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Abstract: The objective of this work was to investigate the effects of material anisotropy on the yield-
ing and hardening behavior of 2024T351 aluminum alloy using isotropic and anisotropic yield criteria.
Anisotropy may be induced in a material during the manufacturing through processes like rolling or forg-
ing. This induced anisotropy gives rise to the concept of orientation-dependent material properties such
as yield strength, ductility, strain hardening, fracture strength, or fatigue resistance. Inclusion of the
effects of anisotropy is essential in correctly predicting the deformation behavior of a material. In this
study, uniaxial tensile tests were first performed in all three rolling directions, L, T and S, for smooth bar
specimens made from hot rolled plate of A12024 alloy. The experimental results showed that the Z- and
T-directions yielded higher yield strengths and a greater percentage of elongation before fracture than the
S-direction. Subsequently, finite element analysis of tensile specimens was performed using isotropic
(von Mises) and anisotropic (Hill) yield criteria to predict the onset of yielding and hardening behaviors
during the course of deformation. Hill's criterion perfectly fitted with the test data in the S-direction, but
slightly underestimated the yield strength in L-direction. The results indicated that the Hill yield criteri-
on is the most suitable one to predict the onset of yielding and hardening behaviors for 2024T351 alu-
minum alloy in all directions.
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1. Introduction

Aluminum alloys are well-known for their excel-
lent mechanical properties such as a high strength-to-
weight ratio, resistance to corrosion, and strength
integrity at low temperatures. These properties have
led to its extensive use in aerospace and cryogenic
applications. For decades, thin rolled sheets of alu-
minum alloy 2024T351 have been used for aircraft
applications (Starke 1996; Nakai 2000). Like other
aluminum alloys, the 2024 alloy exhibits anisotropy in
its deformation and fracture behaviors. Although
extensive experimental work, along with analytical
and numerical analyses, has been performed (Lam
2010; Lee 1999; Mimaroglu 2003; Schmitt 1998) for
predicting the isotropic and anisotropic deformation
behaviors of aluminum 2024 alloys, so far its deforma-
tion-induced anisotropy has not been completely
understood. Anisotropy is induced in a material dur-
ing manufacturing through processes like rolling or
forging. The induced anisotropy results in directional-
dependent material properties such as yield strength,
ductility, strain hardening, fracture strength, and
fatigue resistance. Numerous studies have been done
to evaluate the material properties of 2024 aluminum
alloys (Bron 2006, 2004b; Srivatsan 2007; Shanmuga
2010). A thorough understanding of the effects of
induced anisotropy is essential to correctly predicting
the deformation behavior of a material. In thin plates
made of 2024 alloy, the properties are strongly
dependent on the rolling direction (Steglich 2008),
while the other two orientations (ie. thickness and
width) are not critical in predicting the deformation
behavior. However, for thick plates the anisotropy
along thickness and width directions cannot be neg-
lected in estimating the deformation behavior under
different loading conditions. The onset of yielding, the
progression of plastic deformation, and work harden-
ing are not the same in all directions.

Researchers have carried out numerous studies and
developed various yield criteria, plastic flow rules, and
work/strain hardening hypotheses to predict deforma-
tion-induced anisotropy for ferrous alloys. These same
criteria, rules, and hypotheses are assumed to be equal-
ly applicable for aluminum alloys with some modifica-
tions. However, the yield criterion which is most
applicable for 2024 alloy for all directions, and which
agrees well with experimental results, remains a topic
of research. There is no reported literature on this sub-
ject and filling this void is the main objective of the
current study.

