/min. Annealing treatment was performed on FSW
materials with different annealing temperatures (150-
300 C) and annealing time (15-120 min). Then several
FSW materials and annealed materials are deformed to
e=3% (engineering strain). Dog bone-shaped samples
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(Fig.2) for tensile testing (along TD) were prepared
from FM and AM. The transverse tensile testing was
performed at room temperature with a strain rate of
0.001s™".
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Fig.1 Original microstructure of die-casting AZ31 Mg alloy
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Fig.2 Dimensions of the tensile samples (unit: mm)

The samples obtained from FM and AM were
sectioned along plane of TDXWD (RD) and their mi-
crostructure was analyzed by optical microscopy (OM),
electron backscatter diffraction (EBSD). Before OM
observation, those samples were grinded, polished and
etched for 8 s with a solution (10 mL acetic acid, 10 mL
distilled water, 4.2 g picric acid and 100 mL ethanol).
The samples for EBSD analysis were electrolytic pol-
ished using a commercial AC2 Struers polishing solu-
tion at 38 V and ambient temperature. The EBSD test
was employed using a ZEISS ULTRA 55 field-emis-
sion scanning electron microscopy with the step size of
0.8 um and 1.0 pm. Then, the results were analyzed by
HKL Channel 5 software.

3 Results and discussion

3.1 Microstructure of FSW sample

Schematic illustration of transverse cross section
of FSW joint is shown in Fig.3. The retreating side
(RS) is on the left and the advancing side (AS) is on
the right. Due to different plastic flow and heat expo-
sure in different zone, the joint may be divided into
several regions: BM, thermo-mechanically affected
zone (TMAZ), stir zone (SZ), and crown zone (CZ).
Attempting to reveal microstructure evolution during
FSW of magnesium alloys, several selected specific re-
gions are given in Fig.3: position 1, SZ-center; position
2, SZ-middle; position 3, SZ-side; position 4, TMAZ/



Journal of Wuhan University of Technology-Mater. Sci. Ed. www.jwutms.net Apr. 2019

SZ interface on AS; position 5, TMAZ. Corresponding
EBSD maps and misorientation angle distribution of
FSW joint are shown in Fig.4. High-angle grain bound-
aries (HABs) and low-angle grain boundaries (LABs)
are depicted as black and yellow lines, respectively. In
addition, the grains are colored according to their crys-
tallographic orientation relative the WD.

ND

WD(;—'TD

RS AS

BM 4 BM

N
TMAZ
Fig.3 Schematic illustration of transverse cross section for FSW
AZ31 Mg alloy

The microstructure of the SZ consists of recrys-
tallized grains (Figs.4(a)-4(c)), but recrystallization
degree gradually decreases from position 1 to position
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3. The average grain size of position 1-3 in Fig.3 is
shown in Table 1. In position 1, the full recrystallized
and refined microstructure was observed and the aver-
age grain size was 7.68 um (Fig.4(a)). This is because
that SZ-center has higher temperature and flow stress
during welding process, which accelerates nucleation
of dynamic recrystallization (DRX). During dynamic
recrystallization process, original grain boundaries pro-
vide favorable nucleation position by bulge behavior,
as shown by black arrows in Fig.4(a). With removing
from position 1 to position 3 in SZ, the recrystallization
degree decreased and the average grain size increased
to 10.17 um (as shown in Fig.4(f)). Meanwhile, a few
of twins occurred in recrystallized regions. On the ba-
sis of misorientation angle distribution (Fig.4(f)), it is
found that the volume fraction of HABs ranging from

