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Formability Assessment
of Prestrained Automotive
Grade Steel Sheets Using
Stress Based and Polar Effective
Plastic Strain-Forming Limit
Diagram
Accurate prediction of the formability in multistage forming process is very challenging
due to the dynamic shift of limiting strain during the different stages depending on the
tooling geometry and selection of the process parameters. Hence, in the present work, a
mathematical framework is proposed for the estimation of stress based and polar effec-
tive plastic strain-forming limit diagram (r- and PEPS-FLD) using the Barlat-89 aniso-
tropic plasticity theory in conjunction with three different hardening laws such as
Hollomon, Swift, and modified Voce equation. Two-stage stretch forming setup had been
designed and fabricated to first prestrain in an in-plane stretch forming setup, and, subse-
quently, limiting dome height (LDH) testing was carried out on the prestrained blanks in
the second stage to evaluate the formability. The finite element (FE) analysis of these
two-stage forming process was carried out in LS-DYNA for automotive grade dual-phase
(DP) and interstitial-free (IF) steels, and the r-FLD and PEPS-FLD were used as dam-
age model to predict failure. The predicted forming behaviors, such as LDH, thinning de-
velopment, and the load progression, were validated with the experimental results. It was
found that the LDH in the second stage decreased with increase in the prestrain amount,
and both the r-FLD and PEPS-FLD could be able to predict the formability considering
the deformation histories in the present multistage forming process with complex strain
path. [DOI: 10.1115/1.4030786]

Keywords: stress based-forming limit diagram, polar effective plastic strain-forming
limit diagram, finite element analysis, multistage forming process, limiting dome height

1 Introduction

In sheet metal forming industries, a precise prediction of the
formability is extremely important to manufacture various defect-
free three-dimensional components at a high production rate.
Hence, sheet metal forming researchers evaluate formability using
various laboratory scale simulative tests without wasting much
materials, and some of these popular tests are LDH, limiting
drawing ratio, hole expansion ratio, bendability, and FLD. Out of
these methods, the conventional FLD or e-FLD is extensively
used in the press shop floor as diagnostic tool to avoid early thin-
ning/failure by selecting suitable tool design, process parameters,
and blank material. The research on e-FLD was started by Keeler
and Backofen [1], and they diagrammed the limiting maximum
principal strain e1ð Þ against minimum principal strain e2ð Þ for
biaxially stretched specimens. Subsequently, Goodwin [2] plotted
the e1 and e2 data on the same curve for tension–compression do-
main e1 > 0; e2 < 0ð Þ. Hence, the Keeler and Goodwin curve
which is popularly known as e-FLD covers all the limiting strains
those are possible under different loading paths, e.g., uniaxial,
plane strain, biaxial, and equibiaxial, and it is determined by the
classical circular grid analysis. Many researchers inferred that e-
FLD strongly depended on several factors, among which most
predominant factors were strain hardening exponent, strain rate

sensitivity index, Linkford anisotropy coefficient, and thickness of
the sheet metal [3,4]. The main restriction of the use of e-FLD is
the dynamic shift during the multistage forming process due to the
complex strain path. The dynamic nature of e-FLD with different
strain path was confirmed with a series of experiments on different
materials by many early researchers, such as Matsuoka and Sudo
[5], Muschenborn and Sonne [6], and Laukonis and Ghosh [7].
Graf and Hosford [8] supported this fact through extensive labora-
tory studies on Al 2008 T4 material. They reported that forming
limit decreased with biaxial prestrain, and simultaneously shifted
toward the tension–tension side. Similarly, the limiting strain
increased both with uniaxial and plane strain prestrain for the
same material by shifting toward the left and upside, respectively.
To reduce or remove this dependency on strain path, an alternative
damage model was proposed by Kleemola and Pelkkikangas [9],
Arrieux et al. [10], and Stoughton [11,12], which was known as r-
FLD. They constructed r-FLD by plotting the calculated major
and minor principal stresses at necking. Yoshida et al. [13] and
Zeng et al. [14] concluded that formability prediction of sheet
metals should be based on stress state rather than strain state so as
to avoid the deformation path dependency in the multistage form-
ing processes. In spite of the successful applications, several
researchers showed concern about the reduction in slope of true
stress–true strain diagram, and hence, the robustness of r-FLD.
They indicated that r-FLD is not much sensitive at large strains
near to the necking limit due to the saturation of true stress–true
strain curve. To encounter this problem, Stoughton and Yoon [15]
proposed PEPS-FLD, which is a two-dimensional Cartesian

Contributed by the Materials Division of ASME for publication in the JOURNAL OF

ENGINEERING MATERIALS AND TECHNOLOGY. Manuscript received March 29, 2015; final
manuscript received May 21, 2015; published online June 26, 2015. Assoc. Editor:
Tetsuya Ohashi.