Downhole tubular expansion technology in the oil
and gas industry has demonstrated its enormous influ-
ence on the overall drilling cost of wells (Campo
2003). Many issues remain unresolved in spite of its

successful implementation. One of these issues is
related to induced anisotropy in downhole tubular
material during the cold expansion process. In the
expansion process, the tube might not become
deformed uniformly due to the presence of non-homo-
geneities as a result of the manufacturing process. The
non-uniform expansion process results in the
anisotropic behavior of downhole tubes and ultimately
affects their structural integrity. Therefore, a careful
analysis of induced anisotropy is necessary to estimate
its effects on the structural integrity of downhole
tubes. This work focused on analyzing an induced
anisotropy in a material during deformation, while the
relation between an induced anisotropy in a downhole
tube with its structural integrity will be included in
future work. Also, this research is an addition to the
work reported by Pervez (2008), where the post-
expansion properties of downhole tubular materials
like expansion force, thickness reduction, length short-
ening, and contact pressure were compared in two dif-
ferent types of materials steel and aluminum. The
authors concluded that aluminum is a better option for
downbhole tubular construction due to its lower energy
requirement for expansion, high formability, and good
corrosion resistance. This work contains the effects of
anisotropy on the deformation behavior of downhole
tubular materials, while assuming that the downhole
tube is made up of A12024 aluminum alloy.

A law defining the onset of yield under a combined
state of stress is known as yield criterion. The general-
ized von Mises yield criterion for isotropic materials
(1913) accurately predicts the onset of yielding for
most polycrystalline metals as compared to the criteri-
on of (Tresca 1864). An extension of von Mises's
yield function was first proposed by Hershey (1954),
and then was generalized by Hosford (1972). The loci
of yield surface of isotropic yield function by Hosford
lies between that proposed by von Mises and Tresca.
The equivalent stress by Hosford is given as:

1
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where O; ,_,, 5 are the principal values ofdeviatoric

stress G, while a is the material parameter. The

Hosford yield function reduces to von Mises when a
equals 2 and to Tresca’s yield function when a equals
1. The material parameter a is dependent on
crystallographic structure (Logan 1980; Hosford
1996). The value of a is 6 and 8 for body centred



82

Anisotropic Deformation Behavior of A12024T351 Aluminum Alloy

cubic (BCC) and face centred cubic (FCC) crystals,
respectively. The first anisotropic yield criterion was
proposed by Hill (1950) for materials having
orthotropic symmetry, such as rolled sheets of metals.
The effects of anisotropy in Hill’s yield criterion are

described by six parameters: §; _; . The equivalent
stress is defined as
1
2 2 Y
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where Oy ijm123 denotes the components of stress

bj
tensor & . The anisotropic parameter ¢, is
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and o, and 7, are the yield and shear strengths of

a material. The yield function given by Eqn. (2) is
widely used for steels. However, it has been found to
be less accurate in the case of aluminum alloys;
attempts have been made to find an appropriate yield
criterion for aluminum alloys. Another extension of
isotropic yield function, Eqn. (1), for anisotropic
materials was proposed by Barlat (1991) where a
yield criterion was proposed consisting of a modified

. . =m
deviatoric stress tensor Gd

instead of Ed . The modified deviatoric stress tensor

is expressed as

5;":]?:5 (3)

~m

is the fourth order tensor which
incorporates the anisotropic effects in the yield

where

function. However, (Karafillis 1993) showed that [=,
has strong orthotropic symmetry and can be reduced
to the sixth anisotropic parameter. Many attempts

have been made to improve L by introducing
additional anisotropic coefficients (Karafillis 1993;
Barlat 1997a). Recently, (Bron 2004a) proposed an
advanced and modified form of Karafillis's yield
function (1993). The equivalent stress is given by

Ko Y
Gf[;“ (0)} 4

where K function & is the deviatoric stress
. . . k
function, a is the material parameter, and & are
K
positive coefficients such that Zak = 1. The stress
k=1

for two functions (K = 2) in Eqn. (4) is defined as
follows:
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where Gik, i=1,2,3, k=1,2 are the principal

. L =k
values of K- function’s deviatoric stress tensor, O, .

