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The effects of strain rate and temperature on the yield and flow stress of AA5754 sheets are
presented under uniaxial (tension and compression), dynamic (tension), and simple shear
loading conditions. The present study investigates the anisotropic behavior of AA5754
sheets through experiments performed in the rolling (RD), 45� to rolling (DD), and trans-
verse to rolling (TD) directions at room and elevated temperatures. The experimental
results show that the strain rate sensitivity varied from negative at room temperature to
positive at elevated temperatures (>150 �C), and the anisotropy was inversely proportional
to the strain rate. Texture analysis was conducted on the specimens after uniaxial tension
and simple shear deformation, using the neutron diffraction and electron back-scattered
diffraction (EBSD) techniques. Rotation rate maps and orientation stability parameters,
determined by the rate-sensitive model, were used to explain the kinematic stability of
the initial texture components in AA5754 sheets during uniaxial tension and simple shear
deformation. A visco-plastic self-consistent (VPSC) polycrystal model was used to simulate
the evolution of the initial texture components in AA5754 sheets during uniaxial tension
and simple shear deformation.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The increasing use of aluminum in the automotive industry is mainly governed by the need for lower fuel consumption,
which requires reducing the weight of the vehicle, thus providing the most energy efficient solution (Cole and Sherman,
1995). The replacement of steel with aluminum decreases the weight by as much as 40% as a result of its high strength-
to-weight ratio. In addition, other qualities of sheet aluminum alloys — (1) high formability in stamping while retaining
strength, (2) uniform, smooth surface after forming, and (3) high quality finish — make them desirable materials for use
in the automotive industry (Burger et al., 1995). Therefore, investigations of 5xxx series aluminum alloys have focused on
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the Portevin-Le Chatelier (PLC) effect, strain rate sensitivity, strain hardening and texture evolution, since these factors affect
the structural response during forming operations and in crash failure.

Uniaxial tension experiments have been carried out on 5xxx series alloys by several researches (Naka and Yoshida, 1999;
Wagenhofer et al., 1999; Sarkar et al., 2001; Li and Ghosh, 2003; Clausen et al., 2004; Picu et al., 2005; Kang et al., 2006;
Abedrabbo et al., 2007; Hadianfard et al., 2008; Khan and Baig, 2011). These studies concluded that the stress–strain curves
show serrated flow behavior at lower temperatures. However, there was an absence of serrated flow and a decrease in flow
stress at elevated temperatures. The former was due to DSA, while the latter can be attributed to the increase in the mobility
of the solute atoms, which eliminates the serrated flow behavior. In addition, AA5754-0 and AA5182 sheets softened at 121
and 93 �C, respectively, and there was a steady decrease in strain hardening and an increase in SRS with increased temper-
ature (Abedrabbo et al., 2007). Picu et al. (2005) reported negative SRS for temperatures ranging from �100 to 80 �C, i.e., the
DSA mechanism dominated the behavior in this temperature range. The work of Park and Niewczas (2008a) on AA5754 alloy
revealed two kinds of flow instability, the PLC effect at room temperature and adiabatic deformation at �270 �C. Almost all
uniaxial tension experiments are performed using hydraulic or screw-driven tensile testing systems, and the resultant strain
measurements were obtained using an extensometer or machine displacement. However, Kang et al. (2006) used digital im-
age correlation (DIC) to measure full field strain and the SEM topography image correlation technique was used to perform
strain mapping to the grain level. Biaxial experiments were also performed by Iadicola et al. (2008) on AA5754-O sheet alloy,
and stresses were measured using the X-ray diffraction method.

High strain rate tension experiments by Smerd et al. (2005) on AA5182 and AA5754 sheets, using a tension split
Hopkinson bar (TSHB), showed that both alloys exhibited significant increases in ductility under a dynamic regime. A com-
prehensive study was recently performed by Khan et al. (2009,2010a,b) on high- and low-hardening Al alloys, and they re-
ported that the small scale yield surfaces showed completely different behaviors with different proportions of isotropic and
kinematic hardening. Uniaxial and biaxial compression experiments on sheet alloys were initially performed by Tozawa
(1978) using a rectangular specimen by stacking and gluing the sheet material. However, recent studies by Boger et al.
(2005) and Lou et al. (2007) developed a new technique for in-plane compression experiments for sheet materials. In this
technique, two flat steel plates and a hydraulic cylinder system are used to stabilize the sheet sample, and the stress–strain
curves are obtained after making corrections for the friction between sample surfaces and supporting plates. Bouvier et al.
(2006b) performed proportional and non-proportional simple shear experiments on AA5182-O to study the monotonic re-
sponses and Bauschinger effect. They concluded that the strain hardening increased with monotonic deformation, and no
work-hardening stagnation was observed during strain path reversal with a small Bauschinger effect. Recently various
experiments and modeling on various alloys and in particular Al alloys were reported by Ghavam and Naghdabadi
(2011), Khan and Liu (2012), Brahme et al. (2011), Hamelin et al. (2011), Luo et al. (2012) and Sung et al. (2010) and ex-
plained the deformation mechanism at various strain rates, loading history and temperatures. However, a comprehensive
study on AA5754 sheets has not been conducted, and the temperature dependence of SRS under various loading conditions,
such as uniaxial (tension and compression) and simple shear loading, has not been determined.

