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a b s t r a c t

In order to investigate the micro-mechanism of warm forming of Mg alloys, three specimens cut from
a rolled AZ31 sheet were chosen to be compressed along the Rolling Direction (RD) at 100 ◦C, 170 ◦C
and 230 ◦C, separately. During compression, an in situ measurement of grain orientation in the plane of
RD × TD (Transverse Direction) was carried out with EBSD method. Experimental and analytical results
show that temperature has remarkable impact on activation of twinning and variation of texture. As
eywords:
g alloy
rain orientation
xtension twin
asal slip

the temperature was raised from 100 ◦C to 230 ◦C, the number of grains with twins activated decreased
substantially during deformation, and rolling texture varied from quick vanishing at 100 ◦C to always
existing at 230 ◦C. Tracing for orientation of individual grains during deformation shows that there are
obvious different orientation changes between grains with twins activated and those without twins
activated. Twinning plays a significant effect on texture variation during compression. The extension

ted d
win variant
chmid factor

twin variant really activa

. Introduction

Mg alloys are promising metallic materials for structural appli-
ations due to their low density and high specific strength, while
esearch activities regarding plastic forming technique of Mg alloys
ave been surging in recent years. However, die casting is still the
ain technique for producing Mg alloys parts up to now, in which

rocess defects are hard to be avoided, such as shrinkage porosity,
hrinkage void and relatively low strength. Plastic forming tech-
ology is an alternative for Mg alloy casting to avoid above defects.
hile as a hexagonal close-packed (hcp) metal, Mg alloys have

oor formability at room temperature due to insufficient number
f independent slipping systems.

Since the formability of Mg alloys is poor at room tempera-
ure, raising deformation temperature may be the easiest way to
mprove their formability. The melting temperature of magnesium
s about 650 ◦C, thus the deformation temperature of magnesium
lloys will be remarkably lower than this value, and deformation at
emperature over 350 ◦C should usually be classified as high tem-

erature deformation for Mg alloys. Taking into account the poor
xidation resistance of Mg alloys and the high costs for production,
igh temperature was not suitable for sheet metal processes, other
han for hot rolling and hot extrusion when high temperature is a

∗ Corresponding author. Tel.: +86 24 83978266.
E-mail address: shzhang@imr.ac.cn (S.-H. Zhang).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.03.106
uring deformation is the one with maximal Schmid factor.
© 2011 Elsevier B.V. All rights reserved.

necessity. Warm forming of Mg alloys is attracting more and more
attentions from researchers [1–4] as a newly developed plastic
forming technology in recent years, due to its advantages of avoid-
ing poor formability at room temperature and over-oxidization at
high temperature simultaneously. Specifically, warm forming of Mg
alloys usually means that the deformation temperature is below
250 ◦C [5,6].

As a newly developed technology of texture measurement in
recent twenty years, the Electron Backscatter Diffraction (EBSD)
technique could measure metal texture on the individual grain
scale, and possesses higher precision than XRD for texture mea-
surement on the micro-scale, the EBSD method has thus been used
for studying the deformation technique of the Mg alloys by many
researchers in recent years [7–28]. Up to now, research activities
on the formability of Mg alloys are mainly focused on the processes
of the Equal-Channel Angular Pressing (ECAP)[14,20,29], uniax-
ial tension [9,12,13,22] or compression [12,15,16,22,30], rolling
[10,11,19,23,25,26], special extrusion [17,28,31], twin roll casting
(TRC) [32,33], etc., and related deformation mechanisms studied
in their work are mainly about Dynamic Recrystallization (DRX)
[10,20,24,27–32], superplasticity [14,27,33] and activations of slip
system and twinning [16–18,25]. Among the numerous papers

cited above, though some researches are related to investiga-
tions on the micro-mechanism of warm forming of magnesium
alloys, there are no reports on tracing variations of texture on
individual grains scale, this is maybe because deformation temper-
ature is higher than the temperature of recrystallization in many

dx.doi.org/10.1016/j.jallcom.2011.03.106
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:shzhang@imr.ac.cn
dx.doi.org/10.1016/j.jallcom.2011.03.106
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Fig. 2. Orientation micrograph of grains at different strains during compression at
Fig. 1. Schematic illustration of the specimen for compression and EBSD.

xperiments and this makes it hard to trace individual grains, or
here are many inconveniences for realizing this process in the
xperiments.

In the experiments and research reported in the present article,
n in situ measurement of grain orientation of AZ31 magnesium
lloy in the plane of RD × TD during deformation was carried out
y using the EBSD method under conditions of compression at
00 ◦C, 170 ◦C and 230 ◦C, separately. The aim is to reveal the micro-
echanism of warm deformation on individual grain scale.