Table 1 The average grain size of position 1-3 in Fig. 3

Position 1 2 3
7.68 um 9.01 um 10.17 pm

Average grain size
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Fig.4 IPF maps of various regions (marked in Fig.2) in weld of FSW sample: (a) SZ-center; (b) SZ-middle; (¢) SZ-side; (d) TMAZ/SZ inter-
face on AS; (e) TMAZ; (f) the corresponding evolution of misorientation distribution
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10° to 35° is higher in position 1 and position 2, which
are 0.60 and 0.54, respectively. For position 3, the vol-
ume fraction of HABs ranging from 10° to 35° is 0.23,
but the volume fraction of HABs about 86° obviously
increased, as shown in Fig.4(f). It is very possible that
higher deformation energy and heat input are produced
by stirring pin, which improves DRX progress and
accelerates transformation from LABs to HABs. As
a result, the grain is effectively refined in SZ center.
However, another interest point is that extensive (10-
12) twins (about 86°) are found in position 3 of SZ-
side, which is because that the heat input in this region
is lower and DRX is depressed. Therefore, twinning
gradually became another deformation coordination
mechanism™”. The non-uniformity of microstructure
increased and several (10-12) twins and a great deal of
LABs are found in original grain interiors in position
4 and position 5, as shown in Figs.4(d) and 4(e). In
position 4, material experiences larger plastic deforma-
tion than that in position 5. A large quantity of refined
recrystallization grains can be observed in TMAZ/SZ
interface on AS. However, Fig.4(e) shows that no pro-
nounced variations were found in grain morphology
compared with the BM microstructure (Fig.1). It is be-
cause that plastic deformation and temperature in this
zone are lower than that in the stir zone, which is not
enough to stimulate nucleus for dynamic recrystalliza-
tion. Therefore, the distortion energy was been stored
by high density dislocation and the volume fraction of
LABs is very high, as shown in Fig.4(f). As mentioned
above, the grain refinement mechanism in FSW joint
is complex and it is associated with continuous recrys-
tallization, discontinuous recrystallization and twin-
ning[21'23].

As shown in the above IPF maps, the microstruc-
ture in different positions of FSW joint has different
crystal orientation. As we all know, different crystal
orientation has different plastic deformation ability
during deformation process. Therefore, we studied
texture distribution and the corresponding (0001) and
(11-20) pole figures as shown in Fig.5. The SZ has the
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most strong texture intensity and (0001) basal plane is
perpendicular to WD. With the position moving from
SZ to TMAZ, the intensity of (0001) texture dramati-
cally reduced and the c-axis of most grains tilted from
WD to TD, which is in line with previous studies”™**".
It should be noted that the character of inhomogeneous
microstructure and rich LABs in interface between
TMAZ and SZ on AS may lead to severe stress concen-
tration during transverse tensile testing, which increas-
es the probability of fracture initiation in this position.
In addition, due to the special texture with c-axis nearly
parallel to TD in position 3, the activation of basal
slip in this position is hardly achieved. Therefore, in
attempting to reduce stress concentration in position 3
and 4 during transverse tensile testing, post-annealing
treatment was conducted and its effect on microstruc-
ture evolution will be discussed in next section.

1 2 3 4 5

{0001}

Max.intensity 52.36 55.16 52.09 26.99 12.76

ND
{1120} ™
WD

Fig.5 The (0001) and (11-20) pole figures showing texture distri-
bution of the different zones in Fig.4

3.2 Microstructure of annealed samples
Fig.6 shows the microstructure in TMAZ/SZ
interface of FSW and annealed samples. In all cases,
the microstructure in this region consists of coarse
elongated grains and refined equiaxed grains. There
is no gradual transition from coarse matrix grains to
fine grains, while the clear interface (as shown by
straight line) between matrix grains and recrystallized
region was observed in Fig.6(a), which may be one of
the main reasons for breaking around this interface.
However, the interfacial transition zone (ITZ) was ob-
served after annealing treatment, as shown in Figs.6(b)-
6(d). For example, after annealing at 150 “C for 60
min (Fig.6(b)), a quantity of equiaxed grains nucleate
around original grain boundary and gradually grow into