Journal of Engineering Materials and Technology OCTOBER 2015, Vol. 137 / 041006-1
Copyright VC 2015 by ASME

Downloaded From: http://materialstechnology.asmedigitalcollection.asme.org/ on 06/26/2015 Terms of Use: http://asme.org/terms



coordinate mapping of limiting strain in effective plastic strain
space. They concluded that the PEPS-FLD was less sensitive to
change of strain path, and hence, it could be one effective tool to
predict formability in a complex forming process.

Recently, the automotive industries are eager to apply advanced
high-strength grade DP steels to fabricate light-weight compo-
nents by thinning down the gauge. These steels are also character-
ized to have improved strength, crashworthiness, and fatigue
resistance compared to conventional precipitation alloyed high-
strength steels. Ti and Nb microalloyed IF steels have been also
developed recently for manufacturing complex shaped structural
and exterior automotive parts due to its excellent cold formability.
In practice, the complex automotive stampings may undergo sev-
eral sheet forming passes using different die and punch shapes.
During these different passes, the deformation path in terms of
strain ratio may not be constant, but it changes depending on
choice of die design and process parameters. Hence, an accurate
prediction of the forming limit during the changing strain path is
very challenging for both DP and IF steels for automotive body
applications.

In this paper, a comparative study is made for prediction of
formability on DP600 (a commercial grade DP steel) and IF steel
sheets by r-FLD and PEPS-FLD during the multistage forming
process. To establish a complex strain path, which is a combina-
tion of two linear stain paths, two-stage stretch forming setup was
designed. The prestraining in the blank was induced by an in-
plane stretch forming setup in the first stage, and the out-of-plane
stretch forming was carried out on the prestrained blank to find
the formability in terms of LDH in the second stage. Mathematical
framework was proposed to estimate the r-FLD and PEPS-FLD
from the experimental e-FLD using Barlat-89 anisotropic material
model incorporating Hollomon, Swift, and modified Voce harden-
ing laws. The FE analysis of the two-stage stretch forming proc-
esses was carried out in LS-DYNA. Both of the theoretical models,
r-FLD and PEPS-FLD, were implemented as a damage model to
predict the forming behavior of prestrained materials, and the out-
comes were validated with the experimental results.

2 Analytical Approach for r- and PEPS-FLD

In order to get the complete shape of e-FLD, many researchers
proposed different tests for characterizing the limiting strains in
the different regions of the curve. Among them, few important
tests, mostly referred by researchers, are: uniaxial tensile, hydrau-
lic bulging [16], Hecker’s out-of-plane stretching [17], Marci-
niak’s in-plane stretching [18], Nakazima’s cupping [19], and
Hasek’s test [20]. However, the stress state cannot be determined
directly from these tests during forming. The following three cor-
relations are required to transfer the limiting strain to stress state:
(a) yield function, f r1;r2;r3; �rð Þ ¼ 0, where r1;r2; and r3 are
the components of principal stresses and �r is the effective stress
obtained from tensile test; (b) associated flow rule to relate the
components of stress and strain; and (c) hardening rule for
describing the evolution of effective stress during the forming pro-
cess. In this work, the Barlat-89 yield criterion [21] with three
hardening laws (e.g., Hollomon, Swift, and modified Voce hard-
ening law) is used to estimate r-FLD from e-FLD.

