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Abstract : Aluminum alloy sheets are being increasingly used to reduce the weight of an automotive
body. Al-Mg-Si alloys have been used because they have favorable properties for automotive bod-
ies. One of the important requirements of these alloys is the ability to resist fracture while bending. In
this study, the influence of crystal orientations on the bendability of an Al-Mg-Si alloy is investigated
using single-crystal specimens from the viewpoint of the shear band formation. The bendability and
the formation of shear bands are clearly dependent on the crystal orientation, and <001>//
ND-oriented specimens exhibit the highest bendability. The formation of denser shear bands is
observed with a decrease in bendability. The shear bands behaved as the origin of the cracks and
the propagation path. It is concluded that the inhibition of the formation of shear bands by control-
ling the orientations is very important to improve the bendability. Moreover, there exists a relation
between the Taylor factor and the bendability because the bendability tended to decrease with an

increase in the Taylor factor.

1. INTRODUCTION

Aluminum alloys are increasingly being used to
manufacture lightweight automotive bodies. Al-Mg-Si alloys
have been used because they have favorable properties for
automotive bodies. High bendability of an aluminum sheet
is one of the desirable properties when it is applied to the
fabrication of an automotive body sheet. Thus far, there have
been some studies on the bendability of aluminum alloys.
Alloys having high yield strength exhibit low bendability D 2.
Precipitates on grain boundaries, second-phase particles,
and a formation of shear bands upon bending decrease
bendability D-3). The texture of the alloy affects the formation
of the shear bands upon bending 4. 5. These studies have
been carried out with polycrystals of aluminum alloys, and
the relation between the crystal orientation of the alloy and its
bendability has not yet been clearly understood.

In this study, the relation between the crystal orientation
of an Al-Mg-Si alloy and its bendability has been investigated
using single-crystal specimens from the viewpoint of the

formation of shear bands upon bending.

2. EXPERIMENTAL

Table 1 shows the chemical composition of the specimens
used in this study. In order to suppress the influence of second-
phase particles on bendability and obtain large grains for the
single-crystal specimens, the Fe, Mn, and Cr contents were

reduced as compared to commercial Al-Mg-Si alloys.

Table 1 Chemical composition of the alloy (mass%).
Cu Si Fe Mn Mg Zn Cr Ti Al
0.0002|0.9969 | 0.0459|0.0009 | 0.5905 | 0.0047 | 0.0009 | 0.0007 | Bal.

An ingot (length: 700 mm; width: 200 mm; thickness:
80 mm) was prepared by using the direct chill (DC) casting
method in the laboratory. After homogenization, this ingot
was hot-rolled, cold-rolled, annealed, and cold-rolled again.
Then, a 1.0-mm-thick sheet was obtained. This sheet was
solution-treated at a temperature of 843 K for 18 ks. After
this treatment, the sheet was quenched in water and aged
at a temperature of 373 K for 72 ks (under-age condition) to
achieve precipitation hardening because the low yield strength

of the as-quenched sheet was not sufficient for distinguishing
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the difference in bendability . 2).

The large grains of the sheet were observed after macro-
etching with the reagent (hydrochloric acid:nitric acid :
water = 1 : 1: 1). The orientations of the grains were defined
by Scanning Electron Microscope - Electron Backscatter
Diffraction (SEM-EBSD). The single-crystal specimens
(length: 20 mm; width: 10 mm) for bending test were cut
out from these large grains having a diameter of several
centimeters. The crystal orientations of these specimens are
listed in Table 2. Some of the crystal orientations here were
typically observed in rolled or annealed FCC materials 6). 7,
and the others were obtained by rotating these orientations
around the nominal direction (ND) or rolling direction (RD).
The crystal direction of the specimens was parallel to the RD,
as listed in this table. The name of the orientations that rotated
around ND or RD was defined as the combination of the
rotation angle and its initial orientation hereafter. For example,
the specimen defined as ND45Cube represents an orientation
with a 45° rotation around ND from the cube orientation. The

orientation deviation of the specimens was within + 10°.

Table 2 Orientations of specimens used for the bending test.

Cube ND45Cube RD25Cube
{001}<100> | {001}<110> |{0715}<100> RD

|:| LTD

& @

Goss
{011}<100>

Brass
{011}<211>

P
{011}<1 11>

S

ND90Goss
{011}<110>

=

(1]

{123}<634>

10
&

&

4
o
Y
o
w

{123}<267 4>

ND90S
{123}<17229>

ND135S
{123}<31813>

=

Cu
{112}<111>

&

ND45Cu
{112}<2029>

B
@

ND90Cu
{112}<110>

{111}<112>

=0
&

{111}<110>

Fig.1 shows the schematic representation of the bending
test. First, a specimen on two rolls was bent by a load to form a
“v” shape. Then, an inner plate was inserted between the bent
plates. Finally, the specimen was pressed to obtain a 180° bend
angle (bending radius: 0.5 mm). This is called 180° bending
(A-bending). Some specimens were bent without an inner
plate to investigate the difference among specimens with high

bendabilities (B-bending). Here, the bending edge was vertical

to the longitudinal direction of the single-crystal specimens

that were parallel to the RD.
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Fig.1 Schematic representation of the bending test.
Bending tests are performed in the following order:
(a) bending by load, (b) inserting an inner plate
between the bent plates, and (c) pressing.

