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Experimental and Numerical Analysis on the Formability
of a Heat-Treated AA1100 Aluminum Alloy Sheet

Alicia I. Durán, Javier W. Signorelli, Diego J. Celentano, Marcela A. Cruchaga, and Manuel François

(Submitted March 16, 2015; in revised form June 25, 2015; published online September 8, 2015)

The objective of this work is to experimentally and numerically determine the influence of plastic aniso-
tropy on the forming limit curve (FLC) for a heat-treated (300 �C-1 h) AA1100 aluminum alloy sheet. The
FLCs were obtained by the Nakajima test, where the anisotropy effect on the FLC was evaluated using
hourglass-type samples taken at 0�, 45�, and 90� with respect to the sheet rolling direction. The effect of
crystal orientations on the FLC is investigated using three micro-macro averaging schemes coupled to a
Marciniak and Kuczynski (MK) analysis: the tangent viscoplastic self-consistent (VPSC), the tuned strength
aVPSC, and the full-constraint Taylor model. The predicted limit strains in the left-hand side of the FLC
agree well with experimental measurements along the three testing directions, while differences are found
under biaxial stretching modes. Particularly, MK-VPSC predicts an unexpected limit strain profile in the
right-hand side of the FLC for samples tested along the transverse direction. Only MK-aVPSC, with a
tuning factor of 0.2, predicts satisfactorily the set of FLC measurements. Finally, the correlation of the
predicted limit strains with the predicted yield surface by each model was also discussed.

Keywords Marciniak and Kuczynski (MK) technique, sheet
formability, viscoplastic polycrystalline self-consistent
(VPSC) model

1. Introduction

Aluminum is after iron among the metals with higher annual
consumption. The alloys industry offers an extremely wide
variety of combinations of strength, ductility, electrical con-
ductivity, and corrosion resistance. Aluminum alloys have a
wide range of applications such as the packaging industry or
construction, aeronautics, aerospace and, in recent years, also in
the automotive area. In order to fulfill this demand, the
optimization of aluminum alloys has become necessary to
improve their performance in different forming processes. The
study of the mechanical behavior of metal sheets for the
manufacture of structural components or parts by forming
processes is important since, while selecting a material to form,
it is necessary to know its mechanical properties, microstruc-
ture, and formability. An efficient way to estimate the feasibility
of producing a piece from a rolled sheet without the occurrence
of defects is to determine the so-called forming limit diagrams
(FLDs) which, based on the forming limit curves (FLCs),
represent a first safety criterion for deep drawing operations.
This diagram, firstly introduced by Keeler and Backofen

(Ref 1) and Goodwin (Ref 2), has been widely used in the deep
drawing industry.

Considerable effort has recently been made to develop
theoretical models for predicting the FLD behavior. Most of
them are based either on a bifurcation analysis (Ref 3) or a
model where the strain instability appears in the deformation
process due to an imperfection already present in the material
(Ref 4). The latter, MK from now on, has probably been the
most widely used of the two techniques in sheet metal forming.
It is widely recognized that the crystallographic texture and
plastic anisotropy strongly affect the FLD and the macroscopic
anisotropy of polycrystalline sheet metals. Numerous authors
have adopted the MK model in conjunction with a crystal
plasticity model to describe strain localization in rolled sheets
(Ref 5-11). Based on this strategy, the authors have examined
how plastic anisotropy influences limit strains by combining the
MK approach with a viscoplastic (VP) self-consistent (SC) and
a Full-Constraint (FC) crystal-plasticity model, MK-VPSC, and
MK-FC, respectively (Ref 12-16).

