Available online at www.sciencedirect.com
N

“e.° ScienceDirect

Trans. Nonferrous Met. Soc. China 25(2015) 3585-3594

Transactions of
Nonferrous Metals
Society of China  Z%3

v, Science
ELSEVIER Press

L % .J._

www.tnmsc.cn

Evolution of twins and texture and its effects on mechanical properties of
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Abstract: In order to investigate the dependence of microstructure and mechanical properties on the rolling process parameters,
AZ31 magnesium alloy sheets with different grain sizes, basal texture intensities and twinning types were obtained using hot rolling
at various temperatures and reductions. The volume fractions of the extension, contraction and secondary twins in the as-rolled sheets
depend on the grain size. The highest volume fractions of three types of twins are obtained at 523 K under the reduction of 10%
when the average grain size value is the maximum. The critical reductions for complete dynamic recrystallization are 30% at 523 K
and 40% at 473 K. The increase of yield strength is ascribed to both grain-refinement strengthening and basal texture strengthening at
the first stage. When the grain size does not decrease with increasing the reduction, the yield strength is mainly influenced by the

texture weakening.
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1 Introduction

Magnesium and its alloys have become one of the
promising lightweight structural materials and have
attracted the attention from researchers due to their low
density, high specific strength, high specific stiffness,
excellent electro-magnetic shielding characteristics and
good machinability [1,2]. However, the use of
magnesium in industry is limited because of its poor
ductility at room temperature, due to its hexagonal
closed-packed (HCP) crystal structure [3].

Rolling temperature has a profound influence on the
texture type and component. Especially when the
temperature exceeds 498 K, prismatic and pyramidal slip
systems are activated, and the critical resolved shear
stress (CRSS) difference among slip systems becomes
small, and the contribution of each slip system to total
plastic strain changes, leading to more complicated
texture components [4]. Twining results in grain rotation,
affecting the activation of slips [5]. It plays two
important roles in deformation texture evolution: it
reorients the twinned volume of a grain discontinuously,
thus causing a texture change; and the lamellar structure
of twins reduces the mean free path for dislocation slip,

which effectively promotes work-hardening [6]. As
reported in Ref. [7], the relative activity of various slip
and twinning modes depends on the specific loading
conditions and initial texture, in turn, it determines
texture evolution. Moreover, it should be noted that
refined grains can be achieved by dynamic
recrystallization, which can greatly influence the
mechanical properties. As recrystallization requires a
threshold amount of stored energy to be activated and as
recrystallization nuclei originate in the deformed
structure [8], dynamic recrystallization can only take
place when the actual deformation exceeds the threshold
deformation. Meanwhile, increasing the deformation can
lead to high dislocation density and enhanced lattice
distortion, and consequently the grains are refined due to
the increased nucleation frequency of new grains [9]. FU
et al [10] studied DRX mechanism of AZ31 magnesium
alloy during hot rolling, and concluded that the
nucleation rate of dynamic recrystallization increases
when the temperature rises.

Therefore, from perspective of materials design, it is
very important to better understand which type of
microstructure will be produced under some processing
conditions and its effects on the mechanical properties of
AZ31 magnesium alloy sheets. The present investigation
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focused on the dependence of microstructure and
mechanical properties on the rolling process parameters.
The results would provide useful guidance to design the
microstructures for high strength and ductility and to
determine the rolling processing route for AZ31
magnesium alloy sheets.

2 Experimental

As-rolled AZ31 magnesium alloy sheets with 3 mm
in thickness were used as the initial material for rolling.
The initial microstructures of the AZ31 magnesium alloy
before rolling are shown in Fig. 1, including the inverse
pole figure (IPF) map, average Schmid factor fraction for
RD, {0002} basal plane pole figure and IPF in the rolling
direction (RD). The microstructure is composed of
equiaxed grains with the average grain size of 18.5 um.
The results suggest that the initial sheet has a
recrystallization texture with the basal plane {0002}
parallel to the sheet plane and the (1120) direction
parallel to the rolling direction. The average Schmid
factor value of majority grains is less than 0.3, suggesting
that grain orientation is not favorable for basal slip.

The rolling process was performed at rolling
temperatures of 473 and 523 K under various reductions
of 10%, 20%, 30%, 40%, 50% and 60%, respectively.
The diameter of the rollers was 220 mm. The rolling was
performed at a constant rotation speed of 5 m/min, and
the as-rolled sheets were cooled in the air atmosphere.