Texture measurements on AA5754 alloy have been reported by Park and Niewczas (2008b) using Cu Ka radiation. (1 1 1)
and (2 0 0) pole figures showed that the commercial strip cast (SC) material (both as-received and annealed) exhibited a
typical rolling texture with the b-fiber extending from copper to the Brass texture components. In the case of a deformed
specimen under tension in the rolling direction (RD) at 4.2 and a 300 K temperature range with an initial strain rate of
10�4 s�1, the <1 1 1> and <1 0 0> are stable and meta-stable end orientations. Kang et al. (2006) used the electron back-
scattering diffraction (EBSD) technique to determine the evolution of texture during tensile deformation, and revealed that
there was no significant change in the volume fraction of eight primary texture components with increasing strain under
tensile deformation. The results of the texture evolution of an AA5754 sheet were presented by Banovic et al. (2008) at dif-
ferent levels of strain under various strain paths (uniaxial tension, plane strain, and equibiaxial tension). It was found that
similar deformation textures developed in the RD- and TD-oriented samples under each mode of deformation. However, the
evolution of specific orientations depended upon the amount of deformation and the initial intensity of the texture compo-
nents in the as-received material. While the basic observation of texture evolution in the AA5754 sheet was conducted for
uniaxial, plane strain, and equibiaxial tension in the previous studies, absent from these works was the theoretical analysis
explaining why the initial texture components depended upon the macroscopic deformation state. However, as far as we
could ascertain, no study has yet documented the texture evolution and kinematic stability of initial texture components
in the AA5xxx during simple shear deformation.

The main objective of the present study was to provide comprehensive experimental results for AA5754 sheets over a
wide range of strain rates and temperatures using the same batch of material. This includes strain hardening, flow behavior
and anisotropy under quasi-static, dynamic and simple shear loading conditions. The comprehensive experimental results
provided the temperature dependence of SRS under various loading conditions such as uniaxial (tension and compression)
and simple shear loading conditions. Texture measurements were performed to explain the evolution of the initial texture
components in the RD- and TD-oriented samples during uniaxial tension and simple shear loading conditions. Moreover, a
rate-sensitive polycrystal model (Choi et al., 2000a,b) was used to calculate the effect of the loading direction on the kine-
matic stability of initial texture components in the AA5754 sheet during uniaxial tension and simple shear deformation. A
visco-plastic self-consistent (VPSC) polycrystal model (Molinari et al., 1987; Choi et al., 2000, 2007) was also used to
simulate the evolution of the initial texture components in the AA5754 sheet during uniaxial tension and simple shear
loading.
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2. Experimental procedures

All specimens were machined from a commercial grade 1.4 mm-thick AA5754-O aluminum alloy sheet provided by Gen-
eral Motors Corporation (GMC).
2.1. Quasi-static tension and compression experiments

Sub-sized dogbone-shaped tension specimens were machined using ASTM-E8 with a gage length of 31.0 mm, a gage
width of 6.4 mm, and thickness of 1.4 mm (sheet thickness). Tension experiments were conducted using a MTS tension/
torsion servo-control loading frame. Two high elongation strain gages (KFEL-2-120-C1) were mounted in the loading and
transverse-to-loading directions to obtain strains in both directions, and finally to measure the evolution of r-value (or
plastic strain ratio) at each strain rate. Quasi-static compression specimens were prepared in three distinct directions, RD,
TD, and DD, by bonding (using J-B Weld adhesive) three sheets that were 12.7 mm (0.5 in.) in length, 11.4 mm (0.45 in.)
in gage width, and 4.2 mm (0.165 in.) in thickness. In addition, compression specimens were also prepared to perform
experiments sheet-normal direction (ND). For high-temperature compression experiments, the stroke data was corrected
using a blank test as explained by Khan et al. (2004).
2.2. Dynamic tension and simple shear experiments

The moderately high strain-rate tensile experiments were performed at room temperature using a direct tensile split
Hopkinson bar (TSHB) apparatus (Fig. 1a). In addition, high-temperature dynamic experiments were performed using heat-
ing tape and gripping sections of bars that were covered by dry ice to avoid heating. Temperature was recorded using a ther-
mocouple. The simple shear specimens were prepared by cutting the sheet into a number of rectangular pieces. These pieces
were tested under simple shear loading with a gage length of 38.1 mm, a gage width of 6.0 mm, and a thickness of 1.4 mm
(sheet thickness). These specimens were sheared along the gage length using a newly fabricated simple shear frame (Fig. 1b)
in our laboratory, which was successfully used to perform experiments on AZ31 sheet alloy (Khan et al., 2011). This frame is
very unique and simple by comparison with other designs (Bouvier et al., 2006a,b; Yoon et al., 2005) in that all parts of the
frame are cylindrical, thereby making it easier to machine. Shear stress and strain were calculated from the corresponding
load and actuator displacement values.
2.3. Texture measurement

