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The mechanical behavior of the extruded 7003-T6 aluminum profiles used as automotive buffer beams is investigated. The
correlation of the texture and the formation of the adiabatic shear band is analyzed. Copper texture, R texture, and S texture are the
main reasons for the anisotropy of mechanical behavior of the profile, resulting in that the stress of the profile along the extrusion
direction is higher than that perpendicular to the extrusion direction. Through finite element modeling (FEM), it can be found that
the adiabatic shear band is developed in the sample if the dynamic loading direction is parallel to the extrusion direction, but it
does not appear if the loading direction is perpendicular to the extrusion direction. When the dynamic loading direction is parallel
to the extrusion direction, higher stress results in a lower energy barrier for shear localization. Therefore, the formation of the
adiabatic shear band is susceptible along but is not sensitive perpendicular to the extrusion direction. This study provides technical
support for the service of 7003 aluminum alloy in automobiles, which has important academic and engineering application value.

1. Introduction

Aluminum alloy is an ideal lightweight material for auto-
mobiles because of its outstanding energy absorption per-
formance and high specific strength. In recent years, more
and more high-performance extruded 7XXX series alumi-
num alloy profiles are applied in the car body, such as 7003
aluminum alloy, as the automotive buffer beams. Therefore,
the material’s impact safety under high-speed impact is
especially important for security reasons [1]. Thus, it is a
major requirement to research the mechanical behavior of
7XXX series aluminum alloy under dynamic loading.

The general driving speed of a car is about 60 km/h, and
the speed can reach 120km/h on the highway; the corre-
sponding strain rate is about 1700 s '~3400s™". Under high-
speed impact, the thermo power is difficult to dissipate. The
coupling of mechanical and thermal effects leads to special
behavior of materials, such as adiabatic shear band, which is
the precursor of fracture failure [2].

Automotive buffer beams are usually made by rolled or
extruded aluminum alloy. The mechanical behavior of rolled

or extruded materials is not the same in different directions,
which means the mechanical behavior is anisotropic. Ye
et al. [3] found that, in 6063-T4 aluminum alloy extruded
bar, the stress of the 0° sample is greater than the strength of
45° and 90° samples. Rahmaan et al. [4] studied 6013 and
7075 aluminum alloy sheets and reported that these alloys
exhibited appreciable plastic anisotropy.

The researchers find that the anisotropy of materials is
related to the texture’s type and volume fraction formed
during processing and heat treatment. This may also
contribute to the directional formation of the adiabatic
shear band. In recent years, researchers have noticed that
the formation of adiabatic shear bands depends on the
initial texture of the material [5-9]. Yang et al. [9] found
that high density of texture introduced by rolling facili-
tates the formation of the adiabatic shear band in 7075
aluminum alloys. Therefore, it is essential to reveal the
relationship between texture and adiabatic shear band
formation.

Based on this intention, we studied the mechanical
behavior of extruded 7003 aluminum alloys’ profile. In this
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article, we present the results and analysis about the effects of
texture on the adiabatic shear band formation.

2. Materials and Methods

We followed the methods of our previous work [10]. An
extruded 7003 aluminum alloy profile was used as the raw
material (Figure 1), and it was used as the automotive buffer
beam. The composition of the profile is given in Table 1. The
route of processing is as follows:

(1) T6 treatment by solutionizing at 470°C for 1h and
water quenching and, thereafter, artificial ageing at
120°C for 24 h.

(2) Cutting cylindrical samples from the profile, the
samples’ size is ®3.5mm x 6 mm. They were cate-
gorized into two types with the cylinder’s axis per-
pendicular or parallel to the extrusion direction and
designated as the 90° sample and 0° sample
(Figure 1).

The quasi-static compressions were conducted by an
Instron-3382 universal testing machine, and the strain rate is
0.001s~". The dynamic loading tests were conducted by
using a split Hopkinson pressure bar (SHPB) device, the
strain rate ranging from 1150s™" to 3300s . Detailed pa-
rameters for the SHPB test can be taken from [11].

The texture of the material was detected by X-ray dif-
fraction. The tests were conducted on the sample’s midplane
and were conducted by wusing a Siemens D500
diffractometer.