2.1 Theoretical Background of Constitutive Model. The
Barlat-89 yield function incorporating the normal and planar anisot-
ropy during the plane stress deformation was selected for the model-
ing of the deformable blank as described by the following equation:

�r rij

� �
¼ 1=2� ajk1 þ k2jM þ ajk1 � k2jM þ cj2k2jM

� �h i1=M

(1)

where a; c; and h are material constants related to Lankford ani-
sotropy parameters r0 and r90 as shown in the following equation:

a ¼ 2� c ¼ 2� 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r0

1þ r0

� r90

1þ r90

r
and

h ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r0

1þ r0

� 1þ r90

r90

r (2)

For polycrystalline steel sheet, the value of the nonquadratic Bar-
lat exponent, M, is chosen to be six. As in the present sheet forming
experiments, the anisotropic thin-rolled sheets were considered, the
shear stress was assumed to be neglected so as to reduce the com-
plexity in the analytical formulation. When stress tensor (rij) coin-
cides with the principal anisotropic axis of the sheet metal, the
invariants of stress tensor, k1 and k2, are defined as shown in the
following equation:

k1 þ k2 ¼ r1 and k1 � k2 ¼ h�r2 (3)

Substituting Eq. (3), Eq. (1) reduces to

�r rij

� �
¼ 1=2� ajr1j

M þ ajhr2j
M þ cjr1 � hr2jM

� �h i1=M
(4)

Applying flow rule, deij¼ dk @�r rij

� �� �
=@rij

� �
(where dk is a posi-

tive scalar that depends on the stress state) in Eq. (4), and upon
simplification the equation can be written in the form of stress ra-
tio n, defined as the ratio of effect stress (�r) to major stress (r1) as

n ¼ 1=2� aþ ajhajM þ cj1� hajM
� �h i1=M

; where a ¼ r2

r1

(5)

Again, the strain ratio q ¼de2=de1 can be written in the form of
a qð Þ as

q ¼ ajhajM�1 � chj1� hajM�1

aþ cj1� hajM�1
(6)

From the definition of plastic work (�r�d�e ¼ r1�de1 þ r2�de2

þ r3�de3) and further imposing the plane stress condition (r3¼0),
the effective strain can be expressed in the form

�e ¼ e1

n
1þ qað Þ (7)

In order to establish the hardening relationship between true effec-
tive stress and true effective strain, three functions were chosen,
and these are Hollomon, Swift, and modified Voce hardening
laws, as indicated in Eqs. (8)–(10), respectively,

�r ¼ K��en (8)

�r ¼ K�ðe0 þ �eÞn (9)

�r ¼ A� B0�e �C��eð Þ þ B1��e (10)

where �r and �e are, respectively, the effective stress and plastic
strain. K (strength coefficient), n (strain hardening exponent), and
e0, A, B0, B1, and C are the material constants. All these constants
can be calculated by fitting the experimentally determined true
stress–true strain curve in MATLAB. B1 is approximately identified
in this work as half of yield strength value for each of the investi-
gated steels.

2.2 Global Algorithm for Constructing r-FLD and PEPS-
FLD. The algorithm, as shown in Fig. 1, is proposed to compute
the r-FLD and PEPS-FLD from a given e-FLD by considering the
constitutive equation discussed in Sec. 2.1. However, the steps
involved are again discussed as below, where the first two steps
are common for estimating both r-FLD and PEPS-FLD:
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Step 1: The principal strains e1;e2ð Þi were measured after the
prestraining, and corresponding strain ratio qi¼ e2=e1ð Þi

� �
had

been calculated. The stress ratio, ai qið Þ, was calculated for each of
the strain ratio, qi, by using Eq. (6). Another derived parameter,
ni, was calculated using Eq. (5) for each value of the stress ratio,
ai. The final effective plastic strain �eið Þ in the prestraining stage
was evaluated from the definition of plastic work (Eq. (7)).

Step 2: Final principal strains after second stage e1;e2ð Þf were
again measured, and the corresponding plastic strain increment
De1;De2ð Þ was estimated. The effective plastic strain increment
D�ef

� �
was calculated from the principal plastic strain increments

using the second stage derived parameters, qf , nf , and af as shown
in the algorithm above. As true strains are additive in nature,
hence, the total effective plastic strain �eð Þ was calculated by add-
ing the effective plastic strains of each steps.

Step 3 (for r-FLD): Final effective stress �rð Þ was obtained
using different hardening laws (Eqs. (8)–(10)) from the knowl-
edge of total effective strain �eð Þ. Finally, the major and minor
stresses r1 and r2ð Þ were calculated using the derived parameters
nf and af as discussed in the algorithm, and these values were
plotted in stress locus to obtain r-FLD.