. Experimental details

Fig. 1 shows the AZ31 magnesium alloy specimen cut from a rolled AZ31 sheet
the rolling process: a 6 mm thick extruded blank was rolled into a 4 mm thick sheet
ith 0.6 mm pass reduction at 400 ◦C), the dashed region in the plane of RD × TD is

he region where the texture is measured with EBSD method. Specimens prepared
or EBSD measurement were ground by carbide silicon sand paper and mechanically
olished by velour, and then electro-polished in a solution of 10% perchloric acid and
thanol solution, chilled to −30 ◦C, using a 15 V potential. The texture measurements
ere carried out by using a JECOL6500F field emission SEM equipped with a HKL
hannel 5.0 software, the scanning step size is 1.5 �m and the magnification is 300.

Under the conditions of 1.0 × 10−3 Pa vacuum and 0.1 mm/min compression
elocity, three specimens were compressed uniaxially on a Gleeble1500 thermal
imulator at temperatures of 100 ◦C, 170 ◦C and 230 ◦C, separately. For every spec-
men, the texture in the selected region was measured with EBSD method before
ompression, then the specimen was compressed to a strain along the direction
s shown in Fig. 1. After this deformation, the specimen was unloaded from the
leeble1500 and the texture in the same region was measured with EBSD method
gain. In this way, this specimen was subsequently compressed and measured for
ther two times in the following steps, i.e. every specimen was compressed to
hree different strains, four EBSD measurements were carried out correspondingly
including measurement before compression). In the experiments, three Vickers
ardness marks were separately made on the three corners of the rectangular scan-
ing region in the plane of RD × TD for every specimen, which aims to keep every
BSD measurement to be carried out in the same region, as shown in Fig. 1.

. Results and discussion

.1. Deformation textures

For the specimen compressed at 100 ◦C, the grain orientations
n the same measured region at different strains are shown in
ig. 2, 20 complete grains numbered from 1 to 20 could be traced
n the measured region throughout the deformation process. Col-
rs representing grain orientations in Fig. 2 are obviously different
etween the orientation without height reduction and that with
eight reduction of 7.5%. On the contrary, there are almost no dif-

erences for colors in orientation maps related to height reductions

f 7.5%, 11% and 13.6%, which means that there are many changes
f grains orientation for compression from 0% to 7.5% but less from
.5% to 13.6%.

Changes of texture during deformation could be illustrated
xplicitly by pole figures in Fig. 3, where typical basal texture exists

100 ◦C, (a) 0%, (b) 7.5%, (c) 11% and (d) 13.6%.
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Fig. 4. Orientation micrograph of grains at different strains during compression at
170 ◦C, (a) 0%, (b) 11%, (c) 16.4% and (d) 24.5%.
ig. 3. Pole figures of the specimen compressed to different strains at 100 ◦C, (a) 0%,
b) 7.5%, (c) 11% and (d) 13.6%.

or the rolled specimen (0% height reduction), which means most
rains with their c-axes parallel to the ND (Normal Direction), but
he basal texture has vanished after 7.5% compression, and the
-axes of most grains are inclined to the RD (the direction of com-
ression), while there are almost no changes of pole figures after
1% and 13.6% compression.

Among the deformation modes of Mg alloys, twinning can
hange grain orientations considerably, but basal, prismatic and
yramidal slips can hardly change grain orientations during defor-
ation, so it can be concluded that twinning may be activated when

he specimen was compressed from 0% to 7.5%. In view of the rela-
ionship of twinning modes, the initial texture and the compression
irection, extension twins can activate during this deformation
rocess. Pyramidal slips cannot activate during this deformation
ecause the deformation temperature is lower than 225 ◦C [28],
nd prismatic slips usually cannot activate when deformation at
00 ◦C, so we can also conclude that, for compression from 7.5% to
3.6%, basal slips should be the main deformation mode.

Among the 20 grains numbered in Fig. 2, and according to the

ariations of grain orientation from 0% to 7.5%, for grains 3, 11 and
0, only part of the whole grain matrix might have transformed

nto twinning from 0% to 7.5% strain, but for other 17 grains, maybe
he whole grain matrix have transformed into twinning.
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Fig. 6. Orientation micrograph of grains at different strains during compression at
◦

ig. 5. Pole figures of the specimen compressed to different strains at 170 ◦C, (a) 0%,
b) 11%, (c) 16.4% and (d) 24.5%.