The bent specimens were visually graded according to their
bendability on a scale of 1 to 10. The samples are shown in
Fig.2. A score of 10 indicated that there were no cracks and
no roughness on the surface of the bent specimen; on the
other hand, a score of 2 indicated that there were microcracks
propagating through the thickness and a score of 1 indicated
that the bending specimen fractured to two pieces before
reaching 180° bend angle during the bending test. The
bending score was defined as the average value obtained after
three or more trials.

Shear bands on bending were observed from a transverse
direction (TD) cross section using an optical microscope after
aging the bent specimen at 493 K for 1.2 ks. It becomes easy to
observe shear bands by etching Mg»Si precipitates formed on
the sites of the shear bands during the aging.

The Taylor factor was calculated for each orientation of the
specimens using TSL OIM Analysis software (TSL Co. Ltd.),
under the assumption that the bending was a plane strain
deformation. Shear bands and dislocation microstructures
formed upon bending were also observed from the TD cross

section by Transmission Electron Microscope (TEM).
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Fig.2  Appearances of bending samples for rating
bendability on a scale of 1 to 10 visually. RD and TD
denote directions of samples. In the case of a score
of 10, there are no cracks and no roughness. In the
case of a score of 2, microcracks propagate through
the thickness. In the case of a score of 1, bending
specimen fractured to two pieces before reaching
180° bend angle.

3. RESULTS AND DISCUSSION

3.1 Influence of Crystal Orientation on Bendability

The orientations of the specimens and their bending scores
are listed in Table 3. In this table, there are Cube, Goss, S,
Cu, {111}<112> and the others that were formed by rotation
around ND or RD from these orientations. Fig.3 shows the
appearances of some specimens after the A-bending test and
their bending scores. Cube-, ND45Cube-, and RD25Cube-
oriented specimens exhibit the highest bendability. This
result is in good agreement with the reports on polycrystal
specimens 4, 9. Cube-, ND45Cube-, and RD25Cube-oriented
specimens have similar scores of around 10 on the A-bending
test; however, the Cube and RD25Cube orientations exhibit
a slightly higher bendability than the ND45Cube orientation
in the B-bending test. {111}<112>-, ND45S-, and ND90Cu-
oriented specimens exhibit good bendability, second only
to that of the Cube, ND45Cube and RD25Cube orientations.
These three orientations also have similar scores of around
9; however, the {111}<112> orientation exhibits the highest
bendability among the three, and ND45S orientation exhibits
a higher bendability than the ND90Cu orientation in the
B-bending test. On the other hand, ND135S- and ND90Goss-
oriented specimens exhibit very low bendability. It is revealed
that the bendability is dependent on the crystal orientation

because the other factors that influence the bendability,

such as solid solution, fine precipitates and coarse second-
phase particles are almost the same due to the same process.
Although effect of crystal orientations on yield strength can
not be ignored for bending, this can be still considered to

originate the factor of crystal orientations themselves actually.

Table 3 Relation between the orientation of the specimen
and bendability. A-bending is 180° bending with an
inner plate, and B-bending is severe 180° bending
without an inner plate.

Specimens’ Bending score
orientation A-bending B-bending
Cube 10.0 10.0
ND45Cube 10.0 9.0
RD25Cube 9.7 9.7
Goss 7.0
Brass 4.3
P 3.3
ND90Goss 1.0
S 4.5
ND45S 8.6 7.0
ND90S 4.0
ND135S 2.8
Cu 3.3
ND45Cu 4.3
ND90Cu 8.8 6.3
{111}<112> 9.0 7.8
{111}<110> 5.4

(a)

; D I
Cube: 10.0

ND1358S: 2.8

ND45S: 8.6

Fig.3  Appearances of specimens after A-bending. Values
denote bending scores.

In order to understand the anisotropy of bendability due to
the rotation of ND, five directions—<001>//ND, <011>//ND,
<123>//ND, <112>//ND, and <111>//ND—were chosen in
this study. In each direction, there is a group of orientations
with rotation around ND. Table 4 and Fig.4 show these
orientations and bendabilities in each group upon ND rotation.
The orientations of Cube and ND45Cube that belong to
<001>//ND exhibit the highest score and almost no anisotropy
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of bendability. On the other hand, in the <011>//ND group,
the bendability has the lowest score upon the 90° rotation of
ND, and the difference in bendability between the Goss and
the ND90Goss orientations is very large. Therefore, there is
considerable anisotropy of bendability in this group. Similarly,
substantial anisotropy of bendability can be also recognized
in the <123>//ND and <112>//ND groups. In addition, the
bendability and its anisotropy of orientations in the <111>//
ND group are relatively excellent as compared to those in the
<011>//ND, <123>//ND, and <112>//ND groups. Finally, it
could be considered that the development of the orientations
in the <001>//ND group effectively improves the bendability

and reduces the anisotropy.