Most sheet metals employed in stretch forming operations
are produced by a combination of rolling and annealing. As a
consequence, typical preferred orientations are inevitably
present in rolled sheets. Normally, these orientations cannot
be completely transformed into an entirely random state by
annealing. Many researchers have investigated, experimentally
and computationally, the influence of different starting textures
and work-hardening behavior on the deformation of aluminum
alloys. Among others, the early work by Wu et al. (Ref 17)
addressed the effects of initial distribution of grain orientations
and initial imperfection intensity and orientation on FLDs
computed from a rate-sensitive Taylor-type plasticity model
together with the MK approach. The predicted FLDs are
compared with experimental data for the following rolled
aluminum alloy sheets: AA5754-0-A, AA5754-0-B, AA6111-
T4-A, AA6111-T4-C, and AA6111-T4-D. Choi et al. (Ref 18)
studied the macroscopic anisotropy of AA5019A sheets
containing the typical texture components of the H48 and O
temper conditions. Cold-rolled AA5019A-H48 sheet has a
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strong rolling texture and weak Cube component, while the
AA5019A-O sheet contains a strong Cube and minimal rolling
texture components. They concluded that the FC model not
only underestimated R values, particularly for loading at 45�
with respect to the rolling direction, but incorrectly predicted
the orientation dependence of yield stress. On the contrary, the
VPSC simulations were in good agreement with the experi-
mental results. In addition, (Ref 19) experimentally studied the
effect of direct and continuous cast processes in the microstruc-
ture formation of AA 1100 aluminum alloys during cold
rolling. Yoshida et al. (Ref 20) and Bertinetti et al. (Ref 21)
found that, for textured aluminum alloy sheets, the Cube texture
exhibits significant geometrical hardening when the major
stretching direction is inclined at 45� relative to the orthotropic
axes. Bertinetti et al. (Ref 22) extensively studied a recrystal-
lized, strongly Cube textured AA1050-O sheet in order to gain
insight on how crystallographic texture affects strain hardening
anisotropy in proportional tensile loading. They observed that
the 45� orientation exhibited much higher strain hardening and,
as a result, had greater uniform elongations than those of the 0�
and 90� specimens, 30 and 25%, respectively. Yoon et al. (Ref
23) investigated the same AA1050-O alloy, confirming a
preponderant {100}Æ001æ texture in the {111} pole figure (PF)
for the as-received material. They also observed that the strain
hardening was higher at 45� than those at the rolling and
transverse directions. Yoon et al. (Ref 24) focused on earing
prediction in an AA2090-T3 aluminum alloy by means of a
linear transformation-based anisotropic yield function. Naka-
machi et al. (Ref 25) investigated, using a crystal plasticity
model, the aluminum formability comparing eight groups of
A5052-H34 aluminum alloy sheet annealed at different tem-
peratures to generate various textures and showing that textures
of annealed sheets lead to postpone strain localization and to
improve the formability. The best texture was generated by
annealing at 475 �C and possesses the highest Brass fraction
with respect to the Cube component. Moy et al. (Ref 26)
studied how precipitation hardening affects the mechanical
properties and formability of two Al 2024 aluminum alloys.
Finding that the anisotropy caused by the precipitation
hardening can be used to improve formability, careful planning
of the aging time has been carried out by Hu et al. (Ref 27) who
showed that the introduction of void damage into the MK
model can lead to reasonable predictions for an Al-Mg alloy.
More recently, Narayanasamy et al. (Ref 28) and Velmanirajan
et al. (Ref 29) analyzed AA5052 and AA8081 aluminum alloys
sheets subjected to annealing at different temperatures, namely
200, 250, 300, and 350 �C, showing that for these cases an
annealing of 350 �C presents the best formability conditions
with the highest strain hardening exponent n value and plastic
strain ratio R value. Velmanirajan et al. (Ref 30) assessed the
improvement in formability of asymmetric rolled AA6016
aluminum sheets in which an intense shear deformation and the
associated shear texture are introduced. Moreover, Chiba et al.
(Ref 5) studied the capabilities of phenomenological and crystal
plasticity theories in modeling the forming limit response of a
half-hard aluminum AA1100 alloy sheet. Finally, Bruschi et al.
(Ref 31) presented an exhaustive and up-to-date review of
experimental and modeling techniques applied to material
behavior and formability in sheet metal forming operations.

The objective of this work is to experimentally and
numerically determine the influence of plastic anisotropy on
the FLD for an 1100-H14 aluminum alloy cold-rolled sheet

heat treatment at 300 �C during 1 h. For this purpose, MK-FC,
MK-VPSC, and a tuned strength MK-aVPSC were used to
predict the FLCs considering hourglass-type samples, taken at
0�, 45�, and 90� with respect to the sheet rolling direction. The
theoretical framework is summarized in section 2. Section 3
describes the experimental procedure that encompasses material
characterization, crystallographic texture measurements, and
mechanical tests. The model calibration using the tensile test
data is firstly carried out in section 4. Then, the capabilities and
limitations of the simulated FLCs when compared with the
corresponding experimental curves are assessed in section 5.
Finally, section 6 summarizes the main concluding remarks
related to this research.

2. Theoretical Framework

Here, we assume that, during plastic forming operations, it is
possible to neglect the elastic contribution to deformation. In
order to simulate the material response, fully accounting for its
heterogeneity and anisotropy, a rate-dependent self-consistent
polycrystalline model is employed. In what follows, we present
only the most relevant features of the 1-site tangent VPSC
formulation. For a more detailed description, the reader is
referred to Ref 32. The deviatoric part of the viscoplastic
constitutive behavior of the material at a local level is described
by means of the non-linear rate-sensitivity equation:

D ¼ _c0
X

s

ms �ms

ssc

ms : S

ssc

����

����
1=m�1

: S ¼ M : S; ðEq 1Þ

where M is the viscoplastic compliance tensor that relates the
microscopic deviatoric stress tensor S and the strain rate ten-
sor D, ssc is the critical resolved shear stress (CRSS). The
polycrystal is described through a discrete set of orientations
with weights representative of the crystallographic texture of
the material. The stress and strain deviations of the local
states from the respective values in the polycrystal are ex-
pressed through the interaction equation:

D� �D ¼ �a ~M : ðS� �SÞ; ðEq 2Þ

where D� �D and S� �S are the grain and the polycrystal

strain rates and deviatoric stresses, and ~M is the interaction
tensor, respectively (note that D ¼ �D for the FC model), and
the parameter a tunes the strength of the interaction tensor
(i.e., a = 0 and a = 1 for the FC and standard tangent SC
models, respectively).

In order to assess the influence of the hardening, the alloy
parameters will be calibrated using the following two isotropic
strain hardening forms:

• Power law:

hss0 ¼ qþ 1� qð Þdss0½ �h0
h0C
ns0

þ 1

� �n�1

; ðEq 3Þ

where hss0 is the hardening matrix with diagonal coefficients
describing the self-hardening, s0 is the initial value of the
critical shear stress value, h0 is the initial hardening rate, n is
the strain hardening index, C ¼

P
s c

s is the accumulated
shear strain, q is the ratio of latent to self-hardening coeffi-
cient, and d is the Kronecker symbol.
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• Saturation law:

hss0 ¼ qþ ð1� qÞdss0½ �h0 1� ss0c
ssat

� �a

; ðEq 4Þ

where a is the hardening exponent and ssat is the saturation
stress. For simulating formability behavior, we implemented
the VPSC model in conjunction with the well-known MK ap-
proach (Ref 4), see Fig. 1. Tensor components are taken with
respect to the Cartesian xi coordinate system, and quantities
inside the band are denoted by the superscript b.