The microstructure and texture of the samples were
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identified using electron back scattered diffraction
(EBSD) performed on a JEOL 733 electron probe
equipped with an OIM analysis system. The samples for
EBSD were mechanically polished and then
electrolytically polished with the solution of phosphoric
acid and ethanol with a volume ratio of 3:5.

The tensile specimens with a gauge length of
25 mm were machined out of the as-rolled sheets along
both RD and transverse direction (TD). Tensile tests
were performed at room temperature using an Instron
5569 testing machine with the strain rate of 1x107°s ",

To check the repeatability of the results, three
experiments were conducted under each set of
conditions.

3 Results and discussion

3.1 Grainsize

Figure 2 displays the microstructures and grain size
distributions of the as-rolled sheets obtained by EBSD in
the RD—-TD plane at 473 and 523 K under 10%, 20%,
30%, 40% and 60% reductions, respectively. Grain
boundaries were defined as high angle grain boundaries
(HAGB) with misorientation of 15°-100° and low angle
grain boundaries (LAGB) with misorientation of 2°—15°,
and HAGB and LAGB are shown as black and white
lines, respectively. The average grain size of the as-rolled
sheets is shown in Fig. 3. It decreases with increasing the
reduction. With increasing the temperature, the grain size
increases and the proportion of fine grains decreases.
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Fig. 1 Initial microstructures of AZ31 magnesium alloy sheet: (a) IPF map; (b) Schmid factor distribution for RD; (c) Pole figure

subjected to basal slip system; (d) Inverse pole figure referring to RD



Di LIU, et al/Trans. Nonferrous Met. Soc. China 25(2015) 3585-3594 3587

0.12
0.10
0.08
0.06

Area fraction

0.04
0.02

5 10 5 2 25 30 35
Grain size/um
Boundaries: Rotation angle
Min Max Fraction Number  Length
—15° 100" 0364 7734 4.47 mm
2° 15"  0.636 13522 7.81 mm

0.12

(bs)

0.10
0.08

0.06

0.04

Area fraction

0.02

il

5 10 15 20 25 30
Grain size/um
Boundaries: Rotation angle
Min _Max Fraction Number  Length
— 15° 100" 0391 9159 5.29 mm
27 15° 0.609 14247 8.23 mm

0.15 ()

0.10f

Area fraction

0.05¢

0 2 4 6 8 10 12 14 16 18 20 25
Grain size/um
Boundaries: Rotation angle
Min Max Fraction Number  Length
— 157 100" 0.756 23853 1.38 cm
27 15° 0.244 7689 4.44 mm

0.10
(dy)

0.08f N
0.06 H

0.04¢

Area fraction

0.02

(0L L L o I A .I[
2 3 4 5 6 7 8 9101112 13
Grain size/um
Boundaries: Rotation angle
Min Max Fraction Number  Length
— 15° 100° 0.845 25564 1.48 cm
2% 15° 0.155 4703 2.72 mm




3588 Di LIU, et al/Trans. Nonferrous Met. Soc. China 25(2015) 3585-3594

(e,)[]

Area fraction
(=]
2

0.02F

2 3 4 5 6 7 8 9 1011 12
Grain size/pm
Boundaries: Rotation angle
Min Max Fraction Number  Length
—15° 100° 0.795 25238 1.46 cm
2° 15" 0.205 6490 3.75 mm

0.10
(f2)
0.08+
0.06F

0.04

Area fraction

0.02F
i UL [hoon o

Grain size/um
Boundaries: Rotation angle
Min _Max Fraction Number  Length
—15° 100° 0.803 27439 1.58 cm
2°  158° 0.197 6733 3.89 mm

0.08
(2)

0.06 TN 2

0.04

Area fraction

0.02F

0 f f Y B o .r
2 3 4 5 6 7 8
Grain size/um
Boundaries: Rotation angle
Min_Max _Fraction Number  Length
—15° 100° 0.805 28693 1.66 cm

2°  15° 0195 6961 4.02 mm
0.08
(hy) 1
0.06}
S
5
£ 0.04}
o
B
-
0.02}
2 3 4 5 6 71 8 9

Grain size/uym
Boundaries: Rotation angle

a L2 Min Max Fraction Number  Length
1_' A — 15° 100° 0.784 23045 1.33 cm
D 0001 1120 2°  15° 0216 6336 3.66 mm
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Fig. 3 Average grain size of as-rolled sheets in different rolling
processes

Under the rolling reduction of 10%, the average
grain sizes of the as-rolled sheets at 473 and 523 K are
similar to the initial material, however, the
microstructures become inhomogeneous compared with
the initial material. The microstructures of the as-rolled
sheets mainly consist of twins and coarse grains with the
size more than 10 pum, meanwhile, a small proportion of
new recrystallization grains appear. As shown in Fig. 2, a
large number of LAGBs in the coarse grain interiors are
likely the result of the dislocation slip and
interaction. During the deformation, the energy
transmitted by the external force into the material is
stored as defect, such as point and dislocation. Due to the
localization of the plastic deformation, the stored energy
in some areas is high enough to initiate nucleation and
stimulate the nuclei growing into a new recrystallization
grain. In other areas, the stored energy is not high
enough to nucleate or the rate of energy accumulation is
lower than that of energy consumption [11], where the
grain growth could be the possible approach to release
the absorbed energy, so that the lattice could regain the
equilibrium.

