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a b s t r a c t

Biaxial flow behavior of an interstitial free steel sample was investigated with two exper-
imental methods: (1) Marciniak punch test with in situ X-ray diffraction for stress analysis;
(2) hydraulic bulge test. The stress analysis based on X-ray diffraction using {211} lattice
planes was accompanied by the use of stress factors and intergranular (IG) strains. Stress
factors and IG strains were experimentally obtained ex situ on samples after prescribed
equi-biaxial deformations. An elasto-viscoplastic self-consistent (EVPSC) crystal plasticity
model was used to predict the stress factors and the IG strains. The model predictions of
the stress factors were in good agreement with the experiments. However, the predictions
of IG strains were in poor agreement with their experimental counterparts. As a result, the
flow stress solely based on the computationally predicted stress factors and IG strains was
unrealistic. The input of the experimental stress factors and IG strains for stress analysis
improved the agreement with a reference flow curve obtained by a hydraulic bulge tester.
The resulting flow curves based on X-ray diffraction were in good agreement with that of
the bulge test up to an effective strain of 0.3. However, an unrealistic softening was
observed in larger deformations regardless of whether the stress factor used were experi-
mentally measured or determined from EVPSC calculations.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Importance of biaxial flow behavior

Constitutive models, which link imposed strains to resulting stresses, are often populated with experimental flow behav-
ior in uniaxial tension. Uniaxial tension tests are relatively easy to conduct compared to multiaxial experiments such as tests
conducted in Mohr and Jacquemin (2008) and Mohr and Oswald (2008), yet, provide useful information (Hill, 1948, 1979;
Logan and Hosford, 1980). However, relying solely on uniaxial tension data may lead to erroneous descriptions of biaxial
states for anisotropic materials and may prove to be inaccurate. In such cases, the experimental measurement of biaxial
properties for comparison with the constitutive model predictions (Kuwabara, 2007; Kuwabara et al., 1998; Xu and
t), mark.
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Barlat, 2008) may be required. In parallel with experimental progress, some advanced constitutive models have been devel-
oped. These advanced models allow the direct input of the in-plane biaxial yield stress in addition to that of uniaxial tension,
enhancing the accuracy of finite element (FE) predictions (Barlat et al., 2005, 2003, 1997).

The biaxial behavior is also important for the assessment of sheet metal formability, conventionally characterized by the
forming limit curve (FLC). A strain-based FLC is usually represented in the space of the two in-plane principal strains
(Marciniak et al., 1973). A stress-based FLC has been proposed to deal with path dependency of the FLC, as the path depen-
dency in strain space is remarkably reduced in stress space (Stoughton, 2000; Stoughton and Zhu, 2004; Wu et al., 2005).
However, verification of a path-independent stress-based forming limit approach often relies on constitutive models where
stresses are inferred from measured plastic strains.

1.2. Difficulties in biaxial stress measurement

The analysis of biaxial experiments to extract constitutive relationships is not a trivial task. There have been various
experimental methods reported in the literature: bulge (Hill, 1950), Nakajima (Lee et al., 2004), Marciniak (Marciniak
et al., 1973), tubular (Kuwabara et al., 2005), cruciform (Kuwabara et al., 1998; Verma et al., 2010) and disk compression
(Xu and Barlat, 2008) tests. However, some of the listed test methods are only suitable for specific and limited information
such as biaxial plastic flow anisotropy (disk compression) or maximum achievable biaxial strain (Nakajima and Marciniak
tests). In tests where a punch applies deformation to the surface, the measurement of the stress in the sample is convoluted
with friction tractions between the punch and the specimen surface. In tests based on cruciform samples, the achievable
deformation is limited by premature fracture caused by the sample geometry. However, an extended deformation in this
case is achievable, for instance, by thinning the gauge area (Lebedev and Muzyka, 1998). Samples subjected to either bulge
or tubular hydraulic tests can experience an extended amount of deformation without the disturbance caused by friction.
However, the deformation conducted in bulge systems contains a component of bending. A more detailed review of various
biaxial testing methods is available in a recent article by Tasan et al. (2012). The Marciniak test has advantages such as the
in-plane and frictionless conditions in a central area of the specimen (Bong et al., 2012). However, the unquantified friction
tractions make measurement of the stress in the sheet from the punch force difficult to deconvolute.