Step 4 (for PEPS-FLD): It is a polar representation of the effec-
tive plastic strain with the direction defined by the arctangent of
the current plastic strain increment ratio ðDe2=De1Þ. For better vis-
ualization, PEPS-FLD was plotted in Cartesian coordinate system
in effective plastic strain space as shown in the algorithm.

This algorithm was implemented in MATLAB 8.1 on a Windows
environment to estimate the r-FLD and PEPS-FLD from the
given e-FLD of an anisotropic steel sheet.

2.3 Use of r-FLD and PEPS-FLD as a Measure of
Formability. In this particular work, the e-FLDs of DP600 and IF
of 1.2 mm sheet thickness were taken from the available literature
[22,23]. For DP600, e-FLD was plotted in Fig. 2(a) with three major
strain paths, viz., equibiaxial strain path q ¼ 1ð Þ, plane strain path
q ¼ 0ð Þ, and uniaxial strain path q ¼ �0:5ð Þ. It can be seen that the

data point represents the strain paths, q ¼ 1 and q ¼� 0:5, were
absent as the hydraulic bulging and uniaxial tests were not performed
by the authors. The limiting strain is the minimum at the plane strain
deformation path. Also, the forming limit of IF steel is lying above
that of the DP600 steel. This is due to the higher n-value and r-value
of IF compared to that of DP600. The strain data of the e-FLD were
converted to stress locus by calculating different derived constants
like n, a, and q, as mentioned in Sec. 2.2, and the r-FLD of both the
material was plotted in Fig. 2(b). It can be seen from the figure that
the Swift hardening law predicts a higher forming limit stresses com-
pare to the other two cases. Also at the pure biaxial condition, the
modified Voce law gives the lowest prediction of forming limit
stress. The limiting stresses of DP600 steel are lying above those of
IF steel, which is contradictory to their formability.

In order to judge the dynamic nature of e-FLD, a reversal tech-
nique is adopted in this paper. A single curve in stress space

Fig. 1 Proposed mathematical framework for construction of r-FLD and PEPS-FLD
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(r-FLD predicted by Swift hardening law in Fig. 2(b)) was
decoupled into strain space (e-FLD) for 6.3% and 11.3% biaxial
prestrain. To evaluate the decoupled FLD for a definite prestrain,
the major r1ð Þ and minor r2ð Þ stress values were noted from the
r-FLD. From the stress ratio af , the other important parameters
like qf and nf were calculated by using Eqs. (6) and (5), respec-
tively. Using these parameters r1 and nf

� �
, the effective stress

�rð Þ was evaluated, and the total effective strains �eð Þ after forming
in both the stages were obtained incorporating the hardening laws.
From the knowledge of the amount of prestrain e1i;e2ið Þ, the effec-
tive strain �eið Þ during prestrain was calculated as shown in the
algorithm (Fig. 1). The effective strain in the second stage Def

� �
can be easily evaluated by the following equation:

Def ¼ ff�eðr1;r2Þ � �eiðe1i; e2iÞg (11)

From the plastic work Eq. (7), the increment in major strain De1ð Þ
was computed, and consequently the increment in minor strain
De2ð Þ was estimated from the ratio qf . Finally, the major e1f

� �
and

minor e2f

� �
strains of decoupled FLD were estimated by the fol-

lowing equation:

e1f ¼ e1i þ De1 and e2f ¼ e2i þ De2 (12)

Major and minor strains of decoupled FLD for two different
biaxial prestrain conditions 6.3% and 11.3% were plotted in strain
locus as shown in Fig. 3(a). It can be seen that the forming limit
of e-FLDs for biaxial prestraining reduces, and similar results
were reported by previous researchers [8] for aluminum alloy.

Furthermore to understand the capability of PEPS-FLD, all the
theoretical decoupled e-FLDs generated from a single r-FLD
were converted into effective plastic strain domain, as shown in
Fig. 3(b). Interestingly, all the theoretical decoupled e-FLDs are
exactly merging into a single curve with as-received e-FLD in po-
lar coordinate strain space of PEPS-FLD. Earlier, Stoughton and
Yoon [15] were successfully converted all the experimental e-
FLD of Al 2008 T4 reported by Graf and Hosford [8] into PEPS-
FLDs, and formed a narrow band of limiting strains. This