3. Results

The mechanical response of the 7003-T6 aluminum alloy
profile during compression is evaluated by the stress-strain
curves. Figure 2 shows the stress-strain curves of the samples
under different loading status. It shows that, after the elastic
deformation, the stress rises slowly with the strain, indi-
cating a weak strain-hardening ability of the material. A
similar mechanical response has also been found in other
7XXX aluminum alloys [12, 13].

It can be seen from Figure 2 that the curves’ slope of the
0° sample and 90° sample is equal to each other at the same
strain rate. It means that the elastic modulus of the 0° sample
is equal to that of the 90" sample. This is because the ma-
terial’s elastic modulus is mainly dependent on its chemical
composition [14], so the elastic modulus is the same at
different directions. The difference between the curves is that
the yield point could be observed for the 0° sample, while it is
not obvious for the 90° sample. For the phenomenon of yield
points, the dislocation theory [15] suggests that a mass of
dislocations is pinned by the grain boundary, diffusion
phase, and impurities under plastic deformation. Therefore,
greater external force is needed to overcome the pinning
effect which leads to the upper yield point. When the force
overcomes the pinning obstacles, the dislocations can move
freely, resulting in the stress which drops to the lower yield
point. The yield strength depends on the material itself;
besides, the strain rate is also one of the important factors.
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Consequently, it can be seen from Figure 2 that when the
strain rate exceeds 2000s ', the yield point appears on the
stress-strain curve of the 0° sample. In addition, the loading
mode is also an important factor. Different loading direc-
tions cause different relations between the force and dis-
placement, leading to the possibility that the yield points
appear or not. Therefore, no obvious yield points are ob-
served in the curves of the 90° sample.

Figure 2 also shows the results that the stress for the 0
sample is always greater than that for the 90° sample at the
same strain rate, whether under dynamic loading or quasi-
static deformation. It can be concluded that the alloy’s
mechanical behavior is obviously anisotropic.

The texture is analyzed by using the X-ray diffraction
technique in order to reveal the causes of the anisotropic
characteristics. The collected orientation distribution func-
tion (ODF) results are shown in Figure 3. As shown, the
main texture is cube texture {011}<100> with an intensity of
12, copper texture {112}<111> with an intensity of 9, S
texture {123}<634> with an intensity of 5.9, and R texture
{124}<211> with an intensity of 5.2, which are the high-
probability textures observed in aluminum alloys [16].

The yield strength can be expressed as [17]

T
- (1)

C
0o.2

- (cos ¢ cos A)

max

0y, is the yield strength, 7. is the critical shear stress, ¢ is
the angle of the slip plane and loading axis, A is the angle
between the slip direction and the loading axis, and
cos ¢ cos A is defined as the Schmid factor. Apparently, the
yield strength is inversely proportional to the Schmid factor.
The Schmid factor determines whether the slip system opens
or not, thereby affecting the mechanical behavior in this
direction. Therefore, it is necessary to calculate the Schmidt
factor in different directions.

The major slip system of the aluminum alloy is {111}
<110>. The Schmid factor values are calculated, as shown in
Tables 2 and 3. For cube texture {011}<100>, the maximum
Schmid factors are 0.41 for both 0° and 90° samples. For
copper texture {112}<111>, the maximum Schmid factors
are 0.42 and 0.47 for the 0° and 90° sample, respectively. For
S texture {123}<634>, the maximum Schmid factors are
0.27 and 0.41 for the 0° and 90° sample, respectively. For R
texture {124}<211>, the maximum Schmid factors are 0.41
and 0.49 for the 0° and 90° sample, respectively. It can be
concluded that the maximum Schmid factors are always
lower for the 0° sample than those for the 90° sample. In this
way, it explains why the 0° sample always exhibits the
higher strength.

It is very hard to monitor the real time of the SHPB test
because the dynamic loading process is extremely fast.
Therefore, the numerical simulation method is often
employed to simulate the dynamic loading process and has
been proved to be successful [18, 19]. The finite element
modeling (FEM) method is adopted in this paper. Before
modeling, the constitutive model of the material is obtained,
which is essential for FEM. The Johnson-Cook model is
adopted which has been widely used for dynamic defor-
mation cases [20, 21]. The Johnson-Cook model is one of the
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FiGure 1: The drawing of the 7003 aluminum alloy profile and the location of sampling.
TaBLE 1: Chemical composition of the 7003 aluminum alloy profile (wt, %).
Zn Mg Cu Si Mn Fe Cr Ti Zr
5.6 1.00 0.13 0.05 0.13 0.15 0.001 0.025 0.13 Residual
400 | 400 -
= 300 - = 300 |
oo} o]
= =
% 200 - £ 200 -
L L
& &
100 + 100
O L L L L 0 1 1 1 1 1
000 005 o010 015 020 025 030 000 002 004 006 008 010 0.2
True strain True strain
— 0°0.001/s — 0°1150/s
—— 90°0.001/s —— 90°1150/s