Neutron diffraction measurements were carried out on the as-received specimen using the BT8 residual stress diffractom-
eter at the Center for Neutron Research, National Institute of Standards and Technology (NIST), Gaithersburg, MD, USA. Due
to the instrument design, with a variable take-off angle (Brand et al., 1997), the chosen wavelength was k = 0.2105 nm, which
made the reflections (1 1 1), (2 0 0), and (2 2 0) instrumentally accessible in the 2h range from 46� to 116�. Specimens were
prepared from the uniformly deformed gage section using an Isomet wafering blade and a Buehler Isomet low-speed saw. All
grains in the specimen (gage section, about 0.3 cm3) were illuminated by a neutron beam, and collectively contributed to the
diffracted intensity.

The EBSD technique was used to analyze the evolution of texture in the RD- and TD-oriented samples during uniaxial ten-
sion and simple shear loading. The EBSD scan data were obtained after the occurrence of failure strain under uniaxial tension
and finite deformation (c/

p
3 = 20%) under simple shear loading, respectively. Deformed specimens were cut from the load-

ing direction (LD)-width direction (WD) section. The EBSD specimens were prepared using colloidal silica as the polishing
medium for the intermediate stage. The final specimens were prepared by electro-polishing in A2 electrolyte for the final
stage. The measurement step size and the scanned area were 1.5 lm and 1000 lm (LD) � 700 lm (WD), respectively. The
EBSD data were analyzed using TSL software to evaluate the 3-D ODF.
Fig. 1a. Schematic view of tensile split Hopkinson bar.



Fig. 1b. Schematic section view of the simple shear fixture (1) upper fixture, (2) upper middle fixture, (3) bottom fixture, (4) bottom middle fixture, (5)
movable grip section of shear specimen, (6) fixed grip section of shear specimen, and (7) gage section of shear specimen.
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3. Theoretical analysis

3.1. Orientation stability in Euler space

The stability of crystallographic orientations has been used to explain texture evolution during the plastic deformation of
polycrystalline materials (Li, 2008; Arzaghi et al., 2009). However, a direct comparison of theoretical results with the exper-
imental results of AA5xxx has not been conducted. A rate-sensitive polycrystal model (Choi et al., 2000) was used to predict
the rotation rate map and orientation stability for the AA5754 sheet along the RD and TD during uniaxial tension and simple
shear deformation. Uniaxial tension as a function of the r-value (R) and simple shear deformation with shear rate _c were
imposed on FCC polycrystals, as defined by the following velocity gradient tensor in a rectangular reference system:



Table 1
Microscopic hardening coefficients for the VPSC polycrystal model.

Deformation mode sa
o (MPa) ho (MPa) ssat (MPa) a

{1 1 1} <1 1 0> 53 900 134 2.5

Fig. 1c. Tensile response in RD directions at room temperature.

Fig. 2. Tension (bottom set) and compression (top set) responses at a strain rate of 100 s�1, and at different temperatures and in different directions.
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L ¼ D ¼ D11

1 0 0
0 �R=ðRþ 1Þ 0
0 0 �1=ðRþ 1Þ

2
64

3
75 for uniaxial tension ð1Þ



Fig. 3. Tension (bottom set) and compression (top set) responses at a strain rate of 10�2 s�1, and at different temperatures and in different directions.

Fig. 4. Tension (bottom set) and compression (top set) responses at a strain rate of 10�4 s�1, and at different temperatures and in different directions.
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L ¼
0 _c 0
0 0 0
0 0 0

2
64

3
75 for simple shear ð2Þ
The deformation of rate-sensitive polycrystals is usually modeled by a power law relationship between the shear rate _cs

and the resolved shear stress ss on a slip system s:



Fig. 5. Tension (bottom set) and compression (top set) responses at room temperature (25 �C), and at different strain rates and in different directions.

Fig. 6. Tension (bottom set) and compression (top set) responses at 150 �C, and at different strain rates and in different directions.
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ss ¼ sosgnð _csÞ
_cs

_co

����
����
p

¼ so
_cs

_co

_cs

_co

����
����

p�1

ð3Þ
where p (=0.05) is the rate sensitivity parameter, so is a reference shear stress, and _co is a reference shear rate. The sign term
in Eq. (3) means that the shear rate has the same sign as the resolved shear stress. The resolved shear stress is related to the
Cauchy stress tensor rij of the crystal, through the following relationship:
ss ¼ r : ~bs �~ns ¼ r : ms ð4Þ



Fig. 7. Tension (bottom set) and compression (top set) responses at 232 �C, and at different strain rates and in different directions.

Fig. 8. R-values as a function of strain rates.
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where the Schmid tensor msð¼~bs �~nsÞ is defined with the component of the unit vector ns
j , which is normal to the slip plane,

and the unit vector bs
i , which is parallel to the slip direction of the slip system s. When the elastic deformation is ignored, the

vectors ns
j and bs

i are orthogonal.
The lattice rotation rate, _Xij, with respect to the laboratory is given as follows:
_Xij ¼ Lij �
X

s

ms
ij

_cs ð5Þ



Fig. 9. Shear responses at temperatures of 25 �C (bottom set) and 150 �C (top set), and at different strain rates and in different directions.

