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Abstract: During deformation of magnesium at low temperatures, cracks always develop at shear bands. The origin of

the shear bands is the { 1011} twinning in basakoriented grains and the mobility of this type of twin boundary is rather

low. The most frequent deformation mechanisms in magnesium at low temperature are basal slip and { 1012} twinning, all

leading to the basal texture and therefore the formation of shear bands with subsequent fracture. The investigation on the

influences of initial textures and grain sizes reveals that a strong prismatic initial texture of <0001) parallels to TD and fine

grains of less than 5 Hm can restrict the formation and expansion of shear bands effectively and therefore improve the me

chanical properties and formability of magnesium.
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1 INTRODUCTION

M agnesium often shows unsatisfactory plasticity
due to its hexagonal structure with less independent

slip systems and the frequently observed { 101 2}
twinning provides merely a relative shear strain of 0.
129. Tt is well known that below the temperature of
dynamic recrystallization the dominant deformation
mechanisms in polycrystalline magnesium are basal
slip and { 1012} twinning'".
subjected to these types of deformation mechanisms is

Thus the magnesium

studied mostly. However, fracture in magnesium is
not directly related with the deformation inhomo-
geneities produced by these deformation mechanisms,
rather it links with shear band formation'*>". So far
the information about the origin of shear bands and

the {1011} twinning is rather limited, particularly on
the orientations within the shear bands. It was re
ported that during deformation at about 240 C the
(sub) grains within the shear bands were disoriented

6]

for about 35° with respect to their matrix It was

determined by means of trace analysis in single crys-
tals of magnesium that the {1011} twinning would
proceed when compressed along c-axis and subse
quently {1012} twinning and basal slip would occur

[2

in twined regions' >*!. Fracture may form from them

at ambient temperature. Kelley et al'? called it {101

1} banding. Due to the direct relation between shear
bands and fractures, it is crucial to explore the nature
of shear bands and the method of preventing their for-
mation. This work aims to investigate the features of
shear band formation and their dependence on initial
textures and grain sizes. The orientational character
istics of shear bands are discussed and the way of pre-
venting their formation is proposed.

2 EXPERIMENTAL

The tested material is a magnesium alloy AZ31.
The initial materials are a hot rolled plate of 12 mm in
thickness and hot extruded bars of d20 mm and d33
mm respectively. The initial average grain sizes are
25, 5 and 34 Hm after an anneal on the hot rolled
plate and the d33 mm extruded bar. Basal texture of
(0001) parallel to rolling plane existed in hot rolled

plate and fiber textures of {1100)/ {1120) parallel to
extrusion axis were present in extruded bars. The ex-
truded d20 mm bar contained 13% large elongated
deformed grains. Samples of dimension of 15 mm X
10 mm X 6 mm were sectioned in different ways,
called TR and NR from hot rolled plate and having
textures of {0001) / TD in TR and <0001 ND in
NR. Samples XZ1 and ZY 1 were prepared from d20
mm bar and samples XZ and ZY were machined from
d 33 mm bar. The initial textures in samples TR,
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X7, XZ1 were similar, and the initial textures in
samples ZY and ZY 1 were also akin with (0001) be-
ing parallel to ND, for details referring to Ref. [ 7].
Channel die compression was applied on these samples
to realize a plane strain compression. M oS, paste was
used to reduce the friction between the samples and
die form. Deformation was conducted at 97 C and
185 °C under strain rate of 0. 01 s™ '. Six incomplete
pole figures of (1010), (0002), (1101), (1120),
(1102), (1103) were measured by X-ray diffraction

and were used to calculate orientation distribution
function (ODF). Section %= 0° of ODF was ex-
ploited to represent orientation distribution. Samples
were prepared using AC-2 electrolyte and picric acetic
solution and observed by optic and electron scanning
microscope on lateral section of samples. Orientation
mapping by EBSD technique was applied to reveal lo-
cal orientation and orientation relationships.

3 RESULTS AND DISCUSSION

3.1 Morphological features of shear bands and
their dependence on initial textures

Fig. 1 shows the microstructures of deformed

samples TR and NR at two temperatures. It is seen

that the shear bands are more in sample NR than that

in sample TR. At 97 C the shear bands were straight

and sometimes cross sectioned. As indicated in Ref.