The K-functions of deviatoric stress is defined in a
similar manner to Eqn. (3), as

(4d)
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The constants a, b, bz, and o = al are material
parameters which control the yield surface, but the
induced anisotropy is only controlled by

', i=1-6, k=1,2. Hence, the proposed yield

1

function by Bron (2004a) involves 16 material

parameters. For the conditions L="L ,a= b = bz,
and a =1, the Bron yield function reduces to

Karafillis's yield function. Similarly, for o = land

Cil =1, Bron yield function reduces to von Mises
when b’ =2 and to Tresca’s when b’ = 1. Finally, for
cik =1, the yield function reduces to isotropic

condition. The proposed yield function by Bron
consists of a general formulation, which makes it
possible to be extended easily by adding new K-
functions in the summation; defining equivalent
stress (Eqn. 4). The proposed yield function by Bron
has been found very accurate in describing the plastic
anisotropy of various aluminum sheet samples.

The current work is aimed at the prediction of
yielding and hardening behaviors, resulting from dif-
ferent loading conditions and specimen geometries for
the Al2024T351 alloy using different yield criteria.
Uniaxial tensile tests were performed on smooth bar
specimens. FE simulations were done in FE code
Abaqus for smooth bar specimen using different yield
criteria to find out which single yield criterion could
be used to fit the hardening curve in all three direc-
tions. The numerical results were validated using
experimental data.

2. Experimental Study

Uniaxial tensile tests were performed on smooth
bar specimens made from a hot rolled plate of 2024
alloy in L-, 7- and S-directions. The material orienta-
tions with respect to rolling and loading directions are
shown in Figures 1a and b. Before cutting the sample,
the plate was solution heat treated, air quenched, and
stress relieved by cold stretching. All samples had a

uniform thickness of 100 mm. The gauge length of the
smooth bar specimen was 50 mm with a diameter of
10 mm. The main alloying element in 2XXX series of
aluminum alloy was copper, while magnesium and
manganese were added to improve the quenching
properties. The composition of the Al2024 alloy is
given in Table 1.

3. Finite Element Analysis

Further to experimental work, the finite element
analysis for predicting the deformation behavior of
the A12024T351 alloy in different rolling directions
was performed for both smooth and notched bars
specimens using commercial finite element code
ABAQUS with different yield criteria. Two-
dimensional (2-D) and three-dimensional (3-D) finite
element models were developed using C3D8R
elements. An elastic-plastic material model was used
with isotropic hardening. The stress-strain data points
were obtained from experimental results, which were
used to define the constitutive relation in FE analysis.
Material parameters included the yield strength in the

S-direction (o} =344 MPa), yield strength in the L-
direction (o7 =395 MPa ), Young’s modulus (E =

700 GPa), and Poisson’s ratio (v0=0.33). The
isotropic yield criterion of von Mises was
implemented in the material model by taking all
stress ratios as given in Eqn. (2b) equal to one.
Hill’s yield criterion was used in the material’s
definition by defining the stress ratios given in Eqn.
(2b).

4. Results and Discussions

The experimental results for the uniaxial tensile
tests of smooth bar are shown in Fig. 2. For smooth
bar, the yield point remained the same in L- and 7-
directions, but was of a lower value in the S-direction.
For smooth bar, the percentage elongations in L, 7" and
S-directions were 22, 19.6, and 9, respectively. This
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Table 1. Composition of 2024 aluminium alloy by weight percent (%)

Cu Mg Mn Si Fe Cr Al
411 112 046 0.048 0.05 0.003 Rest
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Figure 1. (a) Thin rolled plate of aluminium 2024T351 alloy; (b) Material orientation with respect to loading
directions (/,2,3) and (x,),z) are global and local coordinate systems, respectively
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Figure 2. Experimental results of tensile tests for smooth bar specimens, SSO1 has an S-direction smooth bar
in Experiment 1 and SS03 has an S-direction smooth bar in Experiment 3. The findings are similar
in the L- and T-directions)

means that the material exhibited less ductility in the
thickness direction as compared to the rolling and
width directions.