The thickness along the minimum section in the band is
denoted as hb tð Þ, with an initial value hb 0ð Þ, while an
imperfection factor f0 is given by an initial thickness ratio
inside and outside the band:

f0 ¼
hb 0ð Þ
h 0ð Þ ; ðEq 5Þ

with h 0ð Þ being the initial sheet thickness outside the groove.
In the sample reference frame, the imposed velocity gradient

tensor ( �L) and the Cauchy stress tensor ( �r), under the
assumption of �r33 ¼ 0, on the homogeneous zone can be
summarized as follows:

�L ¼ �D11

1 �L�12=�D11 0
0 q 0
0 0 � 1þ qð Þ�

2
4

3
5; �r ¼

�r�
11 0 0
: �r�

22 0
sym : 0

2
4

3
5;

ðEq 6Þ

Hereafter, the superscript * indicates that the identified
magnitude is unknown and must be determined as a compu-
tational result. Given that thin sheets with orthotropic symme-
tries in the plane of the sheet are considered, in-plane stretching
results in a plane-stress state. When an orthotropic material is

loaded along directions not aligned with the axes of orthotropy,
it is necessary to compute the �L12 component by imposing the
requirement that �r12 ¼ 0 (Ref 8). This condition deserves
special attention on the right-hand side of the FLD since it
modifies the limit strain close to balanced-biaxial stretching.

The equilibrium conditions required at the band interface,
expressed in the set of axes indicated by subscript b referenced
to the groove (n, t) (Fig. 1), are given by

b½ ��rb
nnh

b ¼ b½ � �rnnh

b½ ��rb
nth

b ¼ b½ � �rnth
!

b½ ��rb
nn ¼ 1

f b½ �
�rnn

b½ ��rb
nt ¼ 1

f b½ �
�rnt

ðEq 7Þ

Geometrical compatibility between matrix and groove is
expressed as

b½ ��L
b
tt ¼ b½ � �Ltt

b½ ��L
b
nt ¼ b½ � �Lnt

ðEq 8Þ

Using Eq 7 and 8, the velocity gradient and Cauchy stress
tensors of the groove zone adopt the following form:

b½ ��L
b ¼

�Lb�nn �Lbnt 0
�Lb�tn �Lbtt 0
0 0 �Lb�33

2
4

3
5; b½ � �r

b ¼
1
f
�rnn

1
f
�rnt 0

�rb�

tt 0
sym: 0

2
64

3
75

ðEq 9Þ

It is important to note that Eq 9 expresses the band
boundary conditions in the MK model as a problem of mixed
boundary conditions (i.e., given a known stress component, the
corresponding strain rate component is unknown and must be
determined, and vice versa). The possibility of the material
model to treat this type of boundary conditions (see (Ref 12) for
numerical details of the model implementation) allows to solve
the state of the band directly, in contrast to the original
methodology proposed by Signorelli et al. (Ref 33).

The entire FLD of a sheet is determined by repeating the
procedure for different strain paths that were defined in terms of
the strain rate ratios over the range �0.5 £ q £ 1 with a step
of 0.1. Since all in-plane directions are potential necking
directions, a conservative estimate of the forming limit strain is
obtained by repeating the calculations for every 5� of W0 to a
maximum of 90�. The failure strains e�11; e

�
22 outside the band

and the critical failure angle W� are obtained after minimizing
the curve e�11 versus W0. In the present work, failure is assumed

when �D
b
33

���
���> 20 �D33j j.

3. Experimental Procedure

3.1 Material Characterization

A commercial aluminum alloy AA1100-H14 available as
cold-rolled 1-mm thick was characterized in this study. The
chemical analysis was obtained using a SRS 3000 Sequential x-
ray Spectrometer; see Table 1. This result confirms that this
alloy is a nearly pure aluminum. The presence of iron, which isFig. 1 A thin sheet in the plane x1-x2 with an imperfection band

Table 1 Chemical composition of the aluminum alloy AA1100-H14

Element Fe Si Cu Mn Zn Ti Cr Ni Al

(wt.%) 0.37 0.37 0.006 0.005 0.06 0.02 0.005 0.006 99.50
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the main impurity presented in the form of insoluble particles of
iron aluminate FeAl3, increases, as well as silicon, the
mechanical strength of the alloy but reduces its ductility
causing a premature fracture at relatively low deformation of
the sheet.

In as-received (AR) condition, AA1100-H14 exhibited a
maximum elongation of around 3% and a high microhardness
average value of 40.4 HV (Microhardness TESTER, FM-300e).
In order to improve formability properties, different heat
treatments were performed in samples of 309 30 mm2 cut from
the AR aluminum sheet. The heat treatments were performed
between 250 and 550 �C with a difference of 50 �C using a
time of 10 min and cooled outside the furnace to room
temperature. Figure 2 displays a drop of the measured micro-
hardness, from 33 to 20 HV approximately, associated with
microstructure changes between 300 and 350 �C. Also, this
change was confirmed by comparing the x-ray diffraction
patterns ({111} peak width). In order to work with a partially

recrystallized texture, the heat treated at 300 �C was retained.
Ductility was improved by extending the heat treatment during
30 (28.5 HV) and 60 (20.0 HV) minutes. Before each mechan-
ical test, the AA1100-H14 sheets were heat treated using the
last condition.