At 473 K, when the sheet was rolled under the
reduction of 30%, the proportion of recrystallization
grains increases, but the fraction of recrystallization
grains does not reach the completed dynamic
recrystallization proportion. There are still several large
deformed grains embedded in the fine recrystallized
grains. The recrystallization level at 523 K is higher than
that at 473 K under the same reduction. When the
reduction is up to 40%, the average grain sizes reduce
greatly with the majority of grains in the range of
2—10 um at both 473 and 523 K.

When the reduction reaches 60%, the average grain
sizes are 3.6 and 4.6 pm at 473 and 523 K, respectively,
and the grains become more uniform. The average grain

size slightly increases when the reduction increases from
40% to 60% at 523 K. It can be seen that the
recrystallization level increases clearly with increasing
the thickness reduction. Both the sheets at 473 and 523 K
activate completed dynamic recrystallization. Moreover,
the fraction of HAGBs has doubled since the rolling
reduction increases from 10% to 60%. As reported in
Ref. [12], the dynamic recrystallization originates at high
angle boundaries.

3.2 Twin

Figure 4 shows the grain shape maps with defined
twin boundaries of as-rolled sheets in different rolling
processes. The volume fractions of the extension,
contraction and secondary twins in the as-rolled sheets
are displayed in Fig. 5. The highest volume fraction of
three types of twins is obtained at 523 K under the
reduction of 10%, while the lowest volume fraction is
obtained at 473 K under the reduction of 60%. Extension
twins, contraction twins and secondary twins are
observed in larger grains and a large number of {1012}
extension twins can be seen due to the strong basal
texture of the sample. It was reported by CHINO
et al [13] that the generation of mechanical twin had
distinct grain size dependence in AZ31 magnesium
alloys. The twinning was more visible in the parent
grains with grain size larger than 20 pm [14], few or no
twins are observed in smaller grains, as shown in Fig. 4.
In coarse grains, there is a long location slip path, and the
stress concentration near the grain boundaries is strong.
While in refined grains, the location slip path is short and
the more important reason is that it is readily to activate
cross-slip, non-basal slip, grain boundary sliding and
dynamic recovery to release local stress concentration,
the stress state is hard to satisfy the condition of twinning
nucleation [15]. In addition, a few {IOTI} contraction
twins and some {IOTI}—{IOTZ} secondary twins are
also presented in the as-rolled sheets. This is because a
strong stress concentration exists in {lOTl} contraction
twins, and secondary twinning easily occurs due to the
unstable structure, leading to the formation of
{10T1}—{10T2} twinning. As shown in Fig. 5, twins
are easily activated at higher rolling temperature.
Compared with basal dislocation ship, the CRSS for
contraction and double twinning at higher temperature is
as lower as that for non-basal dislocation slip [16].

3.3 Texture

Figure 6 shows the pole figures and inverse pole
figures of the as-rolled sheets in different rolling
processes. The rolled AZ31 magnesium alloy sheets
usually exhibit strong basal texture and the orientation
distribution around the normal direction is wider in the
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rolling direction than that in the transverse direction [16].
STYCZYNSKI et al [17] reported that the formation of
the strong basal texture in the rolled AZ31 magnesium
alloys was attributed to the combination of basal (a) slip
and tensile twinning. It is remarkable to note that the
initial sheet has a recrystallization texture with C-axis
perpendicular to the sheet plane and the (1120)
direction parallel to the rolling direction, as shown in
Fig. 1. When the reduction is 10%, the deformation
texture with the basal plane {0002} paralleling to the
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sheet plane and the (1010) direction parallel to the
rolling direction is observed due to the fact that few
dynamic  recrystallization grains exist in the
microstructure. When the reduction increases to 30%,
both the deformation and recrystallization textures are
observed due to incomplete dynamic recrystallization at
473 K. While at 523 K under the same reduction, the
{0001} (1120) texture is observed due to complete
dynamic recrystallization. At 473 K, the recrystallization
texture is obtained when the reduction is up to 40%.