Variations of grain orientation during compression at 170 ◦C are
hown as Fig. 4. Similarly as compression at 100 ◦C, there are obvi-
us differences for grain orientations during compression from 0%
o 11%, but almost no variations for strain from 11% to 26.4%. Just
s compression at 100 ◦C, 20 complete grains could be traced in
he measured region throughout the deformation process, which
re also numbered from 1 to 20. Among them, for grains numbered
, 2, 3, 5, 6, 8, 15 and 19, only part of the their grain matrix might
ave transformed into twinning from 0% to 11% strain, but for other
3 grains, maybe the whole grain matrix have transformed into
winning.

Variations of texture during compression at 170 ◦C are shown as
ig. 5, that was different from compression at 100 ◦C. The basal tex-
ure had not vanished fully after 11% compression, but vanished
teadily after 24.5% compression. This can be explained by com-
aring the characteristics of twinning activation for compression
t 100 ◦C and 170 ◦C. As introduced above, for the chosen twenty
rains in the scanning region compressed at 100 ◦C, most grain
atrix had entirely transformed into twinning after the specimen
as compressed to 7.5% strain, but for compression at 170 ◦C, most
rain matrix transformed partly into twinning after the specimen
as compressed to 11% strain.

Fig. 6 shows variations of grain orientation during compression
t 230 ◦C, that was clearly different from compression at 100 ◦C

230 C, (a) 0%, (b) 11.3%, (c) 19% and (d) 26.9%.
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Fig. 7. Pole figures of the specimen compressed to different strains at 230 ◦C, (a) 0%,
(b) 11.3%, (c) 19% and (d) 26.9%.

Table 1
Extension twin variants of grains 1–9 at 100 ◦C.

a
c
d
c
c
w

g

T
E

Grain No. 1 2 3 4 5 6 7 8 9

Twin variant TT2 TT4 TT4 TT6 TT6 TT1 Null TT3 TT3

nd 170 ◦C, there are almost no changes of grain orientations after
ompression from 0% to 26.9%. Fig. 7 shows the variations of texture
uring the deformation process, basal texture was not weakened

learly during the whole deformation. Accordingly, we can con-
lude that there should be almost no twins activated during the
hole deformation for most grains.

In Fig. 6, there are only grains 9, 10 and 11, in which part of the
rain matrix might have transformed into twinning among the 20

able 2
xtension twin variants and their orientations.

Twin variant TT1 TT2 TT3

Orientation (1 0 1̄ 2)[1̄ 0 1 1] (1 1̄ 0 2)[1̄ 1 0 1] (0 1 1̄ 2)[0 1̄ 1
ompounds 509 (2011) 6481–6488 6485

grains chosen to trace variations of grain orientations, and twinning
did not activate during the deformation process for the other 17
grains.

3.2. Extension twin variants

As a kind of hexagonal close packed (hcp) metal, twinning is
an alternative deformation mode for Mg alloys, especially at the
initial phase of compression deformation. For the rolled Mg alloy
sheets, extension twins will activate if they are compressed along
RD due to the existence of typical basal texture. Taking into account
the symmetry of hcp, there will be six twin variants for exten-
sion twins in which three are independent. For an individual grain,
if the orientation corresponding to the initial state (before defor-
mation) is measured, based on the misorientation relationship of
86.3◦/〈1 1 2̄ 0〉 (86.3◦ is rotation angle and 〈1 1 2̄ 0〉 is rotation axis),
the orientations of the six extension twin variants will be deter-
mined after deformation, and each of them is compared with the
measured orientations of the same grain corresponding to a strain,
then six misorientation values will be obtained, in which, the twin
variant corresponding to the minimal misorientation value is the
one that really activates during deformation.

For the specimen compressed at 100 ◦C, based on the measured
orientations corresponding to the strain of 0% and 7.5%, the first
9 grains (numbered from 1 to 9 in Fig. 2) in the scanning region
were chosen to determine their extension twin variants by means
of the procedure introduced above. The corresponding calculation
results are listed in Table 1, in which the extension twin variants
are presented by combining two letters of “TT” with one number,
in which “TT” means extension twin and the number means the
corresponding number in the six extension twin variants shown in
Table 2. There are no extension twins activated during deformation
(twin variant null) for grain 7.