Clain coarsening

Fig.6 Optical micrographs of TMAZ/SZ interface on AS of different samples (a) FSW and annealed at (b) 150 ‘C/60 min, (c) 200 ‘C/60

min, and (d) 300 ‘C/60 min
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Fig.8 EBSD maps of various regions in FSW sample after annealing at 200 ‘C for 30 min: (a) SZ-center; (b) SZ-side; (c) TMAZ/SZ inter-

face on AS and (d) the corresponding pole figures. In the maps, the grains are colored according to their crystallographic orientation
relative the WD

matrix grains, which weakens drastic transition in this
zone. It is because that annealing treatment promotes
static recovery and static recrystallization of deformed
grains, which is in good agreement with previous stud-
ies!"”*. However, some non-recrystallized grains were
still observed in this zone (as shown by arrows), which
is due to the lower annealing temperature. After anneal-
ing at 200 ‘C for 60 min (Fig.6(c)), this interface shows
more homogeneous microstructure with most of grain
size less than 80 um. In addition, more necklace-type
grains are clustered along original grain boundaries (as
shown by arrows). However, annealing treatment at
300 C for 60 min results in grain coarsening, especial-
ly of the original fine grains adjacent to AS (Fig.6(d)).
Fig.6 indicates that more homogeneous microstructure
can be obtained by annealing at 200 C.

To investigate the effect of annealing time on the
microstructure evolution in this interface, several FSW
samples are treated at 200 ‘C for different times (15,

(d) 1 3 4
10
50

Max.intensity 42.63 38.76 25.74

ND
{1120} TD‘—é
WD

30, and 120 min) and its optical micrographs can be
seen in Fig.7. It is found that coarse original grains (ex-
ceeding 100 pm) can be found in this interface after an-
nealing at 200 “C for 15 min (Fig.7(a)), which indicates
that static recovery and static recrystallization in this
annealing condition are negligible. When the annealing
time increased to 30 min, the degree of static soften-
ing increased and some recrystallized grains occurred
along bulged original boundaries with higher stored en-
ergy, as shown in Fig.7(b). The microstructure is more
homogeneous than that of sample treated at 200 ‘C for
60 min (Fig.6(c)). When the annealing time increased
to 120min, pronounced grain coarsening and abnormal
growth grains were observed in Fig.7(c). Although
annealing treatment can improve recrystallization and
microstructure distribution, excessive annealing tem-
perature or holding time can lead to grain growth and
coarsening. In short, more uniform microstructure was
obtained by annealing at 200 “C for 30 min.
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Attempting to clearly reveal the effect of anneal-
ing treatment on the changes of microstructure and
texture, EBSD maps and corresponding pole figures of
the sample annealed at 200 ‘C for 30 min are shown in
Fig.8. After annealing, it is found that the average grain
size of SZ-center and SZ-side increases from 7.5 pm
and 9.8 pm to 8.6 pum and 13.6 pm, respectively. The
number of LAGs reduced and moderate grain coars-
ening by annealing treatment is achieved by recovery
accompanied with consuming of dislocations produced
by FSW, as shown in Fig.8(a) and 4(a). Compared to
Fig.4(c), the microstructure in Fig.8(b) is characterized
by more uniform equiaxed grains and the fraction of
LABs decreases from 0.40 to 0.26. A few (10-12) ten-
sion twins are also observed in SZ-side, which indicate
that twins are hardly eliminated after annealing treat-
ment. By comparing Fig.8(c) with Fig.4(d), only a few
of LABs were observed and more static recrystallized
grains formed along original coarse grain boundaries in
TMAZ/SZ interface after annealing. The corresponding
pole figures of various positions in the sample after an-
nealing at 200 “C for 30 min are shown in Fig.8(d). It is
found that the intensity of (0001) texture significantly
reduced and a dispersive texture with the c-axis along
ND was formed after annealing, which is in line with
the study that heat treatment can reduce the intensity
of basal texture of deformed magnesium alloy"”. It in-
dicates that appropriate annealing treatment may tailor
deformed texture and improve plasticity of FSW Mg
alloy joint.
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3.3 Tensile properties