The variations of average Schmid factors for RD
and TD of the as-rolled sheets in different rolling
processes are presented in Fig. 7. The texture is
weakened with increasing the temperature. TANNO
et al [18] and WU et al [19] also observed similar results
in AM60 alloy sheets subjected to large strain hot rolling
and as-extruded AZ31B alloy sheets, respectively. The
sheet subjected to 12 passes rolling at 623 K exhibited
weak {0001} basal texture, while the sheet rolled under
4 passes at 623 K and then under 8 passes at 473 K
exhibited strong {0001} basal texture, and the angle
between basal plane normal and sheet plane was within
10° [18]. PEREZ-PRADD et al [20] also found that the
{0001} texture was weakened with increasing the rolling
temperature in AM60 magnesium alloy sheets.

At 473 K, the average Schmid factor for RD and TD

Fig. 6 Pole figures and inverse pole figures of as-rolled sheets under reductions of 10% (a,, a,), 30% (by, b,), 40% (c,, ¢,) and 60%
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of the as-rolled sheets decreases with increasing the
reduction, and when the reduction is up to 40%, the
average Schmid factor increases due to the weakening
texture. The strongest texture is observed under the
reduction of 30% at 523 K. As-cast ingot with random
orientation subjected to rolling with single pass reduction
0f 20% could form weak {0001} basal texture. When the
reduction was up to 50%, the typical basal texture
formed, and the texture intensity was progressively
strengthened with increasing the reduction [20].
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3.4 Mechanical properties

Grain refinement and texture modification have
been considered as effective methods to improve the
mechanical properties of polycrystalline magnesium
alloy [21]. The room-temperature stress—strain curves of
as-rolled AZ31 magnesium alloy sheets at 473 and 523 K
under different reductions are presented in Fig. 8. The
variations of the yield strength (YS) and ultimate tensile
strength (UTS) in different rolling processes are shown
in Fig. 9. The YS and UTS decrease with the temperature

Fig. 7 Variations of average Schmid factor under different rolling reductions at 473 K (a) and 523 K (b)

400
350
300
£
= 250
2 200
o — 10%-RD  ---10%-TD
g 150 — 20%-RD ---20%-TD
30%-RD  ---30%-TD
100 — 40%-RD ---40%-TD
sol 50%-RD 50%-TD
— 60%-RD - --60%-TD
0 005 010 015 020 025
True strain

True stress/MPa

0.25
(b)
0.24+
= — RD
0.23} °— 1D
022+
021t
0.20+
0.191
0.18 L ; : . . .
10 20 30 40 50 60
Rolling reduction/%
400 ©
350 F
300
250
200
— 10%-RD --- 10%-TD
150 — 20%-RD --- 20%-TD
— 30%-RD --- 30%-TD
100 — 40%-RD --- 40%-TD
sol 50%-RD 50%-TD
— 60%-RD --- 60%-TD
0 0.05 0.10 0.15 0.20 0.25
True strain

Fig. 8 Room temperature stress—strain curves for AZ31 magnesium alloy sheets rolled at 473 K (a) and 523 K (b) with different
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increasing from 473 to 523 K. Meanwhile, the YS of the
as-rolled sheets increases when the reduction changes
from 10% to 40%, and then decreases when the
reduction reaches 60% at 473 K. While at 523 K, the
highest YS is obtained when the reduction is 30%. The
variation of YS can be divided into two stages. At the
first stage, increasing the rolling reduction can lead to
(Fig. 3) and
enhancement (Fig. 7), hence, the yield strength increases.
When the reduction changes from 30% to 60%, the grain
size no longer decreases evidently, even at 523 K, the
grains slightly grow up under the reduction range of

obvious grain refinement texture

40%—60%. The variation of grain size cannot bring
increased strength, meanwhile, the average Schmid
factor increases due to texture weakening. Therefore, the
yield strength decreases at the second stage.

4 Conclusions

1) The highest volume fractions of extension,
contraction and secondary twins are obtained at 523 K
under the reduction of 10%, while the lowest volume
fraction is obtained at 473 K under the reduction of 60%.

2) Raising the temperature decreases the critical
reduction for complete dynamic recrystallization. When
the temperatures are 473 and 523 K, the critical
reductions are 40% and 30%, respectively.

3) The increase of yield strength is ascribed to both
grain refinement texture
strengthening at the first stage. When the grain size does
not decrease with increasing the reduction, the yield

strength is mainly influenced by the texture weakening.

strengthening and basal
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