Texture measurements were conducted using x-ray diffrac-
tion Seifert 3000 XRD PTS that allows three angular move-
ments and uses Cr Ka radiation with a wavelength
k = 0.2289 nm. The generator was operated at 40 kV and
30 mA. Circular reflection mode from 0� to 75� (inclination)
and from 0� to 360� (azimuth) with an increment of 5� was
considered in both cases with a time interval of 4 s and a step
width of 0.06�. A set of three PFs, {111}, {200}, and {220},
were used to calculate the orientation distribution functions
(ODF) considering the Bunge series-expansion method by
using the MTEX package (Ref 34). The experimental data of
the undeformed material before and after heat treatment (HT)
PFs obtained for the {1 1 1}, {1 0 0}, and {1 1 0} diffraction
peaks are shown in Fig. 3. In the AR condition, the material
presents a typical rolling texture whose main components are
Cube {0 0 1}Æ1 0 0æ 10.5%, Brass {0 1 1}Æ1 1 2æ 6.6%,
S{123}Æ6 3 4æ 8.7%, Copper {1 1 2}Æ1 1 1æ 8.8% and, to a
lesser extent, Goss {0 1 1}Æ1 1 0æ 5.1% and Rotated-Brass {0 1
1}Æ1 1 1æ 2.2%. After the heat treatment, the volume fraction of
{0 0 1}Æ1 0 0æ orientations increases slightly up to 11.8%,
where changes of the same order are observed in the other
relevant texture components. Only Brass and rotated-Brass
orientations show a reduction in the volume fraction. All values
are listed in Table 2. The texture intensity calculated from the
ODF—J index—increases from a value 3.80 to 4.45. Only a
fraction of grains recrystallizes since, as it can be noticed from
Fig. 3, the texture does not differ much globally from that
before the heat treatment. It is important to note that in ideal
component analysis, the calculated volume fractions depend on
the assumed tolerance spread around the ideal component. In
this work, a 15� tolerance was considered.

Fig. 2 Vickers microhardness profile obtained after heat treatment
during 10 min

Fig. 3 Equal-area pole figures {1 1 1}, {1 0 0}, and {1 1 0} recalculated from the experimental ODF: (a) commercial AA1100-H14 aluminum
alloy and (b) this alloy after heat treatment at 300 �C during 1 h and subsequently air cooled at room temperature.
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In our case, the polycrystal plasticity model requires a
discrete representation of the initial texture, described by an
ensemble of weights orientations. PFs displayed in Fig. 4 are
recalculated from a set of 2520 weights orientations that are a
representation of the ODF calculated from the experimental
PFs. Experimental and simulated textures are treated with
MTEX package (http://mtex-toolbox.github.io/) assuming a
halfwidth of 3 degree and a resolution of 2� for the ODF
evaluation.

3.2 Tensile Test

The uniaxial tensile (UAT) tests were carried out on a
universal testing machine Instron 4411 with a load capacity of
1.5 kN by the method described in ASTM E8 M. The load cell
speed was set at 2.5 mm/min. As already mentioned, flat
specimens were cut from the sheet in three directions at 0�
(RD), 45� (DD), and 90� (TD) with respect to the rolling
direction; see Fig. 5.

The true stress-strain curves for these three directions are
plotted in Fig. 5 where very similar responses are clearly
observed. The usual strain hardening parameters corresponding
to Hollomon�s law were obtained from fitting the uniaxial true
stress-strain curve between 5 and 15% of true strain for each of
the three tensile sample orientations. It is observed that the
obtained values of yield strength are very similar in all
directions. Only the TD sample exhibits a slightly higher
rupture elongation of about 20%. The normal anisotropy or r
values coefficient R and the planar anisotropy coefficient DR
were calculated from the longitudinal and transverse plastic
strain ratio values using samples cut along RD, DD, and TD at
an elongation of 12% approximately. These values are sum-
marized in Table 3.

The experimental PFs at the tensile rupture stage for RD,
DD, and TD samples are shown in Fig. 6. The volume fraction

of typical texture components and ideal angles are displayed in
Table 2. From the PFs, it is observed that differences arise after
uniaxial stretching in all cases, particularly in the DD loading
direction. Cube orientations increase from 11.8 to 16.2% for
RD and up to 15.9% for the TD case, while a reduction in the
volume fraction is observed for diagonal loading (10.4%). A
similar tendency is found for {0 1 1}Æ1 1 1æ orientations. An
important tendency to increase towards {0 1 1}Æ1 1 2æ is
verified in all tested directions, i.e., the volume fraction goes
from 5.8 to 7.1, 7.9, and 10.9% for RD, DD, and TD,
respectively. To the contrary, {112}Æ111æ and {123}Æ634æ
shown a reduction of their volume fraction as uniaxial

Table 2 Volume fraction of texture components of an AA1100 aluminum alloy sheet

Component

Volume fraction Miller Euler angles

AR HT RD DD TD {hkl} Æhklæ u1 / u2

Cube 10.5 11.8 16.2 10.4 15.9 001 100 0� 0� 0�
Goss 5.1 6.3 5.0 6.1 4.3 011 100 0� 45� 90�
Brass 6.6 5.8 7.1 7.9 10.9 011 112 35� 45� 90�
Rot-Brass 2.2 1.6 2.0 0.7 2.1 011 111 125� 45� 0�
Copper 8.8 10.0 6.0 4.3 4.4 112 111 90� 35� 45�
S 8.7 9.2 6.0 5.5 7.6 123 634 59� 29� 63�

Fig. 4 Equal-area pole figures {1 1 1}, {1 0 0}, and {1 1 0} recalculated from a set of 2520 weighted orientations obtained from the experi-
mental ODF heat-treated specimen at 300 �C during 1 h

Fig. 5 Sketch of the specimen used in the tensile test and measured
average true stress-true strain curves in uniaxial tension along 0�
(RD), 45� (DD), and 90� (TD) with respect to the rolling direction
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deformation proceeds. Texture evolution after TD loading
shows the development of higher texture intensity, the J index
has a value of 5.45, while in RD and DD, the J index values are
4.27 and 3.28, respectively.