[7] that the initial prismatic texture of (0001l TD
in sample TR was stable during double prismatic slip
and disfavored the formation of shear band. Howev-
er, due to a slight allowance of TD extension, certain

amount of {1012} twinning proceeded gave rise to
basal orientation and subsequent formation of shear
bands. Nevertheless, the shear bands are less in sam-
ple TR. Shear bands form invariantly in the basal ori-
ented grains. As sample NR is basal oriented initial-
ly, massive shear bands form directly. In another
sample XY with initial texture of {0001} is parallel to
TD, which is particularly suitable for basal slip, large
amounts of shear bands are also developed. At 185 C
straight shear bands are able to expand apparently as
shown in Fig. 1(d), whereas undeveloped shear
bands are located mainly at grain boundaries in sample
TR.

Fig. 2 exhibits the 0—¢€ curves of samples
TR and NR. At 97 T sample NR was broken at

strain of about 14% and fracture was along 45°

with respect to RD because the straight { 101 1}
twin boundaries can not expand to carry plastic de-
formation. The sample TR, in contrast, deformed
relatively uniform. At 185 C distinct softening hap-
pened in sample NR which was co-related with the
expansion of shear bands as observed in Fig. 1(d).
Through the

amount of plastic deformation was achieved in the

expansion of shear bands large

Fig. 1 Microstructures of deformed samples TR and NR at different temperatures
(a) —TR, 97 C, 0.25; (b) —NR, 97 C, 0.25; (¢) —TR, 185 C, 0.60; (d) —NR, 185 C, 0.60
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Fig.2 0—¢€ curves in samples TR and NR

region of shear bands. Strictly speaking, the decline
of stress at 185 C in sample NR did not correspond
to the dynamic recrystallization, but only to a local-
ized deformation, because the subgrains at this tem-
Fig. 3(b)
illustrates a crack formed at shear bands at the strain
of 0.80 in sample ZY. The crack has an angle of about
45° with respect to RD.

perature are not able to grow (Fig. 3(a)).

3.2 Influence of grain size on shear band forma-
tion

As the shear bands are localized, deformed

zones like other deformation inhomogeneities are

easily formed in large grains. The density and size of

s A w B
B R0 WDR M ek s W

Fig. 3 Microstructures of shear bands at
185 C and different strain
(a) —Sample NR, 0. 60;
(b) —Crack in sample ZY, 0. 80

(mean grain size 34 Pm), NR (25 Pm) and ZY1 (5
Pm) respectively, indicating obviously a relationship
of density with grain size. Fig. 4 shows the mr
crostructures in deformed fine-grained samples XZ1

and ZY 1. It is seen that { 1011} twins or shear bands
are very few in fine-grained regions. In contrast,
they can be easily formed in large elongated grains
(the lower part of Fig. 4(a)) which accounts to 13%
(volume fraction) in d20 mm bar. At 185 C no
shear bands expanded significantly indicating that fine
grains of less than about 5 Hm can prevent the forma-
tion and expansion of shear bands effectively.

By comparing the textures in coarse and fine
grained samples (see Fig.5), it is clear that the

Fig. 4 M icrostructures in fine-grained samples

at different temperatures and strain
(a) —XZ1, 97 C, 0.25; (b) —ZY1, 97 C, 0.25;
(¢) —ZY1, 185 C. 0.60
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prevention of shear band formation and expansion by
grain refinement is independent of initial texture, al-
though the latter exerts strong influence on the shear
band formation.

Fig. 6 shows the 0 —€&curves of coarse and fine
grained samples ZY, ZY1 for comparison. At 97 C
the least plastic sample ZY 1 was broken at strain of
0. 22 instead of 0. 13% in the case of sample ZY. If
the detrimental effect of 13% elongated large grains
in sample ZY 1 can be excluded, the plasticity should
be further improved. The shorter softening range of
strain and a low stress decrease in sample ZY 1 at 185
‘C are evidently due to the less expanded shear
bands, i.e. the grain refinement.

400

ZY1,97¢C

300

ZY, 185°C

100

| L |
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Fig. 6 &—¢€ curves of samples ZY 1 and ZY

3.3 Shear bands and {1011} twinning

In Refs.[4, 5], the nomenclature ‘ shear band’
is often used instead of {1011} twinning[ 31 However

they are co-related. The {1011} twinning is the ori-
gin of the shear bands. At room temperature shear
bands can not fully develop and the fracture often int

tiates directly from {1011} twins. In Ref. [ 7] the

{1011} twinning was already determined by trace
analysis in accordance with previous results on single
crystalst >, Fig. 7(a) gives another example show-
ing that the crosssectioned shear bands should be re-

lated with {1011} twinning by trace analysis in the
basal oriented grain ( Fig. 5(a)). It also reveals that
prismatic oriented grains (light color) twined at first

producing basal oriented grain ( dark color). Then

{1011} twins formed in the dark-colored grains with
basal orientation. Fig.7(b) indicates that the shear
bands at their early stage are thin bands. Therefore,
they should have nothing to do with any type of slips.
As temperature increases twins can expand to form
shear bands. Although attention begins to be paid
to the interaction between basal dislocation and the

g & b0 e Pl N
s e - L = PRl

Fig.7 Relationship of shear bands

with {1011} twins at strain of 0. 25
(a) —TR, 97 C; (b) —ZY, 185 C

{1012}/{1011} twin boundaries'® """ including com-
puter simulation, it is still not clear why the { 1011}
twin boundaries can not move easily, whilst those of

{1012} quickly spread all over the whole grains in
magnesium. The expansion of shear bands at high
temperature was schematically described in Ref. [ 6].