1.3. Stress analysis based on diffraction measurement

Foecke et al. (2007) overcame the difficulties in stress measurement for Marciniak test by employing an in situ X-ray sys-
tem to measure the stress. In their work, the stress–strain curves of an aluminum alloy were successfully measured based on
the in situ lattice strain with known diffraction elastic constants. Later Iadicola et al. (2008) measured multiaxial stress states
that included plane strain states to compare the results with predictions made by various yield functions. It is worth men-
tioning that both studies were conducted for aluminum alloys. Despite of these two successful examples, some issues need
to be overcome in order to make diffraction stress analysis more practical for general applications.

For instance, it is well known that the commonly used sin2w method, which was used in the mentioned work, is not suit-
able for many steel sheet products due to: (1) the elastic anisotropy, (2) crystallographic texture, and (3) nonspherical grain
morphology (Daymond et al., 2000; Lebensohn et al., 1998; Wong and Dawson, 2010), which evolves as further deformation
is applied. Steel alloys exhibit higher anisotropic elastic constants compared to the aluminum alloys mentioned earlier,
which lead to more complex behavior in the plastic region (Clausen et al., 1998). The changes in texture and grain morphol-
ogy lead to a strong directional dependence of the elastic constants used to convert lattice strain into macro-stress (Hauk,
1997). Insufficient knowledge of the diffraction elastic constants is one of the reasons why diffraction stress measurements
in the presence of texture often lead to inaccurate results.

Whenever elastically anisotropic behavior is expected, stress analysis should be accompanied with the use of proper
stress factors to obtain accurate data (Hauk, 1997). One should be cautious when considering use of the stress factor method,
since stress factors are sensitive to various parameters. In the literature, stress factors have been shown to depend on (1)
crystallographic texture and (2) grain morphology (Gnäupel-Herold et al., 2012). In addition, the influence of (3) the selected
diffraction plane was demonstrated in a systematic study (Barral et al., 1987). It is also found that intergranular (IG) strain
plays an important role for accurate stress analysis based on diffraction (Gnäupel-Herold et al., 2012). In the current paper,
the term ‘IG strain’ exclusively refers to the intergranular strain as the grain volume averaged strain state of a group of grains
with two key characteristics: (1) the grains in diffraction are oriented in the same manner and (2) the IG strains are still pres-
ent in the absence of applied stresses. Variations in lattice strains that occur on even smaller length scales than the grain
dimensions are excluded from consideration.

As the preceding discussion shows, the accurate determination of a stress state using a diffraction technique can be an
extremely complicated task to properly account for the material states mentioned above. Fortunately, a number of advanced
crystal plasticity frameworks, which can account for the mentioned material states, are available (Kanjarla et al., 2012;
Lebensohn et al., 1998; Turner and Tomé, 1994; Wang et al., 2010; Wong and Dawson, 2010). Such models may provide
a unified tool, by which the accurate analysis of stresses through diffraction can be better understood. Therefore, the goal
of the current study is to demonstrate the validity of a chosen polycrystal plasticity model (Wang et al., 2010) in comparison
with experimental results. It is expected that a better understanding of the complex nature of the stress analysis based on
diffraction can be achieved by comparing model prediction and experimental results in parallel.
Please cite this article in press as: Jeong, Y., et al. Evaluation of biaxial flow stress based on elasto-viscoplastic self-consistent analysis of
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1.4. Structure of this article

The multiaxial experiment system consisting of the Marciniak tooling and a portable X-ray goniometer presented in Sec-
tion 2. Also, experimental conditions for uniaxial tension as well as the bulge test are presented. In Section 3, stress analysis
based on the X-ray measurement of lattice spacings is explained in detail. Description of the crystal plasticity model is pre-
sented in Section 4. Then, in Section 5, predictions made by the crystal plasticity model are compared with experimental
observations. Summary and discussion follow in Section 6.