Fig.9 shows the typical engineering stress-strain
curves of FSW sample and annealed samples. The
details of tensile properties is summerizes in Table
2. There is no obvious difference in the shape of the
engineering stress-strain curves between welded and
annealed samples. From Fig.9(a), it can be seen that the
annealing treatment can improve mechanical property
of FSW Mg alloy joints. The annealing temperature
had negligible effect on tensile strength and obviously
enhanced plasticity of joints. This should be due to
that the welding stress was released and homogene-
ity of microstructure was optimized during annealing
process. The annealing treatment at 200 ‘C for 60
min can increase the elongation to 11.4% from 7.5%
(welded sample). In order to study effect of annealing
time on mechanical property, the tensile tests of sam-
ples annealed for different time were conducted and
the results can be seen in Fig.9(b). It is found that the
elongation gradually reduced and the strength slowly
increased with increasing of annealing time. When
annealing time increased from 15 min to 120 min, the
yield strength and ultimate tensile strength increased
from 126 MPa and 237 MPa to 164 MPa and 257 MPa,
respectively, while elongation reduced from 13.4% to
9.3%. By analyzing of variation tendency of the stress-
strain curves, it indicates that annealing treatment at
200 C for 30 min can obtain better comprehensive
mechanical property, i e, strength increased slightly and
plasticity doubled approximately.

3001

250

200

150

100

Engineering stress/MPa

50

0900 0.02 004 0.06 008 0.10 0.12 0.14
Engincering strain

(b)

Fig.9 Engineering stress-strain curves of FSW sample and annealed samples at different conditions: (a) annealed at different temperatures

for 60 min; (b) annealed at 200 ‘C with different holding time

Table 2 The details of tensile properties for FSW and annealed samples. In Table, yield strength, ultimate tensile strength and elon-

gation are referred to YS, UTS, and EI, respectively

. ) 200 C 200 C 200 C 200 C 150 'C 250 °C 300 C
Tensile properties FM . . . . . . .
15 min 30 min 60 min 120 min 60 min 60 min 60 min
YS/MPa 146 126 144 125 164 144 133 136
UTS/MPa 241 237 248 248 257 241 252 241
El/% 7.5 13.4 13.0 11.4 9.3 7.8 10.3 8.6
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Fig.10  SEM morphologies of tensile fracture surface: (a) FSW sample; (b) partial enlarged detail of the region 1; (c) annealed sample at
200 C for 30 min; (d) partial enlarged detail of the region 2; (e) macrograph of sample after fracture

min

Typical tensile fracture of FSW sample and an-
nealed sample are shown in Fig.10. For FSW sample,
the fracture surface is characterized by a single fracture
slope and several relatively smooth tear ridges stretch-
ing along ND (Fig.10(a)). From partial enlarged detail
of the region 1 in Fig.10(a) (Fig.10(b)), it can be seen
that no dimples appeared around tensile fracture sur-
face. The crack initiated and propagated along interface
between TMAZ and SZ on AS, as shown in Fig.10(e).
Previous study has reported that the main cleavage
plane in HCP metals is the basal plane which has the
lower critical fracture stress®®. As mentioned above,
we have demonstrated that the basal plane is almost
perpendicular to TD in position 3 and position 4, as was
shown in Fig.5. During tensile deformation, loading
direction is perpendicular to basal plane in positions 3
and 4. As a result, basal slip is difficult to be activated
during transverse tensile. In addition, inhomogeneity
of grain size in interface is another key factor for crack
formation. This is because that the ability to coordinate
plastic deformation between coarse and fine grains is
different™. Therefore, lower plasticity of FSW sample
is significantly associated with severe basal texture dis-
tribution and microstructure inhomogeneity. However,
after annealing at 200 ‘C for 30 min, intensity of de-

formed texture reduced and microstructure homogene-
ity was improved. Therefore, the annealed sample has

better plasticity and its fracture morphology has com-
plex fracture planes, as shown in Fig.10(c). In addition,
compared to Fig.10(b), obvious surface relief are ob-
served in Fig.10(d), which also indicates that sample
annealed at 200 C for 30 min has better plasticity than
that of FSW sample. This conclusion is in line with the
results discussed in Fig.9.