3.3 Nakajima Test

The FLC of the studied material was obtained via the
Nakajima test which includes a hemispherical die and a 100-
mm-diameter punch mounted on a universal testing machine
INSTRON 4206 with a load capacity of 150 kN. Tests were
performed at a uniform speed of 10 mm/min until the forming
load decreases: that means the occurrence of necking in the
sheet. A series of 12 specimens were considered. These
hourglass-shaped samples, whose dimensions are shown in
Table 4, are aimed at obtaining different types of deformation:
biaxial, plane, and uniaxial. Xerographic etching was per-

formed using a grid composed of circles with 10-mm diameter
and circumscribed by 1 mm squares. Before testing the
samples, a fixing channel is done on them (with a blank-holder
by applying 100 kN) in order to prevent the edges sample from
sliding during the forming deformation. The non-gridded side
of the sample is placed facing the punch. Moreover, to avoid
excessive friction between the punch and plate, polyethylene
was used as lubricant. The matrix has a central through hole of
100 mm in diameter which is the zone where the sample
deforms. The limit strain values obtained from the specimen
circle measurements and Bragard technique (Ref 35) are shown
in Fig. 12, for samples oriented along RD, DD, and TD. As
usual, the maximum principal strains are plotted along the
y-axis and the minimum principal strain along the x-axis, with
solid circle symbols defining the onset of the local necking. The
similar measured necking values taken from the three sample
directions show a low anisotropy in the limit-strain response.

Table 3 Mechanical properties of the alloy obtained from the tensile test

Sample orientation relative to rolling direction ry, MPa rUTS, MPa n R12%

Longitudinal (RD) 68 112 0.15 0.34
Diagonal (DD) 68 106 0.14 0.52
Transversal (TD) 69 112 0.15 0.37
Mean value X0 þ 2X45 þ X90ð Þ=4 68.3 110 0.143 0.44
Planar anisotropy DR ¼ R0 � 2R45 þ R90ð Þ=2 �0.17

ry yield strength, rUTS ultimate tensile strength, n strain hardening exponent, and R Lankford coefficient

Fig. 6 Equal-area pole figures {1 1 1}, {1 0 0}, and {1 1 0} recalculated from three experimental ODF at the tensile rupture stage for: (a) RD,
(b) DD, and (c) TD samples
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Plane strain formability increases slightly in the case of DD
sample orientation, while a close response is observed between
RD and TD. The DD behavior could be related to the presence
of a non-negligible volume fraction of {001}Æ100æ orientations,
in agreement with those numerically predicted by Bertinetti
et al. (Ref 21) with the proviso that in the mentioned study the
analysis is based on ideal Cube texture materials.

In order to confirm the expected texture development after
biaxial stretching, {111}, {100}, and {111} PFs were measured
in sample extracted in area close to necking. Experimental
equal-area PFs shown in Fig. 7 confirm the texture evolution,
together with reduction of the texture intensity. The J index
drops to a value of 2.05 far below the values after uniaxial

tension. Mainly Brass (from 5.8 to 8.3%) and rotated-Brass
(from 1.6 to 4.6%) texture components increase their volume
fractions, while the Cube decreases (from 11.8 to 2.8%).

4. Results

4.1 Model Calibration

It is important to note that one of the purposes of this work
is to get insight about the influence of grain interaction
assumption in the crystal plasticity model on the prediction of
the FLCs. This task can be done by estimating the model

Table 4 Samples sizes used for the Nakajima tests

Sample geometry Sample # r, mm Sample # r, mm

Notch w = (200� 2r), mm

1 0 7 63.5

2 25.4 8 65.0

3 38.1 9 72.5

4 40.0 10 76.2

5 50.0 11 80.0

6 57.5 12 90.0

Fig. 7 Experimental equal-area pole figures {1 1 1}, {1 0 0}, and {1 1 0} at the biaxial expansion
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parameters by curve fitting for each case or assuming that all
the material parameters at the crystal level are the same for the
tested models, which somehow limits the predictive capability
of the model because the parameters are now bounded to a
particular model, whichever was used first for calculating the
parameters. In the first case, the predictive capability of a
particular plasticity model is then assessed by comparing their
predictions to the corresponding experimental data other than
those used in the fitting. In our case, the discussion was made in
terms of the predicted FLC, crystallographic texture, and
polycrystal yield surface. Our strategy is based on the
comparison of different plasticity models and hardening
descriptions, not only those that share the same equation at
crystal level. Simulations of the material response in the tensile
test were performed using the polycrystalline model described
in section 2. Three different interaction cases were considered:
FC (a = 0), a-VPSC (a = 0.2), and VPSC (a = 1). In this
context, the modeling of the tensile stress-strain curve requires
the knowledge of the parameters that identify the FCC structure
for aluminum in which the plastic deformation is assumed to
occur by slip on the {111} planes with a Æ110æ slip direction for
each plane. For all calculations, the rate-sensitivity is m = 0.02
and the reference slip rate is _c0 ¼ 1 s�1. We consider both the
power and saturation hardening laws described in section 2. In
the simulations, the slip resistances s0 of all slip systems are
taken to be equal. The best-fit hardening parameters to
reproduce the uniaxial flow curve along RD (see Fig. 8) are
listed in Tables 5 and 6. The fitting procedure involves only
strain-stress states starting at a strain level of 0.01.