2. Experiments

2.1. Marciniak in-plane biaxial stretching

The in-plane biaxial stretching of an interstitial free (IF) steel sample of 1.2 mm thickness was conducted using the Marci-
niak tooling shown in Fig. 1. The sample was stacked to a mild steel washer, in which a circular hole was machined. This
circular window eliminates direct contact between the sample, and the rest of the washer reinforces sample against the
moving punch. As a result of the upward motion of the ram, the sheet undergoes biaxial expansion. In addition, the unob-
structed top surface of the sheet allows strain measurements with digital image correlation (DIC) and the use of X-ray dif-
fraction. Biaxial stretching with various strain ratios can be achieved by adjusting the width of the sample and washer.

In the current study, the IF steel sample was deformed under near equi-biaxial stretching until fracture. The ram displace-
ment and the strain on the sample are not linearly related. Therefore, appropriate ram positions were determined by deform-
ing a sample of the same kind prior to testing.

2.2. X-ray diffraction

A portable low-power X-ray goniometer is placed above the sample. Diffraction scans were performed while the ram was
held at a fixed position, applying load to the sample. The orientation of the X-ray diffractometer is described as two rotations
from the sample coordinate system, illustrated in Fig. 2. The two coordinate systems (X and bX) are attached to the sample
and the X-ray diffractometer, respectively. The bX3 axis is the normal of hkl crystal planes in the diffraction condition. The
orientation of the crystal planes in diffraction condition is expressed in terms of the two rotation angles, i.e., / (azimuth from
rolling direction) and w (tilt from the sheet normal). Orientations (/, w) used for the in situ d-spacing are confined to discrete
rotations: / = �90�, 0�, 45� and 135�; w = ±34.80�, ±23.60�, ±19.24�, ±11.80�, ±11.20�, ±4.36�, and 0.00�. At each w angle, a 2�
oscillation was imposed to increase the number of grains in the diffraction condition. The X-ray beam path is bisected by thebX3 axis with equal angles between the collimator and detector. In the experimental method described, two detectors (left
and right) are used each at different w angles with separate detectors covering the positive and negative w ranges, respec-
tively. The data presented in this paper are limited to the case of / = 0� for the sake of clarity. A Cr tube was used, emitting
K-a radiation and diffracting on the {211} lattice planes.

2.3. Bulge test

A bulge test (Ranta-Eskola, 1979) was conducted to provide a complementary experimental biaxial flow curve and a ref-
erence curve to fine-tune the slip system hardening parameters for the crystal plasticity model. The diameter of the bulged
Fig. 1. Cross-section illustration of the axisymmetric Marciniak tooling (Iadicola and Gnäupel-Herold, 2012).
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Fig. 2. Coordinate systems used in the diffraction experiments showing the rotation angles / and w between sample coordinate system (X) and X-ray
coordinate system (bX) (Iadicola and Gnäupel-Herold, 2012).
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area was 200 mm. The curvature and strain of the bulged area were determined using a digital image correlation (DIC) sys-
tem. The sampled areas used for curvature and strain calculation had diameters of 5 mm and 10 mm, respectively. The
bulged sample underwent a strain rate on the order of 10�3 s�1. The effective flow curves, following (Hill, 1950), were cal-
culated based on several assumptions:

(1) The material is ‘incompressible’ so that only two principal strain components out of three are independent, by which
the thickness strain is calculated from the balanced in-plane principal strain field measured by the DIC system.

(2) The pole of the bulged area is presumed to be perfectly spherical so that the membrane theory can be applied for the
calculation of the flow stress based on the hydraulic oil pressure.

(3) The equi-balanced biaxial stress is obtained, as a result of the bulge.