confirmed the utility of PEPS-FLD as a path independent mea-
sure. Actually the radius in PEPS-FLD represents effective plastic
strain which is not directly derived from the principal strain com-
ponent rather relate with stress tensor matrix with the yield func-
tion, as shown in Eq. (7). As it is known that stress state is
insensitive to the deformation history; hence, PEPS-FLD is also
robust in nature as like as r-FLD. However, it is observed that the
PEPS-FLD has no dependence on the choice of hardening laws. A
great advantage of PEPS-FLD over r-FLD is its shape and
appearance. It is seen that PEPS-FLD looks nearly similar to the
e-FLD with a proper distinction of three regions, namely, uniaxial,
plane strain, and biaxial. Also, the plane strain limit is the lowest
point as similar to the e-FLD. Hence, the Researchers and Engi-
neers can compare the forming limit and understand the kind of
strain path induced during the forming process. On the other hand,
it is really difficult for r-FLD to find its plane strain path until or
unless it is specified, and it is also very difficult to compare two
different limiting stress diagrams in terms of formability context.
Due to these intuitive natures, PEPS-FLD can be readily accepta-
ble to sheet metal forming researchers.

3 Experimental Procedure

3.1 Material Characterization. Two different commercial
grade automobile steels of 1.2 mm thickness were considered in
the present work: (a) DP steel (DP600) and (b) IF steel. The
DP600 steel consists of two phases, i.e., ferrite and martensite
structures, as shown in Fig. 4(a). This is achieved by intercritical
annealing stage during which small particles of austenite phases
appear, which under quenching resulted into small volume frac-
tion of martensite islands inside ferrite phases. In IF steel, the in-
terstitial elements like carbon and nitrogen are scavenged by
addition of microalloying elements like Ti and Nb. This extreme
low-carbon steel has excellent formability due to the absence of
interstitial elements like C and N, which adversely affects ductil-
ity. The microstructure of IF steel is shown in Fig. 4(b).

The stress–strain response of both the steels was evaluated
along three directions, viz., 0 deg, 45 deg, and 90 deg with respect

Fig. 2 Comparison of forming limit of DP600 and IF steels: (a) experimental e-FLD [22,23] and (b) estimated r-FLD
using Barlat-89 yield criterion in conjunction with hardening laws
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to rolling direction of the sheet, and the various properties were
reported in Table 1. The true stress–true strain data from uniaxial
tensile test of DP600 and IF were fitted and extrapolated with the
Hollomon, Swift, and modified Voce hardening laws, and the dif-
ferent coefficients were determined by best fitting curves. These
different coefficients (as shown in Table 2) were evaluated statisti-
cally by best fitting curve with comparing R2 value in each case.

3.2 Formability Experiments. In this study, complex strain
path was developed compounding two linear strain paths. The
tensile–tensile prestrain was induced in the sheet metal during the
first path or stage, and subsequently, the out-of-plane stretch

forming operation was carried out to determine LDH as the mea-
sure of formability in the second path or stage.

3.2.1 Prestraining in the First Stage. For this test, an in-plane
stretch forming setup, as shown in Fig. 5(a), was conceptualized
and fabricated as suggested by Raghavan [24]. The sheet metal
with brass washer was together placed over the die, and thick film
of lubrication was applied between the flat face punch and the
washer to avoid the fracture of the washer and/or sheet metal at
the corner. The flat punch drove the test specimen indirectly
through the washer. Circular grids of 2.5 mm diameter were
marked on the blanks by electrochemical etching technique to
measure major and minor strains induced in the specimen after de-
formation. Due to radial friction forces at the sheet–washer

Fig. 3 Predicted (a) decoupled theoretical e-FLD for different prestrain conditions obtained from r-FLD and (b) the conver-
gence of PEPS-FLDs of all decoupled e-FLDs

Fig. 4 Microstructure observed in scanning electron microscopy: (a) DP600 and (b) IF
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interface, it was found that nearly equibiaxial prestrain was
induced in the specimen. It is important to note that the amount of
prestrain induced in the material was predicted by FE simulations,
and accordingly, the punch travel was planned in the experiment.
Two different levels of prestrain, i.e., 6.3% and 11.3% were
planned in the first stage of deformation.