Table 4 Classification of the specimens’ orientation. The
orientations of a specimen are classified into five
groups in the ND direction, and each group has
several orientations of specimens. Values denote
bending scores (A-bending) in Table 3.

Direction ND axis rotation, 6/°
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<011>//IND G;(S)S Bf;s ;3
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<1 11>/ND {1113),(()112) {11122110>
Direction ND axis rotation, 6/°
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<123>/IND Ntfoos ND21.253
<112>//ND ND;(;CU ND:gCu
<1 11>/ND {1115}’3112> {11121110> {11153112>
Direction ND axis rotation, 6/°
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<123>/ND 4?5
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Fig.4 Dependence of bendability in each direction on ND
axis rotation.

3.2 Shear Band Formation

Bendability is dependent on the crystal orientation. It is
reported that bendability is also related to the formation of
shear bands upon bending V- 3. 4. Fig.5 shows the optical
micrographs of some specimens obtained after the A-bending
test. The differences in the formation of shear bands can
be recognized clearly on the TD cross section from these
micrographs. In the Cube orientation that has the highest
bendability, no shear band can be visually observed, while
in the case of ND45S, some shear bands can be observed.
Further, in the case of the Brass and ND135S orientations, a
high density of shear bands can be observed. The micrograph
of Brass orientation shows that shear bands cause the initial
microcrack. One of the ND135S specimens shows that a
crack propagate along the shear bands through the thickness.
Therefore, it is concluded that the inhibition of the formation
of shear bands by controlling the orientations is very
important to the improvement of bendability.

In addition, shear bands were also observed in detail by
TEM because the microstructure of the shear bands generated
by bending has not been reported in a single crystal. The
results of the observation in the case of ND90Goss are shown
in Fig.6. In Fig.6 (a), an approximately 1-uym-thick white
band is denoted as the shear band. The diffraction patterns
suggest that the orientations within the shear band are similar.
Furthermore, a slight orientation rotation between the shear
band and the matrix can be considered from their diffraction
patterns. These results are not in agreement with a report
on the polycrystal of austenite stainless steel deformed by
rolling ®. It appears that the microstructure formation of
shear bands in single-crystal alloys is different from that in
polycrystal materials. A detailed investigation of the shear

bands is required in the future.
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Fig.5  Optical micrographs of shear bands after the A-bending test. Black lines and the values denote shear bands and bending

scores, respectively.

Fig.6  TD cross-sectional TEM images of the shear band in ND90Goss from [001] Al zone axis. The specimen used for the observation
was bent to an angle of 90° (bending radius: 0.5 mm). (a) is the outline view of the shear band. (b), (c), and (d) are the magnified
micrographs of the dotted-line regions in (a). (V) indicates the diffraction pattern of the solid line region in the matrix. (W), (X), and
(Y) show the diffraction pattern of the solid line region in the shear band.

3.3 Influence of Taylor Factor on Bendability

Fig.7 shows the relation between the calculated Taylor
factor and the bending score (A-bending). This figure indicates
that the bending score decreases with an increase in the value
of the Taylor factor. This implies that the bendability can be
roughly predicted by calculating the Taylor factor. The Taylor

factor is closely related to the slip behavior in materials. It

can be considered that a low Taylor factor leads to a relative
uniform slip deformation during bending. On the other hand, if
the Taylor factor is high, the necessary stress for deformation
increases greatly, and a uniform slip deformation becomes
difficult. Therefore, shear bands are formed as a result of

relaxing further deformation.
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Fig.7 Relation between Taylor factor and bending score
(A-bending).

Fig.8 shows the TEM micrographs of the bent portion of
the specimens in the Cube and ND90Goss orientations. The
dislocation density of the ND90Goss-oriented specimen is
obviously higher than that of the Cube one. It is suggested that
the large accumulation of dislocations during bending under
a high Taylor factor condition leads to the easy formation of

shear bands.

Cube: 10.0, 2.45

ND90Goss: 1.0, 4.90

Fig.8 Dislocation structures in TEM micrographs of Cube
and ND90Goss. Observations were carried out after
90° bending (bending radius: 0.5 mm). The values
represent the bending score and the Taylor factor,
respectively.

4. CONCLUSION

Several types of single-crystal specimens of an Al-Mg-Si
alloy were produced in the laboratory and the influence of
the crystal orientation on the bendability was investigated
experimentally. The findings were as follows:

(1) There is a close relation between the bendability and the
crystal orientation. <001>//ND-oriented specimens exhibit the
highest bendability and the lowest anisotropy of bendability
among all types of crystal directions investigated.

(2) The formation of shear bands is dependent on the crystal
orientation. The inhibition of shear bands leads to the
improvement of bendability because the shear bands cause the

initial microcrack and its propagation path.

(3) There also exists a relation between the bendability and
the Taylor factor. The bendability improves with a decrease in
the Taylor factor. The dependence of the crystal orientation on

bendability can be expressed in terms of the Taylor factor.
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