Fig. 10. Shear responses at strain rates of 10�0 s�1 (bottom set) and 10�2 s�1 (top set), and at different temperatures and in different directions.
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The lattice rotation rate can be obtained from the prescribed velocity gradient tensor, Lij, and the calculated shear rate, _cs. The
Euler angles (u1;U;u2) of the individual orientations should be updated according to the lattice rotation rate,
_g ¼ ð _u1; _U; _u2Þ, as follows:



Fig. 11
temper
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_u1 ¼ ð _X32 sin u2 þ _X13 cos u2Þ= sin U
_U ¼ _X32 cos u2 � _X13 sin u2

_u2 ¼ _X21 � _u1 cos U

ð6Þ
The kinematic stability of an orientation can be estimated using two parameters. The first parameter is the condition for
either convergence or divergence of an orientation in 3-D Euler space. The condition can be expressed by divergence of the
rotation field, _g ¼ ð _u1; _U; _u2Þ, as follows:
div _g ¼ @
_u1

@u1
þ @

_U
@U
þ @

_u2

@u2
ð7Þ
The conditions for convergence and divergence are div _g < 0 and div _g > 0, respectively. Div _g < 0 indicates that more ori-
entations around g rotate toward g. The second parameter is the relative magnitude of the lattice rotation rate of the
orientation in 3-D Euler space. The stability parameter, Q, can be expressed in terms of the lattice rotation rate (Choi
et al., 2009):
Q ¼ ln
_eeq

j _Xj

 !
¼ ln

_eeq

½ _X2
32 þ _X2

13 þ _X2
21�

1=2

 !
ð8Þ
where _eeq is the von Mises equivalent strain rate for the deformation mode of interest. In the present study, _eeq with
D11 = 0.01 s�1 and _c = 0.01 s�1 in Eqs. (1) and (2) was imposed on polycrystalline materials. Kinematically stable orientations
have high values of Q, compared with unstable orientations. However, when j _Xj is equal to zero, this parameter can be infin-
ity. Therefore, in order to derive a persistent form that could be used for any orientation, the stability parameter was mod-
ified as follows:
Q ¼ ln
_eeq

ðj _Xj þ _eeq= expð5ÞÞ

 !
ð9Þ
The exp(5) in Eq. (5) was selected so that the maximum value of Q would not be exceed 5.

3.2. Texture simulation

In order to simulate the texture evolution of the AA5754 sheets during uniaxial tension and simple shear deformation, the
VPSC polycrystal model (Molinari et al., 1987; Choi et al., 2000a,b, 2007) was used. Using the Homogeneous Equivalent
. Shear responses at 232 �C (bottom set) at different strain rates and in different directions, and shear responses at 10�4 s�1 (top set) at different
atures and in different directions.
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Matrix (HEM) concept with 1-site approximation, the VPSC scheme provides the interaction law between a grain and the
matrix,
rg � �r ¼ ðCgg0�1 þ AoÞ : ðDg � �DÞ ð10Þ
where �r and �D are the deviatoric stress and strain rate for the matrix. The effect of grain shape can be taken into account by
the interaction, tensor C, between single crystals g and g0, with components that depend only on shape. The tensor C can be
obtained by integration of the symmetric part of the second derivative of the Green function. In the calculation of the inter-
action tensor, Ao, isotropic behavior of the HEM was assumed. Isotropic denomination does not imply an assumption of
isotropic macroscopic response, but only refers to the way in which the grain–matrix interaction is treated. Self and latent
hardening on a slip system can be considered by a suitable evolution of the reference shear stress, ss

o. The method proposed
by Kalidindi et al. (1992) applied in this study, uses the following hardening law:
_si
o ¼

X
j

Hijj _cjj i; j ¼ 1; . . . ;n ð11Þ

Hij ¼ qijho 1� si
o

ssat

� �a

ð12Þ
where n is the total number of slip systems in Eq. (9), and Hij is the (n � n) hardening matrix. In this study, 12 slip systems
({1 1 1}<1 1 0>) were considered. Here, it is assumed that the self-hardening term (diagonal term of qab) equals the latent
hardening term (off-diagonal term of qab), i.e. (=1). The hardening parameters, listed in Table 1, were determined by fitting
the experimental flow stress to the macroscopic flow curve of the AA5754 sheet under uniaxial tension along the RD at a
strain rate of 100 s�1 and at room temperature. For uniaxial tension simulations, macroscopic deformation states were chan-
ged iteratively until the macroscopic stress state converged toward the uniaxial stress state.
Fig. 12. Plot of strain rate sensitivity (SRS) with temperature at (a) 2% and (b) 5% strain.
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The self-consistent model relies on the fact that Ao is calculated so that
Fig. 13
calcula
�r ¼ hrgi and �D ¼ hDgi ð13Þ
where h i means the arithmetic volume average over the polycrystal aggregate.
4. Results and discussion