The {0 0 0 1}pole figures for each of the above 9 grains are shown
in Fig. 8 (Fig. 8(1)–(9) was correspondingly {0 0 0 1} pole figures of
grains 1–9 in Fig. 2). In every figure, the points marked with 0%, 7.5%,
11% and 13.6% represent the corresponding strains, while the points
marked with symbols of t1–t6 represent distributions of extension
twin variants of the corresponding grain matrix (before deforma-
tion). As shown in Fig. 8, in {0 0 0 1} pole figures of every grain
(the {0 0 0 1} pole figure of grain 7 in Fig. 8(7) was an exception),
there are obvious variations of grain orientations from 0% to 7.5%
strain due to the activations of extension twin. On the other hand,
basal slipping becomes the main deformation mode for compres-
sion from 7.5% to 13.6% strain; so there are almost no variations for
grain orientations. Correspondingly, the points marked with 7.5%,
11% and 13.6% overlap almost together in the {0 0 0 1} pole figures
of Fig. 8.

As shown in Fig. 8, in {0 0 0 1} pole figures of every grain (the
{0 0 0 1} pole figure of grain 7 in Fig. 8(7) was an exception), among
points of t1–t6, it is obvious that there is one point that is nearest
to the point of 7.5%, which is the point representing the exten-
sion twin variant that really activates during compression from
0% to 7.5%. In this way, the activated twin variants of every grain
were determined. The results obtained from Fig. 8 agree well with

that in Table 1. Shown as Fig. 8(3), for grain 3, the points of t3
and t4 are almost identically near to point of 7.5%, thus it is not
convenient to determine the extension twin variant that really acti-
vate during deformation from this {0 0 0 1} pole figure, and the
same inconveniency also exists in {0 0 0 1} pole figure of grain

TT4 TT5 TT6

1] (0 1̄ 1 2)[0 1 1̄ 1] (1̄ 0 1 2)[1 0 1̄ 1] (1̄ 1 0 2)[1 1̄ 0 1]
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Fig. 8. The {0 0 0 1} pole figures of grains 1–9

shown as Fig. 8(4). In Fig. 8(7), for grain 7, there is no one of
oints of t1–t6 that is near to point of 7.5%, thus there will not be
ny twin variants activated during compression from 0% to 7.5%
train, which agrees well with the corresponding result listed in
able 1.

For the specimen compressed at 170 ◦C, twin variants of the
rains indexed by numbers from 1 to 9 in Fig. 4 were analyzed
ased on grain orientations corresponding to 0% and 11% strains,
espectively. The results were listed in Table 3. In grains 3 and 4,

imilarly to grain 7 in Table 1, no twins activated from 0% to 11%
train.

Fig. 9(1)–(9) was correspondingly {0 0 0 1} pole figures of grain
–9 in Fig. 4. Fig. 9 presents the {0 0 0 1} pole figures of the 9 grains
ompressed from 0% to 24.5% at 170 ◦C and their twin variants

able 3
xtension twin variants of grains 1–9 at 170 ◦C.

Grain No. 1 2 3 4 5 6 7 8 9

Twin variant TT4 TT2 Null Null TT6 TT2 TT5 TT5 TT2
fferent strains during compression at 100 ◦C.

based on the relationship of 86.3◦/〈1 1 2̄ 0〉. In Fig. 9(3) and (4), the
points of 0%, 11%, 16.4% and 24.5% almost overlap together which
means no variations of grain orientations during compression from
0% to 24.5%, and no occurrence of twining. On the other hand, for
other 7 grains, as shown in Fig. 9, there are clear variations of grain
orientations from 0% to 11% strain, which means there are twins
activated during this deformation process, among the points of
t1–t6 that represent six extension twin variants, the twin variants
can be determined according to which one is nearest to point 11%.
Similarly, for the 7 grains twin variants that really activates during
compression can be determined based on the twin variant that is
nearest to 11% position. The results agree well with that listed in
Table 2.

The above procedures about the analysis of test results were fol-
lowed on for the specimen compressed at 230 ◦C. Twin variants of

the first 9 grains (indexed by number from 1 to 9 among the 20
grains in Fig. 6) were analyzed based on grains orientation corre-
sponding to 0% and 11.3% strains, respectively. The results show
that there are not twins activated from 0% to 11.3% strain for all of
the nine grains.
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Fig. 9. The {0 0 0 1} pole figures of grains 1–9

The {0 0 0 1} pole figures for the first three of the nine grains
ere chosen to analyze activations of twin variants in Fig. 10,

ig. 10(1)–(3) was correspondingly {0 0 0 1} pole figures of grains
–3 in Fig. 6.

As shown in the figure, there are no obvious changes for the

ositions of the points corresponding to every strain, and any
ingle point of t1–t6 points is not near to any individual points
orresponding to a strain. Based on the characteristic above, it
an be concluded that there are no twins activated for the three

Fig. 10. The {0 0 0 1} pole figures of grains 1–3 at d
fferent strains during compression at 170 ◦C.

grains, which agrees well with the corresponding results described
above.