The balanced biaxial stress, Rb, is obtained by the above mentioned membrane theory. The stress state of the top bulged
sample is then:
Please
X-ray
R ¼
Rb 0 0
0 Rb 0
0 0 0

2
64

3
75
After adding a hydrostatic stress of ‘�Rb’, the above stress tensor becomes equivalent to:
R ¼
0 0 0
0 0 0
0 0 �Rb

2
64

3
75
The following plastic strain tensor can be obtained by the incompressibility assumption also by measuring the in-plane biax-
ial strain Eb:
Ep ¼
Eb 0 0
0 Eb 0
0 0 �2Eb

2
64

3
75
The contribution of elastic strain is negligibly small at large deformations, thus discarded. Therefore, in case of bulge test, the
effective flow curve (Reff against Eeff ) is constructed by the relationship between Rb and 2Eb.

2.4. Uniaxial tension

Uniaxial tension testing was performed to compare with the experimentally measured biaxial flow curve by the bulge
test. The uniaxial tests were conducted at a strain rate in the order of 10�3 s�1 along the rolling (RD), transverse (TD),
cite this article in press as: Jeong, Y., et al. Evaluation of biaxial flow stress based on elasto-viscoplastic self-consistent analysis of
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and diagonal (DD) directions. In addition, a relaxation test was conducted to estimate the effect of stress relaxation during
the displacement hold required for in situ X-ray measurement. Two extensometers were used to measure longitudinal strain
and transverse strain in the gauge area of sample. The ratio between transverse strain Ew and the thickness strain Et, i.e.
R-value, was calculated using the incompressibility condition. The instantaneous R-value is defined as:
Please
X-ray
R ¼ _Ew
.

_Et
The stress and plastic strain tensors of the samples under uniaxial tension is as below:
R ¼
Rl 0 0
0 0 0
0 0 0

2
64

3
75 and E ¼

El 0 0
0 Ew 0
0 0 Et

2
64

3
75
The effective stress and strain, in case of uniaxial tension, correspond to Rl and El, respectively.

3. Stress analysis

When stress is applied to a crystalline material, the lattice d-spacing changes elastically (Hauk, 1997; Noyan and Cohen,
1986). The X-ray diffractometer discussed in this paper measures the lattice spacing as a function of orientation (/, w) for the
given family of diffracting planes {hkl}. The lattice strain e(hkl, /, w) is obtained from the current d-spacing d(hkl, /, w) and a
reference d-spacing d0(hkl, /, w) at a stress-free state in the following equation:
eðhkl;/;wÞ ¼ dðhkl;/;wÞ � d0ðhkl;/;wÞ
d0ðhkl;/;wÞ : ð1Þ
The resulting strain is a statistical ensemble of lattice strains from a subset of grains that satisfy the diffraction condition for
the chosen crystallographic plane {hkl}.

The measurable lattice strain contains IG strains, which are caused by plastic incompatibility between neighboring grains.
As discussed in (Gnäupel-Herold et al., 2012), the IG strains do not change in the event of unloading. However, the reference
d0-spacing at unloads is not directly measurable due to the presence of IG strain. In the current study, the reference d0-spac-
ing at unloads was calculated by averaging the measured d-spacings at all probed orientations. Therefore, the IG strain eIG

was estimated through:
eIGðhkl;/;wÞ ¼ duðhkl;/;wÞ � hdui
hdui

ð2Þ
where hdui is the average of all available d-spacings at unloads. Note that the elastic lattice strain eel(hkl, /, w), which is used
for diffraction analysis, should exclude the influence of the IG strain as in below Eq. (3)
eelðhkl;/;wÞ ¼ eXðhkl;/;wÞ � eIGðhkl;/;wÞ; ð3Þ
in which eX is the experimentally measured in situ strains. The final lattice strain eel is linearly proportional to the applied
macro stress, thus should follow a generalized formulation of Hooke’s law:
eelðhkl;/;wÞ ¼ Fijðhkl;/;wÞhriji; ð4Þ
where Fij(hkl, /, w) denotes the diffraction elastic constants, i.e., the stress factors; hriji is the average stress over the whole
volume, which is assumed to be equal to the macroscopic stress of the representative polycrystalline aggregate. In the case of
constant / and hkl, Eq. (4) simplifies to
eelðwÞ ¼ FðwÞhri: ð5Þ
In isotropic residual stress analysis, lattice strain eel(w) are linearly proportional to sin2w values. In the case of current aniso-
tropic IF steel, Fig. 3 shows the experimentally measured lattice strains exhibit a curved slope when plotted against the
sin2w values. Therefore, stress analysis for the current IF steel sample requires an independent determination for the stress
factors either by model or by experiment.