3.2.2 LDH Test of Prestrained Material. After measuring the
prestrain induced in the deformed blank, the flat bottom portion
was trimmed by wire cut electric discharge machining (WEDM).
This trimmed blank was subsequently treated as input test piece

for LDH testing. The LDH test was carried out using out-of-plane
stretch forming setup by a hemispherical punch, as shown in Fig.
5(b). The experiments were stopped when a visible neck or initia-
tion of fracture was observed on the specimens, which was also
reflected as the drooping in the load–progression curve.

4 FE Analysis of LDH Test of Prestrained Steel

Mathematical framework of FLD theories coupled with the FE
simulation leads to a drastic reduction in the time and cost during
the initial adaptation of the tooling design and selection of the

Table 2 Material constants form different hardening model for both DP600 and IF steels

Hollomon law Swift law Modified Voce law

Material K n R2a e0 K n R2a A B0 B1 C R2a

DP600 1125 0.21 0.9836 0.005 1140 0.20 0.9980 839 361 202 10 0.9843
IF 523 0.3 0.9811 0.001 574 0.34 0.9997 408 278 54 06 0.9976

aHere R2 is defined as the coefficient of determination, which indicates how well data fit a line or curve.

Fig. 5 The schematic of the tooling for the multistage forming operation: (a) in-plane prestraining and (b) out-of-plane
stretch forming for LDH test (all dimensions are in mm)

Table 1 Tensile properties of DP600 and IF steels used in the study

Anisotropic properties

Grades and gauges Yield strength (MPa) Ultimate tensile strength (MPa) % total elongation r0 r45 r90 �ra Drb

DP600 (1.2) 407 665 19.12 0.96 0.93 1.05 0.97 0.08
IF (1.2) 118 272 48.6 1.79 1.54 3.02 1.97 0.87

aNormal anisotropy¼ �r ¼ r0þ2r45þr90ð Þ=4 .
bPlanar anisotropy¼ Dr ¼ r0 � 2r45þr90ð Þ=2 .
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process parameters to get failure-free components. In this work,
numerical simulation of both the stages of deformation was car-
ried out using a commercial available FE solver, LS-DYNA-971.
The accuracy of the model depends on the selection of the mate-
rial constitutive properties, boundary conditions, and the damage
model. In this work, the deformable blank was modeled using the
Barlat-89 nonquadratic yield criterion incorporating both the nor-
mal and planar anisotropy properties, as described in Sec. 2.1. The
Swift power hardening law was used without incorporating the
influence of strain rate sensitive index. The die was fixed, and
both the punch and binder were allowed to move in the z direction
(along the punch axis). The Coulomb’s friction model was
assumed between the blank and rigid surfaces using a coefficient
of friction of 0.01 in lubricated condition and 0.15 in dry condi-
tion. Figure 6 shows the FE model of the double-stage forming
sequence, where the prestraining was induced by the in-plane
stretch forming process, and the required blank was trimmed to
further deform using the out-of-plane stretch forming setup. The
experimental e-FLD and formulated r-FLD and PEPS-FLD were
incorporated in the numerical simulation to evaluate the formabil-
ity in terms of LDH. In FE analysis, the failure node was identi-
fied, and the strain and stress data of this node at different time
steps of the deformation were plotted inside the strain and stress
domain for both the materials. Figure 7 shows the deformation
path during LDH testing of DP600 as-received materials, and it

can be observed that the failure is predicted at the same dome
height by all the FLDs. However, the r-FLD incorporating the
Swift hardening law predicts the LDH same as e-FLD and PEPS-
FLD.

5 Results and Discussion

5.1 LDH Prediction. The deformed domes after LDH testing
of various biaxial tensile prestrained DP600 and IF samples are
shown in Fig. 8.

It was observed that the formability index-LDH decreased as
the amount of prestrain increased in case of both the materials.
The prestrain during the first stage of deformation exhausted some
ductility of the material reducing the limiting strains, and hence,
the reduction in LDH during the second stage of deformation as
compared to a fresh as-received material. It was further observed
that the dome height of IF steel was always higher compared to
that of DP steel in all prestrain conditions. All the FE predicted
LDH results of differently prestrained steels obtained by e-FLD,
r-FLD, and PEPS-FLD are shown in Fig. 9 in comparison with
experimental results. The predicted results by all the three FLDs
are equal in the case of as-received material (zero prestrain condi-
tion), and these results are comparable with the experimental
results within 4% of error. However, the LDH was overpredicted