It is interesting to note that, except for the initial hardening
rate h0, the parameters are only slightly different from one
interaction model to the other. This means that the UAT test of
the polycrystalline aggregate is not a very sensitive test to
discriminate the relevance of different interaction models. The
simulated flow curves for the different interaction models are
shown in conjunction with the experimentally measured flow
stress in Fig. 9 for both power and saturation hardening laws.
An extension of the calculated strain-stress relation up to
e11 ¼ 0:40 was plotted in order to illustrate the large strain
behaviors. As expected, the saturation law predicts an extrap-
olated behavior that is below to the setting using the power law.
As discussed later, this post-necking behavior is important in
predicting the limit response, particularly in the right side of the
FLD.

4.2 Mechanical Behavior

The measured true stress-true strain curves in the uniaxial
tensile tests along the three directions were plotted, as shown in
Fig. 9, together with the simulated flow response for the three
studied models considering both the power and saturation
hardening descriptions. The predicted behavior is qualitatively
similar when VPSC and a-VPSC are compared. The flow
stresses associated with RD and TD tests are close, while the
stress level corresponding to DD is lower. The only case that is
beyond this behavior is the FC model and power hardening law,
where the predicted stress in TD exceeds the corresponding to
RD, while the stress level is reduced along DD. In addition, the
behavior is similar in the post-necking region for the all
directions analyzed. It is also shown that VPSC underestimates
the stress level in the UAT test along DD for both hardening
laws, while this difference tends to diminish for a-VPSC.
Moreover, comparing the predicted flow response for VPSC
and a-VPSC, the differences between RD and TD flow stresses
tend to be canceled for high post-necking strain values.

In our case, and based on previous simulations correspond-
ing for VPSC and a = 0.2�VPSC, we found that the effect of
the choice of either power or saturation hardening law is
limited, but not negligible, in the flow stress prediction under

Fig. 8 Tensile stress-strain response for the three analyzed models
comparing both power and saturation hardening behaviors

Table 5 Best-fit hardening parameters for the power law

Model FC a = 0.22VPSC VPSC

s0, MPa 21 24 26
h0, MPa 380 180 350
n 0.130 0.145 0.13
q 1.0 1.0 1.0

Table 6 Best-fit hardening parameters for the saturation
law

Model FC a = 0.22VPSC VPSC

s0, MPa 24 22 25
h0, MPa 300 890 900
ssat 2.05 2.0 1.95
a 42 40 45
q 1.0 1.0 1.0
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the UAT condition. As will be seen in the next section, this
trend is correlated with an acceptable prediction of uniaxial
limit strain values. However, major differences appear when we
look at the results under a biaxial stretching. To appreciate this,
Fig. 10 shows the predicted, r11 � e11, flow curves for the
cases analyzed. It can be seen that a common feature is that the
stress associated with the saturation law grows faster at low
deformation than that obtained assuming a power law. Between
strain values of 0.1 and 0.15, a crossing occurs in the flow
stress response; the final stress levels associated with the power
law are clearly above the corresponding ones obtained with the
saturation hardening law. Particularly, the final slopes of the
flow stress (i.e., in a range of 0.2-0.3) associated with the power
hardening law are almost twice than those obtained assuming a
saturation type behavior. Also, it is interesting to note that this
slope is much higher for a = 0.2�VPSC than those for VPSC
and FC which are closer between them. The predicted stress
ratio, a ¼ r11=r22 increases with the deformation for FC and
a = 0.2�VPSC, but decreases for VPSC model. Another
important remark is that this behavior is almost independent of
the selected type (power or saturation) of isotropic hardening
law. The prediction of the deformation anisotropy by the three
models tested did not predict the actual development of the r
values. This lack of agreement between experimental values of
anisotropy and crystal plasticity prediction is also reported for
the same type of aluminum alloy AA1100, but without heat
treatment by Chiba et al. (Ref 5). The simulation results show
high r values (FC 0.93, aVPSC 1.29, VPSC 1.16) along TD,

which is not a priori in agreement with a heat treatment
condition. Better agreement is observed along RD direction (FC
0.91, aVPSC 0.41, VPSC 0.45). Our measurements combine
some aspects of typically deformation textures (Copper, Brass,
S), and other of O-temper conditions. A deep analysis of the
effects of the proposed heat treatment, crystallographic orien-
tation, and grain shape is objet of an incoming work.

As it is well known, the yield surface has an important effect
in the prediction of the forming limit strains. The yield potential
of the material was calculated by imposing different plastic
strain rate tensors in the plane stress r11 � r22 subspace. For a
more detailed description, the reader is referred to Ref 13. The
initial yield-loci predicted by FC, a = 0.2�VPSC and VPSC
models are shown in Fig. 11. The stress level in each yield
surface is scaled to the corresponding fitted critical resolved
shear stress s0c . According to the curvature of the material yield
locus predicted for each model, they are expected to behave
differently in their limit strain behaviors. It is generally
accepted that a sharper shape in the yield locus normally has
a correlation with a lower limit strain value.