The IF steel sample was strained as described earlier in Section 2.2. The in situ X-ray measurement was performed at var-
ious punch positions (thus 20 different plastic strains) during the biaxial stretching up to effective strain of about 0.9.

Lattice d-spacings obtained at a prescribed plastic strain level can be expressed in terms of lattice strain using Eq. (1) with
the reference d0 as the average of all the measured d-spacings at the probed orientations.

To complete the stress analysis, lattice strains and stress factors are used to calculate the stress, using the procedures
described in Gnäupel-Herold et al. (2014a). To estimate the stress factors, small dog-bone samples are cut from the biaxially
deformed samples at the prescribed strains. The dog-bone samples are elastically loaded during which the changes in elastic
strain eel(hkl, /, w) are recorded at various macroscopic stress levels. Each stress factor component Fij was obtained by linear
regression of eel(hkl, /, w) against the applied macroscopic stress. For example, uniaxial tensions along hr11i and hr22i allow
measurements of F11 and F22, that are corresponding to RD and TD, respectively.
cite this article in press as: Jeong, Y., et al. Evaluation of biaxial flow stress based on elasto-viscoplastic self-consistent analysis of
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Fig. 3. Experimental lattice strains measured at selected increments of biaxial stretching in an IF steel sample. The displayed data were taken at the
effective strain levels of 0.0, 0.02, 0.10, 0.30 and 0.70. The typical uncertainty in strain (1 � sigma) is �2 � 10�5).

6 Y. Jeong et al. / International Journal of Plasticity xxx (2014) xxx–xxx
Nominally, stress factors at each plastic strain level should be separately determined. However, the experimental mea-
surements of stress factors were limited to only 4 different plastic strain levels including the as-received status (i.e.,
Eeff = 0; 0.20; 0.50; 0.70), as a set of measurements for each stress factor component at a given plastic strain level requires
a separate sample (Gnäupel-Herold et al., 2012; Ortner, 2006). Stress factors for intermediate plastic strain levels were inter-
polated from these data. It is noted that the prestrained samples were used to measure the IG strains at unloads as well.

After stress factors and IG strains were measured, the IG strains were subtracted using Eq. (3) to obtain the load propor-
tional lattice strains eel(hkl, /, w). Based on Eq. (4), provided that the stress factor Fij(hkl, /, w) is known, the macroscopic
stresses hriji can be calculated through a numerical procedure such as the least-square method (Hauk, 1997).

4. Polycrystal model

Due to the burden required to characterize stress factors and IG strains experimentally, accurate models are desired. Var-
ious models have been developed in the literature spanning from classical ‘bound’ type models, such as Voigt (1910) and
Reuss (1929), to some advanced models describing more realistic grain-interactions (Gnäupel-Herold et al., 2012). These
grain-interaction models between a grain and the surrounding medium can be estimated following the Eshelby approach
(Gnäupel-Herold et al., 2012; Kneer, 1965; Kröner, 1958).