Fig. 6 Numerical process sequences for two-stage forming operation: (a) quarter symmetry
model of in-plane stretch forming setup, (b) deformed specimen after 11.3% prestraining, (c)
quarter symmetry model of LDH testing of prestrained blank, and (d) deformed dome indicating
the location of maximum thinning and failure

Journal of Engineering Materials and Technology OCTOBER 2015, Vol. 137 / 041006-7

Downloaded From: http://materialstechnology.asmedigitalcollection.asme.org/ on 06/26/2015 Terms of Use: http://asme.org/terms



by e-FLD for all the prestrained materials, and on the contrary, the
prediction was very close to the experimental results by r-FLD
and PEPS-FLD. The percentage error in the prediction of LDH by
different FLDs was computed and compared in Table 3 for both
DP600 and IF materials. It can be observed that the prediction
error was more in case of prestrained IF steel compared to the
DP600 steel. In order to get insight into the formability changes in

LDH tests of prestrained materials, the deformation path and the
thickness distribution were analyzed in Secs. 5.2 and 5.3.

5.2 Analysis of Deformation Path. The strain and stress
paths of the failed region obtained from FE results of both the
stages of forming DP600 steel are shown in Fig. 10 with reference

Fig. 7 Deformation path during LDH testing of DP600 as-received material plotted inside (a) as-received e-FLD, (b) esti-
mated r-FLD, and (c) PEPS-FLD
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to its e-FLD, r-FLD, and PEPS-FLD. It can be observed that the
strain path during the prestraining in the first stage and the LDH
testing in second stage are lying in the right side (with q > 0) of
the e-FLD. However, the slope of these paths was different due to
the selections of different die geometry and process parameters.
The measured major and minor strain states obtained after the pre-
straining matched very well with that of experimental results in
all the cases. It can be seen from Fig. 10(a) that the strain path
touches the e-FLD at point P corresponding to the LDH of
14.82 mm during the second stage of deformation. However, the
corresponding point in the stress domain is P1, which crosses the
r-FLD. Similarly, the deformation path shown in the PEPS do-
main also crosses the constructed PEPS-FLD with effective plas-
tic strain as the radius. The predicted LDH is closer to the
experimental results when the deformation path touches the r-
FLD and the PEPS-FLD at Q1 and Q2. The corresponding point is

Q in the strain path, which is lying inside the e-FLD of the as-
received DP600 steel. However, the limiting strain of this biaxial
prestrained material decrease through shifting of FLD toward the
right side as already shown in Fig. 3(a). It is observed that both
the r-FLD and PEPS-FLD are able to predict the formability of
prestrained DP600 and IF materials taking care of deformation
histories. The limiting strain of IF steel is greater than DP600;
hence, for same amount of prestraining the decrease in the limit-
ing strain is more in IF steel as compared to the DP600 steel as
can be seen from decoupled theoretical estimated FLDs in
Fig. 3(a). Hence, the as-received e-FLD overpredicted the LDH of
prestrained IF steel more compared to that in case of DP600 steel.

5.3 Prediction of Thickness Distribution and Load
Progression. The deformed cups of DP600 and IF materials were
cut along the rolling direction, and the thickness variation was
measured at different distances from the reference pole. The thick-
ness distribution with respect to the nondimensional distance ratio
(distance from the pole lð Þ=punch radius ðrpÞ) as computed from
the FE analysis along with experimental data is shown in Fig. 11
for all the prestrain conditions of both the materials. It can be seen
from the figure that more nonuniform thickness distribution is
taken place in DP600 steel compared to the IF steel, and a maxi-
mum thinning/failure is developed at a distance away from the
pole corresponding to the location where the cup is out of contact
with the punch. As the tools (either punch or dies) were in direct
contact with blank, the frictional force between them did not
allow thinning to occur at the pole and flange. The uniform thick-
ness distribution of IF steel was attributed due to its higher
n-value, as reported in Table 2, and hence, IF steels have higher

Fig. 8 The deformed cups obtained from LDH testing of different prestrained materials

Fig. 9 Comparison of predicted LDH by different FLDs at different prestrained conditions: (a) DP600 and (b) IF

Table 3 Absolute percentage error in formability prediction of
both DP600 and IF steels

Absolute error in percentage

Material % of prestrain By e-FLD By r-FLD By PEPS-FLD

DP600 As received 3.82 3.82 3.82
6.3 8.41 2.34 1.85
11.3 14.26 3.67 2.36

IF As received 3.99 3.99 3.99
6.3 18.14 1.51 1.87
11.3 31.69 7.01 5.43
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LDH compared to DP600 steel in all conditions. The location of
the maximum thinning development was measured in the case of
all the prestrain deformed cups of both the materials, and the
result is shown in Fig. 12. It can be observed that the location of
failure depends on the level of prestrain and types of material.
The area of contact between the punch and blank increases with
the increase in LDH, and hence the location of maximum thinning
development.