4.1. Stress–strain responses and anisotropy

Fig. 1c shows the serrated yielding behavior also known as the PLC effect which is mainly caused either due to the inter-
action of dislocation-solute atom or dislocation-precipitate. The PLC effect results in plastic instability due to strain localiza-
tions, and can be observed as a serrated flow in perfectly plastic regions of stress–strain curves. The study performed by Wen
and Morris (2003) on three types of 5000 series alloy supports the dislocation-solute model where serrated yielding is
caused by Mg and discussed its dependency on temperature and the strain rate. As seen in Fig. 1c where there is an increase
in serrated behavior with a decrease in the strain rate (or increase in temperature). Wen and Morris (2003) also observed a
decrease in the magnitude of the serrations and a delay serrated phenomenon at lower temperatures. Figs. 2–4 show the
effect of strain rate at different temperatures and directions under uniaxial tension and compression loadings, and reveal
its effect on anisotropy and flow stress. It is clear that both yield and flow stresses were inversely proportional to temper-
ature and directly proportional to strain rate. In addition, the descending order of strength was in the RD, TD, and DD
directions. The stress-strain responses in the ND direction (through thickness) were also comparable to the DD direction
(in-plane). The yield and flow stresses decreased as temperature increased, and this decrease was more pronounced at
10�4 s�1. The plots of stress–strain responses shown in Figs. 5–7 disclose the effect of temperature at different quasi-static
and dynamic strain rates and directions. This decrease in flow stress with the increase in strain rate, also known as negative
strain rate sensitivity is an effect of dynamic strain ageing (DSA). Similar, behavior was reported by Wen and Morris (2003)
. (a–c) Plot of yield stresses at different strain rates and temperatures at 0.2% strain (the bi-axial tension and compression yield stresses were
ted by assuming pressure insensitivity).
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for 5000 series aluminum alloys and was attributed to an increase in the velocity of mobile dislocations with an increase in
the strain rate. DSA leads to negative strain rate sensitivity (SRS) at lower temperatures, when the mobile dislocations and
solute atoms have comparable mobility. At high strain rates, when the average arrest time is short, the clusters of mobile
solute atoms are too small to increase the strength of an obstacle. As a result, serrated flow behavior is not evident in the
stress–strain responses. The negative SRS is also undesirable in industrial processing as it leads to poor material formability.

Like most metallic alloys, there was a decrease in flow stress and hardening and an increase in failure strain with elevated
temperatures. The temperature sensitivity increased at a slow strain rate, which emphasizes the shifting balance between
dynamic recovery (large temperature effect at low strain rate; strain rate in line with dislocation mobility and annihilation
rate) and strain hardening (increase in dislocation density and entanglement). The strain rate sensitivity changed from neg-
ative to positive at 150 �C, and the transition temperature was dependent on strain, because at higher temperatures, solute
atoms move more rapidly and the dislocation climb becomes easier. The climb and thermally activated glide lead to a higher
SRS value as the temperature increases. This overshadows the dynamic recovery increase in temperature (indicated by high-
er elongations). The yield and flow stresses were highest for specimens oriented along the RD and lowest in specimens ori-
ented along the DD, and for each strain rate and temperature the strength of specimens oriented along the TD approximated
that of specimens oriented along the DD. Fig. 8 shows the variation of r-values at room temperature with an angle from the
RD at various strain rates. The material showed strong anisotropy in the DD direction and was highest at a strain rate of
10�4 s�1. Also, there was a gradual decrease in r-value for each loading direction as the strain rate increased. We knew that
discontinuous yield significantly affects the r-value when an effective offset is imposed on the width strain measurement
during a sheet tensile test (Hance, 2005). The average yield point (YP) elongations at strain rates of 10�4 s�1, 10�2 s�1,
and 100 s�1 were 0.0038, 0.0072, and 0.0074. Therefore, it seems that the low level of YP elongation cannot sufficiently ex-
plain the significant change in r-value. In the future, more systematic research is required on this point.

It is also evident from Figs. 9–11 that equivalent shear yield stress was closer to yield stress under tension and compres-
sion response stress–strain at all strain rates and temperatures. However, the stress–strain curves showed different values
for the hardening rate as compared with tension and compression in all directions, temperatures and strain rates. The stress–
strain curves under shear loading also showed negative SRS at room temperature and positive SRS at elevated temperatures.
Fig. 14. (a–c) Plot of yield stresses at different strain rates and temperatures at 2% strain (the bi-axial tension and compression yield stresses were
calculated by assuming pressure insensitivity).



Fig. 15. (a–c) Plot of yield stresses at different strain rates and temperatures at 5% strain (the bi-axial tension and compression yield stresses were
calculated by assuming pressure insensitivity).