5. FLD Predictions

The MK imperfection parameter f0 was adjusted such that
the predicted limit strains matched the minimum experimental
limit strains near the plane strain condition for the samples

Fig. 9 Measured and computed true stress-strain curves in uniaxial tension using the power (left) and saturation (right) hardening law
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taken along RD. For the three models analyzed, MK-FC, MK-
aVPSC, and MK-VPSC, the values of the imperfection factor
were, respectively, set to 0.996, 0.992, and 0.995 for the
hardening description based on the power law and, corre-
spondingly, to 0.993, 0.998 and 0.997 for a saturation-type
description. In general, the simulated FLD profiles and limit
strain values are sensible to both the model interaction
assumption and the hardening law description (Fig. 12). In
the left-hand side of the forming diagram, differences tend to a
minimum, whereas in the right-hand side, they are highlighted.
For the power law cases, the agreement is very good along RD
for all analyzed models. Along DD, a slightly overestimation is
observed for MK-VPSC which decreases for MK-aVPSC and
MK-FC. On the contrary, for the saturation-type hardening law
cases, the predicted limit strains in the range of uniaxial
stretching are underestimated by the three models along RD
and TD, while better results are obtained only along DD
showing a minor but non-negligible effect. At plane strain
condition, a slight increase in the measured limit strain along
DD is observed. Even though the simulated FLD0 value for DD
and TD sample orientations shows the correct trend, the
corresponding limit strain values are slightly underestimated.
The best agreement is obtained using the MK-VPSC model
together with the power hardening law. However, small
differences are observed with respect to the MK-aVPSC
predictions. As we mentioned in the end of the previous
section, the main differences arise in the right-hand side of the

FLDs. For both implemented hardening laws, the predicted
limit strains present variations between the three models,
particularly MK-VPSC and MK-aVPSC with respect to the
MK-FC predictions at equi-biaxial (EBA) loading condition.
Moreover, non-significant differences are predicted between
MK-VPSC and MK-aVPSC with the power law where only
minor variations are observed for conditions close to EBA
loading in the case of using the saturation hardening law. Along
the three tested directions, the better prediction is obtained
using MK-aVPSC with a tuning value of 0.2. The simulation
results for MK-FC and MK-VPSC along RD are compatible
with FLDs analyzed in Ref 33 for AA6111-T4-C alloy (also
discussed in Ref 36 and 37 where quantitative differences arise
due to the more texture intensity associated with the AA1100
heat-treated aluminum alloy. Finally, the MK-VPSC model
predicts an unusually high limit strain profile along TD which is
not observed experimentally (Fig. 12 bottom). The predicted
final orientations of the geometrical defect which minimize the
limit strains for each model and loading direction, respectively,
are shown at the top of the predicted FLC plotted in Fig. 12.
Expected critical angles are observed in the left-hand side,
while differences appear in the right-hand side of the FLC. The
selected hardening laws have in our case only minor influence
in the critical angles. Nevertheless, variations with the assumed
interaction in the homogenization scheme qualitatively modify
the predicted critical angles, particularly those close to equi-
biaxial loading condition. These results confirm the strong
dependence on the constitutive model, together with the
influence of the post-necking hardening behavior, of the
predicted limit strain values. Note that most of the studies
found in the literature explored the model capability only along
RD which, in general, gives the expected behavior.

In order to assess the influence of texture evolution in the
FLD simulations along TD, the calculations in Fig. 12 were
repeated but with the texture fixed in its initial state; see dashed
lines of Fig. 13. In the case of MK-FC, the effect introduced by
taking into account the texture evolution results in lower limit
strain values under biaxial loading for both analyzed hardening
laws where this is more marked near the EBA condition. Thus,

Fig. 10 Predicted flow stress response for biaxial stretching. The
continuous line is the power law hardening behavior and the dashed
line is the saturating behavior

Fig. 11 Predicted stress potential in r11�r22 subspace for the
three analyzed models

Journal of Materials Engineering and Performance Volume 24(10) October 2015—4165

Author's personal copy



Fig. 12 Predicted forming limit curves along RD, DD, and TD. (Solid symbol) experimental data and (open symbol) for MK-FC, MK-aVPSC,
and MK-VPSC simulations. Bottom right Predicted forming limit curves along RD, DD, and TD. (Solid symbol) experimental data and (open
symbol) for MK-FC, MK-aVPSC, and MK-VPSC simulations
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at least in the present case, the absence of texture evolution
gives predictions which are closer to the experimental values.
Oppositely, in the case of MK-VPSC, the right-hand side of the
FLD shows slightly higher limit strain values with texture
evolution for a power law, while for a saturation hardening
description, the texture updating promotes appreciably higher
limit strains, showing that the hardening description is a key
factor when MK-VPSC model is used together with the MK
technique to simulate the forming limit behavior. Lastly, for
MK-aVPSC simulations, the influence of the texture evolution
dependent on the stretching direction, i.e., for biaxial paths
described by q less than 0.7-0.8, the texture evolution promotes
a premature failure while, close to EBA stretching paths, the
crystal reorientation allows deformation. Again, these results
show that the role of texture evolution and the interplay with
the hardening model and the model interaction are not
straightforward, which makes difficult to analyze these effects
in a decoupled way.

In order to assess the effect of the yield surface shape on the
forming limit behavior at biaxial stretching, the predicted stress
potentials associated with close-to-failure states at biaxial
(q = 0.5) and EBA loading paths along RD, DD, and TD are
shown in Fig. 14. The stress potential calculation follows the
methodology used in Ref 15 and 13 in order to correlate the
polycrystal yield surface shapes with the material limit
behavior. Simulations assuming the saturation hardening law
are only presented since simulations assuming the power
hardening law lead to similar remarks. Arrows in the curves
indicate the position and direction on the yield surface of the
imposed strain rate condition and the necking plane strain rate
state (i.e., in the MK framework, the material in the groove
goes from the imposed strain rate to the plane strain rate
necking condition). The shapes and curvatures predicted by the
FC, aVPSC, and VPSC models are shown in Fig. 14 and 15. It
is clear that the assumed interaction at crystal level appreciably
modifies the shape of the yield-loci and, hence, the plastic
behavior. The r11 � r22 yield-loci show qualitative differences
depending on the previous loading direction and also between
models. However, only quantitative differences are observed
comparing the yield-loci corresponding to a biaxial (q = 0.5) or
EBA stretchings. In our case, a tendency to form a more sharper