smens for the S-direction agreed well with the 2-D
finite element results. Also, the 2-D and 3-D finite
element results are compared in Fig. 3(b) indicating
that the 2-D model was sufficient in this case. It is

4.1 Smooth Bar Specimen important to note that this result was used as a

The finite element analyses for smooth bar reference for the L-direction. For anisotropic

specimens were performed using isotropic and
anisotropic deformation behaviors. Figure 3 shows
that the uniaxial tensile test data of two speci-

deformation behavior, Hill’s yield criterion was used
for both S- and L-directions. It can be observed from
experimental results that the yield and ultimate
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Figure 3. Force versus elongation in the S-direction using
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Figure 4. Force versus elongation in the S-directions using Hill’s yield criterion; (a) FEA based on yield

strengths and (b) ultimate strengths

strengths for the S-direction (o) =344 MPa

and o), =439 MPa) were approximately ten and
three percent less than for the L-direction, or
O'f =395 MPa and

Hence, the finite element analysis for anisotropic

oy, =452 MPa ,respectively.

behaviour is done either based on yield strengths or
ultimate strengths for the S- and L-directions. Based
on yield strengths, the following six anisotropic
coefficients for Hill’s criterion, Eqn. 2b were used,
as given in Eqn. (5):
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R,=1.10, R, =100, R,=1.10
R,=1.00, R,=100, R,,=1.00

R.=

4

0=1"
Ty

The given coefficients in Eqn. (5) are a clear indi-
cation of the presence of anisotropy along the x and z
axes only, but not along the y axis, which is the load-
ing direction in S-material orientation. It indicates that

only planar anisotropy is present. Also, no anisotropic
effect on shearing was considered (R;,=1, R;;=1,

O ..
—L,i,j=12,3
0 5

i=j
i #]

R,;=1). The comparison between simulation and
experimental results for this case is shown in Fig. 4(a).

It is evident from Fig. 4(a) that the Hill's criterion
resulted in a close match with experimental results for
the S-direction but overestimated the force at the onset
of yield by approximately 7% for the L-direction.
Based on ultimate tensile strengths in S- and L-direc-
tions, the anisotropic coefficients for Hill's yield crite-
rion are given in Eqn. (6):

R, =103, R, =1.00, R, =1.03
R,=1.00, R,=1.00, R, =1.00
©6)

ij
Oy

0- {
Ty

It is obvious from Fig. 4(b) that the simulation
results perfectly fit the experimental hardening behav-
ior in the L-direction while underestimating the onset
of yielding. It can be concluded that using Hill's yield
criterion, both the onset of yielding and hardening
behaviors in the L-direction cannot be accurately pre-
dicted. Therefore, the choice of anisotropic coeffi-
cients in Hill's yield criterion is mainly dependent on
the application's need. For designing products involv-
ing plastic deformation, hardening behavior is more
important as compared to the onset of yielding, while
the reverse is true in the case of designing within the
elastic limit. The results prove that there is no isotrop-
ic effect in shear for smooth bar.

O ..
R =—L i =123
0

i=j
e

5. Conclusions

Isotropic and anisotropic yield criteria were used to
predict the yielding and hardening behaviors for S- and
L-directions in smooth bar using uniaxial tensile test
specimens. Hardening behavior was determined only
for S-direction. Three dimention finite element analy-
ses for smooth bar were performed using isotropic and
anisotropic yield criteria. Anisotropic parameters for
Hill's criterion were determined using mechanical test
data of smooth bar in the L-direction. Hill yield crite-
rion slightly overestimated the hardening curve for the
S-direction, while the effect was more pronounced in
the L-direction. It can be concluded that by using Hill's
yield criterion, yielding and hardening behaviors in the
L-direction cannot be predicted precisely. Therefore,
the selection of Hill's anisotropic coefficients is main-
ly dependent on application. The present work could
be extended by including other anisotropic yield crite-
ria to predict deformation behavior more accurately.
Furthermore, the analysis of notched bar specimens
could also be included to investigate the effects of
notch radius on the anisotropy of materials.
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