The increasing of plasticity of annealed sample
may be attributed to the following factors. At first, pre-
twins (10-12) (Fig.4(c) and Fig.8(b)) may give rise
to crystal lattice rotation of 86.3° which can disperse
severe basal texture in SZ-side and transform possible
slip system from hard orientation to soft orientation.
Therefore, twinning can motivate further slip of crystal
and then increase plasticity of joint. A quality of re-
sidual stress is stored in the twin interior of deformed

% and this accelerates elimination of twins

materials
during the subsequent tensile test, which may degrade
the improvement of pre-twins on plastic deformation.
It is well known that appropriate annealing treatment
can pronouncedly release the residual stress stored in
twins by static recovery and static recrystallization''**"),

which inhibits transformation of twins and retains its
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Table 3 Averages of Schmid factor (SF) in position 3 of FSW
and annealed samples

Average SF Basal slip Pyramidal slips (10-12) twinning
FSW sample 0.342 0.095 0.401
Annealed sample 0.338 0.180 0.466

ability to coordinate deformation during tensile test. To
clarify the effect of twin on plastic deformation, aver-
ages of Schmid factor (SF) in SZ-side of FSW and an-
nealed sample (200 ‘C/30 min) subjected to transverse
tensile tests are calculated by EBSD statistical data and
shown in Table 3. It is found that tension twinning is
more favorable than basal slip in the SZ-side of FSW
joint, this is in line with the previous studies'”. Thus,
twinning may be more easily activated during subse-
quent deformation. After annealing at 200 C for 30
min, average SF of twinning increases, while average
SF of slip decreases. It indicates that twinning is more
likely to occur in annealed sample than that in FSW
sample during tensile deformation, which is benefit of
the increasing of joint plasticity. EBSD maps of FSW
sample and annealed sample at 200 ‘C for 30 min de-
formed to 3% are shown in Fig.11. It has been calculat-
ed that the fraction of twins in SZ-side of FSW sample
after deformation is about 15% (Fig.11(a)), while more
twins (about 25%) are achieved for annealed sample
subjected same deformation, as shown in Fig.11(b).
It suggests that proper annealing treatment promotes
twining which plays a predominant role for primary
stage of plastic deformation in AS-side. Barnett et al
also revealed that (10-12) twinning provides extension
along the c-axis of hexagonal close packed lattice and
improves uniform elongation during transverse tensile
process”'’. On the contrary, annealing treatment cannot
obviously enhance strength, which is because of elimi-

32 :
B2 seen in

nation of dislocation and other substructures
Fig.9. Secondly, the activation of pyramidal slips can
improve plasticity of annealed joint. After annealing at
200 ‘C for 30 min, average SF of pyramidal slips in-
creased, as shown in Table 3. It indicates that pyramidal
slip plays a non-negligible role on plastic deformation
of annealed sample during tensile. In addition, more
uniform microstructure obtained by annealing is anoth-
er important factor for improving plasticity. As afore-
said in section 3.2, appropriate annealing treatment can
increase ITZ width and lead to gradual transition of
grain size between the SZ and TMAZ. It is well known
that dislocation diffusion rate is lower in coarse grains
than that in fine grains. Thus, for the material consists
of coarse grains and fine grains, more dislocations are
clustered around grain boundaries of fine grains under
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tensile loading. This leads to local stress concentra-
tion around fine grains, which results in rapid fracture
in those zones"”. The annealed sample at 200 ‘C for
30min has more uniform microstructure distribution
compared with FSW and other annealed samples, dis-
locations distribution becomes more dispersive during
deformation, thus it exhibited better plasticity.

4 Conclusions

a) Annealing treatment at 200 ‘C for 30 min can
obtain better comprehensive mechanical property. The
elongation increased from 7.5% to 13.0% and strength
increased slightly. The improvement of plasticity is due
to formation of tension twins, increasing of microstruc-
ture homogeneity and activation of pyramidal slip.

b) Annealing treatment can inhibit twin transfor-
mation and retain its ability to coordinate deformation
during subsequent tensile deformation. More defor-
mation twins can be activated and obviously improved
joint plasticity during tensile.

c) Annealing treatment can increase ITZ width
and lead to gradual transition of grain size between the
SZ and TMAZ, which balances dislocation diffusion
rate in different zone. Moreover, SF value of pyramidal
slip was increased after annealing treatment, which in-
dicates that pyramidal slip also plays a non-negligible
role on plastic deformation.
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