For the specimen compressed at 100 ◦C, schmid factors of the 6
extension twin variants for grains 1–9 (the same grains are listed
in Table 1) are presented in Table 4, in which the number under-

lined with “ ” is the Schmid factor of the extension variant that
really activates during deformation, and the number in ‘Bold’ is the
maximal Schmid factor of the 6 extension twin variants for every
grain.

ifferent strains during compression at 230 ◦C.
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Table 4
Schmid factors of extension twin variants of grains 1–9 at 100 ◦C.

Grain
No.

TT1 TT2 TT3 TT4 TT5 TT6

1 0.2357 0.4702 0.0402 0.0396 0.2373 0.4724
2 0.1128 0.0055 0.3562 0.3961 0.1386 −0.0086
3 0.0398 0.0804 0.3745 0.4140 0.0586 0.0597
4 0.2731 0.4418 0.0103 0.0135 0.2611 0.4265
5 0.0039 0.4175 0.3173 0.3245 0.0030 0.4093
6 0.4846 0.1941 0.0641 0.0655 0.4883 0.1964
7 −0.3685 −0.4141 −0.4249 −0.4422 −0.4089 −0.4372
8 0.1408 0.0499 0.4569 0.4282 0.1241 0.0619
9 −0.0158 0.3478 0.3447 0.3254 −0.0151 0.3677

Table 5
Schmid factors of extension twin variants of grains 1–9 at 170 ◦C.

Grain
No.

TT1 TT2 TT3 TT4 TT5 TT6

1 0.0678 0.0760 0.3966 0.4325 0.0861 0.0584
2 −0.0305 0.3691 0.1982 0.2274 −0.0373 0.3331
3 −0.0581 0.2837 0.2617 0.2979 −0.0573 0.2483
4 0.0092 0.1826 0.3994 0.4307 0.0194 0.1614
5 −0.0103 0.3851 0.2856 0.2663 −0.0067 0.4079
6 0.1105 0.4456 0.0556 0.0706 0.0929 0.4130
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7 0.4641 0.0417 0.2135 0.2212 0.4753 0.0452
8 0.4441 0.0428 0.1664 0.1807 0.4667 0.0511
9 0.0330 0.4491 0.2182 0.2063 0.0384 0.4663

As shown in Table 4, for grains 2, 3, 6, and 8, among the six
win variants of every grain, the Schmid factor of twin variant
hich really activates during deformation is the maximum; the

win variant with the maximal Schmid factor is not the one which
eally activates during deformation for grains 1, 4, 5 and 9; but
he difference of Schmid factor value between them is not larger
han 0.02. Taking into account the possible error of calculation
n Schmid factor, it can be concluded that the activated twinning
ariant during deformation was the one with the maximal Schmid
actor.

For the specimen compressed at 170 ◦C, Table 5 presents the
chmid factors of 6 extension twin variants of grains 1–9 (the same
rains are listed in Table 3). For the seven grains, for which twin-
ing was activated, the Schmid factor of twin variant which really
ctivates during deformation is the maximal one, with the excep-
ion of grain 9. However, for this exception, the maximal Schmid
actor over that of the actually activated twin variant was less than
.025, and this verifies the relationship between the activation of
win variant and Schmid factor again. In addition, the work of Li
34] shows that, the same relationship exists between twin vari-
nt activation and Schmid factor when a rolled AZ31 sheet was
ompressed at room temperature.

. Conclusions

Experimental results suggested that:
1) Temperature plays a significant effect on texture variation dur-
ing compression of AZ31 rolled sheet. For compression carried
out at 100 ◦C, rolling texture diminished mostly at the initial
phase of deformation due to large number of twins activated.
When compression is carried out at 170 ◦C, rolling texture

[
[
[

ompounds 509 (2011) 6481–6488

diminishes steadily during the whole deformation; while for
compression at 230 ◦C, no obvious variation of rolling texture
occurred due to the fact that twins are seldom activated during
deformation.

(2) Tracing of the grain orientations in the scanning region dur-
ing deformation with EBSD method showed that orientations
had changed during the initial phase of deformation for grains
with twins activated. The orientations changed little during the
whole deformation for grains without twins activated.

(3) Schmid factor is the most important parameter to evaluate the
twin activating. Results of tracing individual grain orientations
during deformation showed that the one with the maximal
Schmid factor among the six extension twin variants was typi-
cally the one that really activated.
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