3.4 Orientations in shear bands
As analyzed above the origin of shear bands is

the {1011} twinning whose orientations can be easily
computed as shown in Fig. 8(a). These twin orienta
tions are linked with their basaloriented host by a

56.1° (1120) relationship. Fig. 8(b) demonstrates
the deformation texture in sample NR showing weak
textures of 60° apart from ND. Because of the diffi
culty of twin boundary movement the volume fraction
of twins is rather low and therefore their influence on
texture is hard to detect. In addition, as the twin
width is only about 1 Bm, EBSD technique combined
with normal tungsten gun in SEM fails to measure
single orientation. Finally, under the condition of
compression twin orientations ( Fig. 8(a)) are unsta-
ble and are easily changed by other deformation

mechanisms such as {1012} twinning and/or basal

[231 " At a higher temperature when shear bands

slip
can expand the orientations within shear bands can be
changed clearly. So, orientations related with shear

bands change from time to time.
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Fig. 9 shows an orientation mapping on sample due to high density of crystallographic defects. If ex-
ZY 1 within a large elongated grain with basal orienta- trapolation was applied to discard zero solutions some
tion. Most regions at shear bands did not give orien new orientations within the shear
tation solutions ( called blind spots or zero solution) bands can be shown clearly as shown in Fig.9(c).

RD
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; {MAX 9.82);
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~2.00

j=0;
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(a) (b)

Fig. 8 New orientations by {1011}
twinning from initially basal oriented grain

(a)—Calculated result, 1win vanantsi
(b)Y —Measured result, sample NR, 87 °C, e=0, 25
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Fig. 9 Orientation mapping of sample ZY1 a1 97 C and strain of 0. 25
(a)—Kikuchi band contrast, grey color; position of zero solution; (b)—Zero solutions discarded by extrapolation
(c)—Distribution of grain boundariess (d)—(0002) pole figure und orientation relutionships
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Note that the extrapolation can only lead to incorrect
grain sizes and not incorrect orientations. Fig. 9(d)
From the
calculated orientation relationships listed in Fig. 9( d)

shows the orientations in the shear bands.

it is seen that only orientations A, B, E, G own near
ly the twinning rotation axis of [ 1120], but not the
56.1° for {1011} twinning. This may be explained

by further rotation around <1120).

From the results given above it is known that the
fracture in deformed magnesium always forms along
the shear bands. The shear bands are related with

{1011} twinning which occurs in the basakForiented
grains. At elevated temperature plastic deformation is
achieved within the expanded shear bands in samples
with basal texture. Since deformation mechanisms in
polycrystalline magnesium are mainly basal slip and

{1012} twinning, which all lead to basal texture, the
best way to prevent the formation of shear bands is to
produce an initial sample with strong prismatic tex-
ture of <0001) I TD and a fine grain size of less than
5 Hm. In this way the properties and formability can
be improved apparently. It is frequently reported that
grain refinement in magnesium improves the strength

U274 The latter is at-

tributed to the low temperature superplasticity! "> '

and formability significantly

However, it was also found that the mechanical be
haviors of fine-grained samples processed differently
with equal average grain sizes were totally differ
ent!” ' They realized that texture played an impor-
tant role in this case. No explanation is given to the
difference in shear band formation.

4 CONCLUSIONS

1) The {1011} twins in basal oriented grains are
the origins of both shear bands and the fractures
formed in deformed magnesium at low temperatures.
The most frequently observed deformation mecha
nisms in magnesium, namely the basal slip and the

{1012} twinning, all give rise to basal texture and
therefore lead to intrinsic insufficient plasticity of

magnesium. The difficulty in the movement of {101
1} twin boundaries is responsible for the poor plastici-
ty of magnesium.

2) An initial material with strong prismatic tex-
ture of <0001) /I TD and a fine grain size of less than
about 5 Hm can restrict the formation and expansion
of shear bands and thus improve the mechanical prop-
erties and formability of magnesium.
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