The models mentioned above consider only the elastic constitutive behaviors, thus consideration of plastic influence due
to changes in grain morphology and texture on the stress factor and IG strain requires additional input to account for
changes in texture and grain morphology. Changes in texture can be obtained by experiments or by an independent model.
The modeling procedure performed by in Gnäupel-Herold et al. (2014b) links two different modeling frameworks, (1) VPSC
(Lebensohn and Tomé, 1993) for texture evolution and (2) elastic polycrystal models based on Eshelby to estimate stress
factor and IG strain, which can make the stress analysis difficult for widespread use. Application of an elasto-viscoplastic
crystal plasticity model (EVPSC) (Wang et al., 2010) may be more useful because it can concurrently perform both required
modeling tasks – texture prediction and calculation of stress factor and IG strain. The suitability of the EVPSC model for stress
analysis is claimed by the fact that all the aforementioned influencing factors are intrinsically embedded in this approach –
such as texture evolution and interactions between grains and the surrounding matrix.

4.1. EVPSC scheme

For a grain, the viscoplastic constitutive description (relation between the viscoplastic local strain rate _evp and the local
stress r) is expressed as follows (Lebensohn and Tomé, 1993; Molinari et al., 1987):
Please
X-ray
_evp ¼ c0

X
s

ms ms : r
ss

c

� �n

ð6Þ
where the superscript s denotes a slip system; ms and r denote the Schmid tensor and the local stress tensor, respectively; c0

and ss
c are the normalization factors for the power law relation between the slip shear rate and the resolved shear stress; n is

the exponent of the power law, which is set here as 20. The above Eq. (6) is linearized for further treatments as:
_evp ¼ mvp : rþ _evp0 ð7Þ
cite this article in press as: Jeong, Y., et al. Evaluation of biaxial flow stress based on elasto-viscoplastic self-consistent analysis of
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where mvp and _evp0 are viscoplastic local moduli and the back-extrapolated term resulting from the linearization, respec-
tively. Likewise, the macroscopic behavior assumes the same linear formulation:
Please
X-ray
_Evp ¼Mvp : Rþ _Evp0 ð8Þ
where R, _Evp, Mvp and _Evp0 are the macroscopic stress, viscoplastic strain rate, compliance and back-extrapolated strain rate,
respectively.

The viscoplastic strain rate becomes a function of the macroscopic property by adapting Hutchinson’s method
(Hutchinson, 1976):
_evp ¼Mvp : rþ _Evp0 þ _evp� ð9Þ
in which _evp� is the eigenstrain (Lebensohn et al., 2007; Mura, 1987).
The Eshelby solution for a fully anisotropic viscoplastic medium is employed to calculate the local deviation ( _~evp) from the

macroscopic strain:
_~evp ¼ S
vp : _evp� ð10Þ
where the S
vp denotes the corresponding Eshelby tensor. The procedure to calculate the viscoplastic Eshelby tensor is

detailed in Lebensohn et al. (2007) and Tomé and Lebensohn (2009).
The elastic response is calculated based on the elastic inclusion problem. Assuming the additive decomposition, the total

strain is equal to the sum of the viscoplastic and elastic contributions:
_e ¼Me : _rþMvp : rþ b_evp0 ð11Þ
where Me and b_evp0 are the macroscopic instantaneous elastic compliance tensor and the viscoplastic back-extrapolated
strain term. Additional details on the EVPSC model can be found in Wang et al. (2010).

4.2. EVPSC model parameters

In the EVPSC model, the single crystal elastic constants for iron (Rotter and Smith, 1966), listed in Table 1, were used.
Crystallographic texture measurements were made on bulk as received material at the NIST Center for Neutron Research.

These data were used to generate a polycrystal population of 20,000 discrete grains for the EVPSC model. The initial grain
morphology was assumed to be spherical for all grains.

4.3. Slip system and strain hardening

Slip was assumed to occur on two systems, i.e., {110}h111i and {112}h111i. The hardening on individual slip system was
expressed through an empirical hardening law (Tomé et al., 1984):
ss
c ¼ ss

0 þ ðss
1 þ hs

1CÞ 1� exp �C
hs

0

ss
1

����
����

� �� �
; ð12Þ
where ss
c is the critical resolved shear stress for the slip system s and C denotes the accumulated shear strain (C =

P
scs with

cs being the shear on each slip system s). It was also assumed that the slip systems undergo isotropic Taylor-type strain hard-
ening, by which all slip systems harden in an equal rate regardless of their orientation. The four parameters ss

0, ss
1, hs

0 and hs
1 of

Eq. (12) were determined by fitting with the experimental effective flow stress curve obtained by the bulge test. The hard-
ening parameter optimization was iteratively carried out using the Simplex method developed in Nelder and Mead (1965)
and extended for a polycrystal model in Jeong et al. (2012). The optimized hardening parameters are listed in Table 2.