Discrete Dynamics in Nature and Society

500
400 |
400 |
= 300 - 5
2 S 300
g 2
2 200 2
3 o 200
a &
100
100
(())00 0|05 0|10 0|15 0.20 0 ! 5 L L L L
’ ’ o ’ : 0.00 005 010 015 020 025 030
True strain .
True strain
—— 0°2000/s 3300
—— 90° 2000/s

—— 90°3300/s
() (d)

Ficure 2: Comparison of true stress-strain curves between the 0° sample and 90° sample under different strain rates: (a) 0.001s™%; (b)
115057"; (c) 200055 (d) 3300s™".
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FIGURE 3: ODF of the extruded 7003-T6 aluminum alloy profile.
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TaBLE 2: Schmid factor of the {111}<110> slip system at different
directions with {001}<100> and {112}<111> textures.

. Schmid factor
Slip system

{001}<100> {112}<111>
Slip plane Slip direction 0° 90° 0° 90°
110 0.41 0 0.27 0.27
(1-11) 10-1 0.41 —-0.41 0 -0.14
011 0 0.41 0.27 0.41
110 -0.41 0 0.27 0.27
(-111) 101 -0.41 0.41 0.27 0.41
01-1 0 -0.41 0 -0.14
1-10 0.41 0 0 0
ain) 10-1 041  -0.41 0 -027
01-1 0 —-0.41 0 -0.27
1-10 0.41 0 0 0
(11-1) 101 0.41 -0.41 0.27 0
011 0 —-0.41 0.27 0

TaBLE 3: Schmid factor of the {111}<110> slip system at different
directions with {123}<634> and {124}<211> textures.

i Schmid factor
Slip system

{123}<634> {124}<211>

Slip plane Slip direction 0° 90° 0° 90°
110 0.42 0.17 0.41 0.17
(1-11) 10-1 0.09 -0.12 0.14 -0.17
011 0.33 0.29 0.27 0.35

110 0.06 0.35 0 0.29

(-111) 101 0.07 0.47 0 0.49
01-1 -0.01 -0.12 0 -0.19
1-10 0.26 -0.17 0.27 -0.14

(111) 10-1 0.17 -0.35 0.27 -0.41
01-1 -0.09 -0.17 0 -0.27

1-10 0.1 0 0.14 0.02
(11-1) 101 0.33 0 0.41 -0.10
011 0.23 0 0.27 -0.12

most widely used constitutive models because it adopts a
simple and effective expression and can be applied to various
crystal structures, as shown in the following equation [20]:

n € T_Troom "
0:[A+Bs][1+Cln(g)][1—(7Tmelt_Tmom) ]
(2)

where ¢ is the plastic strain, & is the strain rate, &, is the
reference plastic strain rate, T, Tyoom, and T are the
absolute temperature, room temperature, and melting point,
and A, B, n, C, and m are the parameters to be determined,
respectively. Using the data obtained from Figure 2, the
models are built by fitting the true stress-strain curves. The
derived John-Cook model parameters are listed in Table 4.

FEM is then carried out by using the obtained consti-
tutive material model to simulate the SHPB test. LS-DYNA
10.0 software is adopted in the numerical simulations of the
SHPB test. The diameter and length of the bars are set the
same as the experimental SHPB device. A velocity of 21 m/s,
calculated from the strain rate of 3300s™" and sample sizes

TaBLE 4: John-Cook model parameters of 7003 aluminum alloy.

A (MPa) B (MPa) C n m
0° 323 339 0.004 0.9 1.86
90° 183 224 0.01 0.55 1.4

adopted in the SHPB test, is applied to the striking bar. The
simulation results are shown in Figures 4 and 5. Figure 4
shows that high strain concentration is formed in the bottom
right and top left corner of the sample, and then the de-
formation concentration area gradually expands to the
center of the 0° sample. It also shows that the maximum
strain in the high strain concentration area is much bigger
than the strain in other areas. Figure 5 shows that lower
strain concentration is formed in the center of the 90°
sample. It also shows that there is little difference between
the maximum strain in the high strain concentration area
and the strain in other areas. Therefore, an adiabatic shear
band develops in the 0° sample, but it does not appear in the
90° sample.