Fig. 16. Plot of yield stresses at different strain rates and temperatures at 10% strain (the bi-axial tension and compression yield stresses were calculated by
assuming pressure insensitivity).
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4.2. Strain rate sensitivity (SRS) and yield surfaces

It is clear from Fig. 12((a) and (b)) that the AA5754 sheet showed negative and positive SRS at room and elevated tem-
peratures (>200 �C), respectively. The transition temperature at which SRS changed from negative to positive was approxi-
mately 150 �C. It should be noted that the transition temperature of SRS was significantly dependent on the loading direction
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under simple shear loading. The RD-oriented sample had a higher transition temperature than the TD-oriented sample. The
plot also suggests that there was an increase in SRS with plastic strain. A study done by Khan and Baig (2011) on AA5182-O
showed a similar SRS trend with temperature and the transition temperature of 120 �C.

Figs. 13–16 show plots of the flow stresses determined at 0.2, 2, 5, and 10% plastic strains under various strain rates, tem-
peratures and loading conditions. The bi-axial tension and compressive stresses plotted in Figs. 13–16 were calculated by
assuming that the material was pressure-insensitive and that bi-axial stresses under tension and compression were the
same. Therefore, bi-axial tension stresses in the RD-TD plane equaled compression in the ND direction, and vice versa. These
figures can be used to determine the coefficients of phenomenological yield function for AA5754 sheets under the various
temperature and strain rate conditions.

Khan and Baig (2011) performed a 2-D plot of Barlat’s YLD96 yield function along with experimental responses at room
temperature, and reported the change in the shape of the yield surfaces as compared with a von-Mises yield surface.

4.3. Texture evolution

4.3.1. Experiments observations
Fig. 17 shows the (1 1 1) pole figure and u2 sections of ODF of the as-received specimen, measured using the neutron dif-

fraction technique. Triclinic sample symmetry was considered during ODF analysis and was compared with the results of the
texture evolution of the deformed specimens, in particular, that produced by the simple shear deformation. The texture of
the as-received specimen exhibited orthorhombic sample symmetry. Initial texture components could be characterized as
rolling texture (Brass{011} <211>, Copper{112} <111>, S{123} <634>) and annealing texture (Cube{001} <100>) components,
which are typical in FCC metals.

Fig. 18(a) shows the texture of the deformed specimen oriented along the RD after uniaxial tension at a strain rate of
10�4 s�1 and room temperature, as measured using the EBSD technique. Because the LD was parallel to the RD, this specimen
was denoted as follows: LD//RD. Open symbols on the ODF sections represent the Euler angles of the initial texture compo-
nents in the LD//RD specimen. Since the texture of the uniaxial tension specimen exhibited orthorhombic sample symmetry,
u1 was confined to 90�. Texture analysis on the ODF sections indicated that the Copper and Cube components were relatively
stable under uniaxial tension, compared to the Brass and S. Fig. 18(b) shows the texture of the LD//RD specimen deformed
by uniaxial tension at a strain rate of 100 s�1 and room temperature. It was clear that there was little change in texture the
Fig. 17. (1 1 1) Pole figure and u2 sections of ODF of the as-received specimen, measured using the neutron diffraction technique.



Fig. 18. (1 1 1) Pole figures and u2 sections of ODF of the deformed specimens after deformation under uniaxial tension along the RD (a) at a strain rate of
10�4 s�1 at room temperature and (b) at a strain rate of 100 s�1 at room temperature.

Fig. 19. (1 1 1) Pole figures and u2 sections of ODF of the deformed specimens after deformation under uniaxial tension along the RD (a) at a strain rate of
10�4 s�1 at 232 �C and along the TD (b) at a strain rate of 100 s�1 at room temperature.
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Fig. 20. (1 1 1) Pole figures and u2 sections of ODF of deformed specimen after deformation (c/
p

3 = 20%) under simple shear loading along the RD at a
strain rate of 10�4 s�1 and room temperature.
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LD//RD specimen with strain rate at room temperature. Although not shown in the present paper, similar dependency of the
strain rate was observed in the specimens oriented along DD (LD//DD) and the specimens oriented along TD (LD//TD) after
uniaxial tension. Fig. 19(a) shows the texture of the LD//RD specimen deformed by uniaxial tension at a strain rate of
10�4 s�1 and 232 �C. A comparison between Fig. 18(b) and Fig. 19(a) reveals that a temperature increase from room temper-
ature to 232 �C did not significantly affect the texture evolution in the LD//RD specimen during uniaxial tension. Texture evo-
lution results during uniaxial tension were also reported by Park and Niewczas (2008b), and the evolution of texture was
found to be independent of temperature. Fig. 19(b) shows the texture of the LD//TD specimen deformed by uniaxial tension
at a strain rate of 100 s�1 and room temperature. The dark solid symbols on the ODF sections represent the Euler angles of
Fig. 21. (1 1 1) Pole figures and u2 sections of ODF of deformed specimens after deformation (c/
p

3 = 20%) under simple shear loading along the RD at a
strain rate of 100 s�1 and room temperature.



Fig. 22. (1 1 1) Pole figures and u2 sections of ODF of deformed specimens after deformation (c/
p

3 = 20%) under simple shear loading along the RD at a
strain rate of 10�4 s�1 and 232 �C.
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initial texture components in the LD//TD specimen. Texture analysis on the ODF sections indicated that the Copper compo-
nent was relatively unstable under uniaxial tension, compared with the Brass, S, and Cube components.