4.4. X-ray emulation conditions

A subroutine that simulates the diffraction conditions of the current in situ X-ray diffraction system was implemented
into the original EVPSC code. All the variants of the {211} plane in a grain are examined to determine if they are oriented
such that their normal nhkl is within a particular angular distance xw with the bisecting normal nd of the X-ray beam. During
the present work, xw of 2� was used. Only those grains having a {211} variant appropriately oriented for the prescribed ori-
entations (/, w) may contribute to e(211, /, w).
Table 1
Iron single crystal constants in (GPa) from Rotter and Smith (1966).

C11 C12 C44

231.4 134.7 116.4

cite this article in press as: Jeong, Y., et al. Evaluation of biaxial flow stress based on elasto-viscoplastic self-consistent analysis of
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Table 2
Hardening parameters in (MPa).

s0 s1 h0 h1

79.3 73.7 340 19.9
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4.5. Model calculation for stress factor and intergranular strain

The calculation for stress factor and IG strain using EVPSC was performed through a virtual experiment following the pro-
cedures described in Section 3. As illustrated in the flow chart given in Fig. 4 the model prediction for stress factor and IG
strain are performed at specified intervals of simulated biaxial stretching. To simulate the experimental conditions, the poly-
crystal is fully unloaded when it reaches the prescribed plastic strain, after which the stress factor and the IG strain are cal-
culated by applying uniaxial elastic loads to the simulated sample. In contrast to the real experiment, the model can
additionally calculate the IG strain even when the sample is under load, provided that the stress factor is known. IG strain
at load can be estimated using Eq. (13) obtained by combining Eqs. (3) and (4):
Please
X-ray
eIGðhkl;/;wÞ ¼ eMðhkl;/;wÞ � Fijðhkl;/;wÞRij: ð13Þ
where eM indicates the model-predicted diffraction strain that corresponds to the experimental counterpart eX in Eq. (3); Rij

denotes the macroscopic stress that is volume average stress of all constituent grains. Note that the individual stress factor
component Fij is obtained from the subsequent uniaxial reloading of the unloaded polycrystal to match the experimental
method.
Fig. 4. Flow chart for stress factors calculation using the EVPSC model.
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5. Comparison between model predictions and experimental results

5.1. Texture development

Sections from the bulge sample were used to measure the texture developed by the biaxial stretching. The specimen for
the texture measurement underwent a biaxial deformation of about 0.9 effective strain. Fig. 5 shows the pole figures of as-
received sample (5a) and at 0.9 effective strains both by experiment (5b) and by model (5c). As shown in Fig. 5b and c the
experimental and model-predicted pole figures are in an excellent agreement.

The {211} pole figure is of particular interest in that the same diffraction plane was exclusively used for the diffraction
stress analysis. According to the model prediction in Fig. 6, it is shown that the volume distribution of grains in diffraction
condition in the probed orientations significantly changes as texture develops. It is confirmed that grains are not completely
(a) Experimental pole �igures for the as-received IF steel sample 

(b) Experimental pole �igures at = 0.9

(c) EVPSC-predicted pole �igures at = 0.9

Fig. 5. Experimental and model-predicted pole figures.
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Fig. 6. Volume fractions of grains in diffraction condition for (/ = 0�, w) at various effective strains.