The gradual load progression during LDH testing was experi-
enced due to the strain hardening of the sheet metal during biaxial
stretch forming and the increase in the frictional force at the

punch–blank interface. To validate the accuracy of the FE results,
the load–progression curves obtained from the FE simulation
results were compared with the experimental data captured by
data acquisition system, as shown in Fig. 13. The maximum load
required to deform the prestrained blank was less compared to the
as-received material for both IF and DP600 steel, and this is due
to the lower dome height of the prestrained materials. Being a
stronger material with higher forming limit stress, the DP600 steel
required more load while stretch forming both in prestrained and
as-received conditions compared to IF steel. All the thickness dis-
tribution and load progression predicted by the FE simulation

Fig. 10 (a) Strain path, (b) stress path, and (c) PEPS path during forming of 6.3% prestrained DP600 material

041006-10 / Vol. 137, OCTOBER 2015 Transactions of the ASME

Downloaded From: http://materialstechnology.asmedigitalcollection.asme.org/ on 06/26/2015 Terms of Use: http://asme.org/terms



were in good agreement with the experimental results, which vali-
dated a successful model incorporating the r-FLD and PEPS-
FLD.

6 Conclusions

The formability was evaluated successfully using the laboratory
scale multistage forming processes for both DP600 and IF steels.
The FE analysis was done incorporating the theoretical estimated
r-FLD and PEPS-FLD to predict the forming behavior. The cur-
rent experimental and numerical investigation led to the following
major conclusions:

(1) The r-FLD and PEPS-FLD were estimated successfully for
both the IF and DP600 steels using the Barlat-89 anisotropy
material model, and it was found that the r-FLD was signif-
icantly depended on the selection of the hardening model.

(2) The PEPS-FLD is insensitive to deformation history with
no dependence on the choice of hardening laws. It was

Fig. 11 Comparison of thinning development in DP600 and IF materials in LDH testing: (a) as-received material condition and
(b) 11.3% prestrained condition

Fig. 12 Variation of maximum thinning location for different
prestrained sheet materials

Fig. 13 Validation of FE predicted load-progression curve for as-received and prestrained
materials
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found that the r-FLD incorporating the Swift hardening
law predicted the LDH same as e-FLD and PEPS-FLD for
as-received DP600 and IF steel sheets.

(3) It was observed that the formability index-LDH decreased
as the amount of prestrain increased in case of both the
materials. However, the LDH was overpredicted by e-FLD
for all the prestrained materials, and on the contrary, the
prediction was very close to the experimental results by
r-FLD and PEPS-FLD.

(4) The decrease in the limiting strain with prestraining is more
in IF steel as compared to the DP600 steel. Hence, the as-
received e-FLD overpredicted the LDH of prestrained IF
steel more compared to that in case of DP600 steel.

(5) It was observed that the location of maximum thinning de-
velopment and subsequent failure in the LDH testing
depended on the level of prestrain and types of material.
The thinning development and load progression during the
LDH testing of prestrained materials were predicted suc-
cessfully by the FE model using both the r-FLD and PEPS-
FLD.
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Nomenclature

a; c; h; and p ¼ coefficients of Barlat-89 yield criterion related to
material anisotropy

A;B0;B1;e0 ¼ material constants
K ¼ strength coefficient

k1; k2 ¼ stress tensor invariants
M ¼ Barlat yield exponent
n ¼ strain hardening exponent
r ¼ Lankford’s anisotropy parameter
a ¼ stress ratio
e ¼ true strain
e ¼ effective strain

e1 ¼ major strain
e2 ¼ minor strain
n ¼ ratio of effective stress to major stress
q ¼ strain ratio
�r ¼ effective stress

r1 ¼ major stress
r2 ¼ minor stress
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