locus can be observed for FC model. Moreover, the loss of
symmetry (with respect to the balanced-biaxial stress condition)
is more pronounced for aVPSC and VPSC than that for FC.
Comparing the simulated yield surfaces after loadings at biaxial
(q = 0.5) and EBA loading for the three models, the differences
between the models remain but the shapes are qualitatively
similar (i.e., also observed in Ref 13, the shape of the yield-loci
is less sensible to the texture evolution associated with the
imposed loading paths). Plots at the bottom of Fig. 14 and 15
present the stress potential drawn in a different but qualitatively
similar way, i.e., based on the direction of plastic strain rate and
loading direction. In the Cauchy stress reference frame, the
directions at different points along the predicted yield surfaces
are characterized by two angles: h and u. These angles are
taken to be zero along the horizontal axis and assumed positive
in a counterclockwise sense. Only points in the range of the
imposed strain rate and the final plane strain rate conditions are
detailed. Differences in the sharpness of the stress potentials
reflected in the slope of the plots are clearly illustrated. It is
interesting to note that the evolutions of plastic strain rate and
stress directions for the FC model show a similar profile along
RD, DD, or TD for the two analyzed loading conditions. This
last behavior correlates well with the nearly constant value of
major limit strain predicted by the MK-FC model along RD,
DD, and TD. For aVPSC and VPSC, the differences are more
marked along TD. When the shape of the yield-loci is seen
together with the evolution of the directions of the plastic
deformation, the lack of normality is apparent, particularly in
the aVPSC. For both models, the condition of equal macro-
scopic work rate to the mean microscopic work rate is violated,
and the normality rule does not hold for equi-work rate
surfaces. However, as it can be seen in Ref 33, if the
conservation factor is small enough, the solutions of the
mechanical equations for the aggregate are acceptable.

6. Conclusions

The influence of plastic anisotropy on the forming limit
strains of an aluminum AA1100-H14 alloy sheet cold-rolled

Fig. 13 Predicted biaxial limit strains for MK-FC, MK-aVPSC, and MK-VPSC models along TD
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and heat-treated 300 �C during 1 h was investigated. The effect
of the sample orientation on the FLD was experimentally and
numerically studied, while, in addition, a detailed comparison
between the responses provided by MK-FC, MK-aVPSC, and
MK-VPSC models was performed. The influence of the
hardening law was also discussed by comparing the predictions
of such models assuming power and saturation hardening

descriptions. The following remarks summarize the conclusions
that can be drawn from this work:

• Experimental data show non-significant differences
among the FLCs measured along RD, DD, and TD test
directions. Only slightly higher values are observed
along DD.

Fig. 14 Predicted polycrystal stress potential for MK-FC, MK-aVPSC, and MK-VPSC models at biaxial stretching (q = 0.5) at the onset of
necking along RD, DD, and TDq

Fig. 15 Predicted polycrystal stress potential for MK-FC, MK-aVPSC, and MK-VPSC models at equi-biaxial stretching at the onset of necking
along RD, DD, and TD
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• In the left-hand side of the FLC, the three models analyzed
predict similar limit strain profiles where minor influences
associated with the assuming hardening law were found.
Quantitative and qualitative differences arise in biaxial
stretching when simulations are carried out using either
MK-FC, MK-aVPSC, or MK-VPSC. Moreover, MK-VPSC
shows an unexpected profile in the right-hand size of the
FLC when the material is tested along TD.

• Only MK-aVPSC, with a tuning factor of 0.2, satisfacto-
rily predicts the set of FLC measurements. Moreover, the
simulated FLCs using either a power or a saturation hard-
ening law are close between them, showing a low sensi-
bility with respect to the selected hardening law.

• This last behavior correlates well with the nearly constant
value of major limit strain predicted by the MK-FC model
along RD, DD, and TD. For aVPSC and VPSC, the dif-
ferences are more marked along TD.

• The behavior of the forming limit values in biaxial
stretching predicted by the three models has been ana-
lyzed in terms of the associated yield surfaces. Almost
constant limit strain values along RD, DD, and TD pre-
dicted by MK-FC correlate well with similar profiles of
the evolution of the directions of the plastic strain rate
and stress states just before failure. In the case MK-
aVPSC and MK-VPSC, the correlations are not simple,
and therefore, a deeper analysis is needed since for both
models the normality rule is violated.

These results confirm that the role of texture evolution and
the interplay with the hardening model cannot be straightfor-
wardly extrapolated since the simulation results are non-
negligibly affected by the numerical framework. Finally, it is
shown that it is necessary to include more than one FLD
direction in order to validate the forming limit model.
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Appendix

To highlight the influence introduced by the fact that the
model calibration considers results along RD, we repeated the
simulations shown in Fig. 12 but assuming that all the material
parameters at the single crystal level were calibrated using
tensile test results along TD, and the MK imperfection factor
was adjusted according to the corresponding limit strain at the
plane strain condition also for TD specimens. The computed
results do not exhibit qualitative differences between them,
showing that the predicted limit strain profiles are not
significantly sensitive to minor differences in the strain-stress
behavior. As an example, Fig. 16 shows comparatively the
limit strains values calculated using the MK-aVPSC model
calibrated using RD or TD experimental data. Similar remarks
can be done for the other two polycrystalline homogenization
schemes used in the simulations (i.e., tangent VPSC and FC
models) and for the diagonal direction (DD), considering either
the power or saturation hardening law.
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