Fig. 20 shows the texture of the deformed specimen oriented along the RD after simple shear deformation at a strain rate
of 10�4 s�1 and room temperature, as measured using the EBSD technique. Texture analysis on the ODF sections indicated
that the Copper component was relatively unstable under simple shear deformation, compared to the Brass, S, and Cube
components. It should be noted that the LD//RD specimen exhibited triclinic sample symmetry, during which u1 should have
expanded to 360�. Fig. 21 shows the texture of the LD//RD specimen deformed by simple shear deformation at a strain rate of
100 s�1 and room temperature. It was clear from the (1 1 1) pole figure and ODF sections that there was little change in tex-
ture with strain rate at room temperature. Although not shown in the present paper, similar dependency of the strain rate
Fig. 23. (1 1 1) Pole figures and u2 sections of ODF of deformed specimens after deformation (c/
p

3 = 20%) under simple shear loading along the TD at a
strain rate of 100 s�1 and room temperature.



Fig. 24. Rotation rate fields on the u2 ODF sections under uniaxial tension: (a) LD//RD and (b) LD//TD.

A. Pandey et al. / International Journal of Plasticity 41 (2013) 165–188 183
was observed in the specimens oriented along DD (LD//DD) and the specimens oriented along TD (LD//TD) after simple shear
deformation. Fig. 22 shows the texture of the LD//RD specimen deformed by simple shear deformation at a strain rate of
10�4 s�1 and 232 �C. A comparison between Fig. 20 and Fig. 22 reveals that a temperature increase from room temperature
to 232 �C did not significantly affect the texture evolution in the LD//RD specimen during simple shear deformation. Fig. 23
shows the texture of the LD//TD specimen deformed by simple shear deformation at a strain rate of 100 s�1 and room tem-
perature. Texture analysis on the ODF sections indicated that the S component was relatively unstable under simple shear
deformation, compared with the Brass, Copper, and Cube components.

4.3.2. Numerical verification
In order to evaluate the orientation stability of the initial texture components in the AA5754 sheets, rotation rate maps for

uniaxial tension and simple shear deformation were calculated using a rate-sensitive polycrystal model, as explained in
Section 3.1.

Fig. 24 shows the rotation rate fields on the u2 ODF sections under uniaxial tension. The direction of the arrows repre-
sents the change in crystallographic orientation, and the arrow length represents the total rotation rate. The stable orienta-
tion is that at which all arrow directions converge. To evaluate the orientation stability of the crystallographic orientation,
the convergence and stability parameters were calculated using the rate-sensitive polycrystal model, as mentioned in Sec-
tion 3.1. In the present study, four initial texture components (Brass, Copper, S, Cube) of the AA5754 sheet were selected to
compare the kinematic stability under uniaxial tension. Table 2(a) shows the rotation rate, gradient, divergence, and relative
stability of the four texture components in the LD//RD specimen under uniaxial tension. Based on div _g and Q, the Copper
component in the LD//RD specimens was kinematically stable under uniaxial tension. These two parameters explain why
the initial orientation of the Copper component in the LD//RD specimens were relatively stable during uniaxial tension, as
shown in Figs. 18 and 19. Based on only div _g, the Brass and S texture components in the LD//RD specimen were kinemat-
ically stable under uniaxial tension. A relatively low value of Q explains the low orientation stability of the Brass and S
texture components, as shown in Figs. 18 and 19. However, a relatively low absolute value of div _g cannot explain why
the Cube component was kinematically stable, as shown in Figs. 18 and 19. Table 2(b) shows the rotation rate, gradient,
divergence and relative stability of the four texture components in the LD//TD specimens under uniaxial tension. Based
on only div _g, the Copper texture component in the LD//TD specimen was kinematically unstable under uniaxial tension.
However, a relatively high value of Q cannot explain why the initial orientation of the Copper component in the LD//TD spec-
imen was kinematically unstable, as shown in Fig. 19(b). It should be noted that the kinematic stability of the four texture
components was evaluated by the rate-sensitive polycrystal model, which violates the stress equilibrium condition between
grains. The VPSC polycrystal model can be used to overcome this problem of the Taylor model, as explained in Section 3.2.
This model assumes a homogenization scheme in which the grain interactions with the matrix are taken into account.

To simulate the texture evolution in the AA5754 sheets deformed at a strain rate of 100 s�1 and room temperature, the
velocity gradient tensor for uniaxial tension was imposed on the VPSC polycrystal model. The ODF, measured using the



Table 2
Rotation rate, gradient, divergence and relative stability of the four texture components in the (a) LD//RD and (b) LD//TD specimens under uniaxial tension.
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neutron diffraction technique, was used to generate a set of 5000-grain orientations for VPSC polycrystal modeling. Fig. 25(a)
shows the simulation results in the form of the (1 1 1) pole figure and u2 sections of the ODF for the LD//RD specimen. It
should be noted that the simulation result was similar to the texture measured experimentally, as shown in Fig. 18(b).
The VPSC polycrystal model simulated the relatively high orientation stability of the Copper and Cube texture components
in the LD//RD specimens during uniaxial tension. Fig. 25(b) shows the simulation results in the form of the (1 1 1) pole figure
and u2 sections of the ODF for the LD//TD specimen. The simulation results were similar to the texture measured experimen-
tally, as shown in Fig. 19(b). The VPSC polycrystal model successfully simulated the low orientation stability of the Copper
component in the LD//TD specimens during uniaxial tension.
Fig. 25. (1 1 1) pole figure and u2 sections of the ODF illustrating deformation textures simulated using VPSC polycrystal model: (a) LD//RD specimen and
(b) LD//TD specimen under uniaxial tension.