Grady [22] believed that, to form an adiabatic shear
band, a critical energy barrier is always needed to overcome.
The smaller the energy barrier is, the easier adiabatic
shearing occurs in the material. He proposed a method for
estimating and comparing the energy dissipated per unit
area of an adiabatic shear band. It is expressed as the
following:

1/4
323/

G=P(2Pcx (3)

>

3 424
a \ T’y

where p is the density, c is the specific heat,  is the thermal
softening coefficient, « is the thermal diffusion coefficient,
and 1, is the flow stress. For 0° and 90° samples, the flow
stress 7, is different, while the other parameters are the
same in the above equation. As shown in Figure 2, at the
same strain, the 7, value for the 0° sample is greater than
that for the 90° sample. Consequently, the adiabatic shear
band is more likely to occur in the 0° sample. This is
consistent with the shearing phenomenon observed in
Figure 4. As stated above, the tendency of the 7003-T6
aluminum alloy to form the adiabatic shear band has been
explained by the texture feature which results in high flow
stress in the 0° sample.

Figure 6 shows the ODF of the 0" sample after dynamic
loading. It can be seen that the main texture of the 0° sample
after dynamic loading is rotation cube texture {001}<110>
with an intensity of 5, brass-R texture {111}<110> with an
intensity of 2.9, Goss texture {011}<100> with an intensity of
2.5, and cube texture {001}<100> with an intensity of 2.4.
Compared with Figure 3, the intensity of the cube texture
decreases significantly after dynamic loading, while the
intensity of the Goss texture and rotating cube texture in-
creases. The reason for this change is that cube texture is an
unstable orientation, under dynamic loading, and it will
convert into Goss texture which is a stable orientation on the
a-orientation line. Since the adiabatic shear band is formed
in the 0° sample under dynamic loading, Goss texture is easy
to nucleate in the adiabatic shear band, which makes the
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FIGURE 4: The strain distribution at different times (0° sample, the strain rate is 3300s™"): (a) 0.0525 ms; (b) 0.12ms; (c) 0.1375 ms; (d)
0.15ms.
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FIGURE 5: The strain distribution at different times (90° sample, the strain rate is 3300s™"): (a) 0.12 ms; (b) 0.15 ms.

intensity of the Goss texture increase significantly. In the  to dislocation slip. At this time, the driving force of grain
process of dynamic loading, the grain rotation makes the slip ~ rotation disappears, and the grain stops rotation, thus
plane turn perpendicular to the pressure axis. When the  forming a shear texture [23, 24]. With the increase of en-
grain rotates to a specific direction, the stress will release due ~ gineering strain, a large shear deformation occurs in the
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FIGURE 6: ODF of the 0° sample after dynamic loading (the strain rate is 3300s™" and the engineering strain is 0.65).

sample, resulting in the formation of rotation cubic shear
texture.

This texture evolution has also been found in the de-
formation process of other alloys [25-27]. Maurice et al. [25]
studied the texture evolution of 3000 series aluminum alloy
during hot rolling and found that when the strain rate is
small, with the increase of deformation, the intensity of the S
texture and copper texture decreases, while the intensity of
the brass and Goss texture increases; when the deformation
rate is high, with the increase of deformation, the copper
texture is almost unchanged, the intensity of the S texture
and Goss texture increases slightly, and the intensity of the
brass texture increases significantly. This finding also shows
that the dynamic loading is similar to the hot rolling process,
which is a comprehensive process of heat power. When a
certain strain is reached, adiabatic shear band may appear,
which is a vantage position for recrystallization nucleation
[28, 29], leading to the formation of recrystallization texture
or the increase of its intensity.

4. Conclusion

Based on the above experimental and simulated results, the
formation of the adiabatic shear band in the 7003-T6

aluminum alloy profiles can be discussed. The texture results
the flow stress of the 0 sample is greater than that of 90°
sample, thereby resulting in lower barrier energy and higher
sensibility for the formation of the adiabatic shear band. The
alloy’s texture changes under dynamic loading, and the
adiabatic shear band formation leads to the formation of
recrystallization texture and shear texture.
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