Fig. 26. Rotation rate fields on the u2 ODF sections under simple shear deformation.
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Fig. 26 shows the rotation rate fields on the u2 ODF sections under simple shear deformation. Under simple shear defor-
mation, no stable orientation could be found for the u2 ODF sections. To evaluate the orientation stability of the crystallo-
graphic orientation, the convergence and stability parameters were calculated using the rate-sensitive polycrystal model, as
mentioned in Section 3.1. Table 3(a) shows the rotation rate, gradient, divergence and relative stability of the four texture
components in the LD//RD specimen under simple shear deformation. Based on div _g and Q, the Copper component in the
LD//RD specimens was kinematically unstable under simple shear deformation. The low value of Q explains the low orien-
tation stability of the Brass texture component under simple shear deformation. These two parameters successfully explain
why the initial orientation of the Copper component in the LD//RD specimens rotated to the negative u1 direction on the
/2 = 45� ODF section during simple shear deformation, as shown in Figs. 20–22. Table 3(b) shows the rotation rate, gradient,
Table 3
Rotation rate, gradient, divergence, and relative stability of the four texture components in the (a) LD//RD and (b) LD//TD specimens under simple shear
deformation.



Fig. 27. (1 1 1) pole figure and u2 sections of the ODF illustrating deformation textures simulated using VPSC polycrystal model: LD//RD specimen under
simple shear deformation.
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divergence, and relative stability of the four texture components in the LD//TD specimens under simple shear deformation.
Based on only Q, the Copper component in the LD//TD specimen was relatively stable under simple shear deformation
compared to the other components. However, the relatively low absolute value of div _g partly explains the relatively low
orientation stability of the Copper component in the LD//TD specimen, as shown in Fig. 23. Based on div _g and Q, the Cube
component in the LD//TD specimens was kinematically unstable under simple shear deformation. These two parameters
appear to be insufficient to explain why the initial orientation of the Cube component in the LD//TD specimen showed a rel-
atively high orientation stability during simple shear deformation, as shown in Fig. 23.

To simulate the texture evolution in the AA5754 sheets deformed at a strain rate of 100 s�1 and room temperature, the
velocity gradient tensor for simple shear deformation was imposed on the VPSC polycrystal model. Fig. 27 shows the sim-
ulation results in the form of the (1 1 1) pole figure and u2 sections of the ODF for the LD//RD specimen. It should be noted
Fig. 28. (1 1 1) pole figure and u2 sections of the ODF illustrating deformation textures simulated using VPSC polycrystal model: LD//TD specimen under
simple shear deformation.
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that the simulation result was similar to the texture measured experimentally, as shown in Fig. 21. The VPSC polycrystal
model successfully simulated the rotation of the Copper component in the LD//RD specimens to the negative u1 direction
during simple shear deformation. Fig. 28 shows the simulation results in the form of the (1 1 1) pole figure and u2 sections
of the ODF for the LD//TD specimen. The simulation results were similar to the texture measured experimentally, as shown in
Fig. 23. The VPSC polycrystal model successfully simulated the low orientation stability of the S component in the LD//TD
specimens during simple shear deformation.

5. Conclusions

The results presented in this study included comprehensive stress–strain responses and post-failure texture results for
AA5754 sheets at different strain rates and temperatures in through-thickness and in-plane directions. The material showed
negative strain rate sensitivity (SRS) at room temperature and a positive strain rate sensitivity at more than 150 �C. The tran-
sition temperature of SRS was significantly dependent on the loading direction under simple shear loading. The yield and
flow stress for ND compression specimens followed a trend similar to that of in-plane DD compression specimens at all
strain rates and temperatures. The temperature sensitivity of the material increased with strain rate and was attributed
to dynamic recovery. The (1 1 1) pole figure and ODF sections show that the initial texture components in the AA5754 sheet
can be characterized as Brass, Copper, S, and Cube texture components. There was little change in texture with changes in
strain rate and temperature during uniaxial tension and simple shear deformation. However, loading direction strongly af-
fected the evolution of deformation texture during uniaxial tension and simple shear deformation. The orientation stability
parameters, determined by the rate-sensitive polycrystal model, partially failed to explain the kinematic stability of the ini-
tial texture components in AA5754 sheets during uniaxial tension and simple shear deformation. However, the VPSC poly-
crystal model successfully simulated the evolution of the initial texture components in AA5754 sheets during uniaxial
tension and simple shear deformation.
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