10 Y. Jeong et al. / International Journal of Plasticity xxx (2014) xxx–xxx
depleted in the probed range of w angles for {211} diffraction. At high deformations, however, the volume fraction of dif-
fracting grains is lower than 0.1% of the total at certain w angles. A similar depletion of diffraction volume is inferred for
the experimental sample based on the similarities of the {211} pole figures in Fig. 5b and c.
5.2. Uniaxial tension and bulge test

In Fig. 7 the computationally predicted uniaxial and bulge flow curves are compared with the experimental results. The
uniaxial tension flow behavior seems isotropic comparing RD, TD and DD. The yield stress (at 0.2% macro strain) is approx-
imately 150 MPa in both bulge test and uniaxial tension tests. However, the difference between the bulge and uniaxial ten-
sion in terms of the hardening rate is significant. For instance, the flow stress differential between bulge test and uniaxial
tension reaches around 100 MPa at the effective strain of 0.3. This result demonstrates that there is a significant difference
in hardening rate between the biaxial and uniaxial deformation modes, even in cases where the initial yield stress does not
differ. Fig. 8 is a comparison between the r-values measured experimentally and predicted computationally. The EVPSC
model tends to underestimate the r-values as depicted in Fig. 8. Nevertheless, in general, the model predictions are also
in qualitatively good agreement with experimental results.

It is noted here that the simulation results, particularly the quantitative hardening differential between the uniaxial and
biaxial (bulge) curves, were influenced by the choice of the linearization method in Eq. (6). – readers are directed to
Fig. 7. Effective flow stress–strain curves of experimental bulge test and uniaxial tensions along RD, TD and DD together with their simulative counterparts
by EVPSC.
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Fig. 8. Experimental and EVPSC-predicted R-values along RD, TD, and DD.
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Lebensohn et al. (2007) for detailed information on the linearization methods. For the current IF steel sample, the tangent
method gave the best agreement among other linearization schemes in terms of the hardening differential. Therefore, the
simulation conducted in current study exclusively used the tangent method. It is, however, worth noting that any available
linearization scheme resulted in a qualitatively consistent trend.

5.3. Stress factor comparison

Both experimental and model-predicted stress factors are presented in Fig. 9. The stress factors are plotted against sin2w
values at various biaxial strain levels. The F11 prediction (Fig. 9a) clearly shows a dip at sin2w = 0.35 after a strain of
Eeff ¼ 0:2. However, in the experimental counterpart (Fig. 9b), this trend is not obvious except at Eeff ¼ 0:5. The predicted
F22 curves are somewhat deviated from their experimental counterparts. The model prediction of F22 (Fig. 9a) shows a sys-
tematic and consistent downward shift as plastic deformation increases. However, the experimental results (Fig. 9b) exhibit
neither the consistent downward shift nor any noticeable systematic trend. Nevertheless, deviation in F22 seems minor com-
pared to that in F11. Overall, model predictions on both components can be considered in reasonable agreement with the
experiment. Although not shown here, model predictions along other / angles (�90� and 45�) are in good agreement with
experiment as well.

5.4. Intergranular strain comparison

The experimental IG strains are shown in Fig. 10. It is found that (a) IG strains, at all probed plastic levels, have a highest
strain of about 100 micro strain (le) at the sin2w = 0 (along ND of the sample); (b) Also, IG strains tend to decrease as the
diffraction normal is further tilted from the ND; (c) Furthermore, it seems that there is no systematic influence of plastic
deformation on the IG strain evolution. These mentioned characteristics (a, b, and c) are commonly observed in other /
angles (45�, and �90�), which are not presented here.

Model-predicted IG strains calculated both at loads and unloads are given in Fig. 11. It is found that the influence of
unloading on IG strain is negligible as assumed earlier in Section 3. However, the model-predicted IG strain differs from what
is experimentally observed: the experimental IG strain has values in between �60le and 120le, whereas the model-pre-
dicted IG strains span from �500le to 500le in the probed w angles. Also, it is found that the calculated IG strain has a sys-
tematic development with respect to the plastic deformation, which is conflicted with the experimental trend that plastic
deformation does not show any noticeably systematic influence. Also, the model is not capable of predicting decreases of
IG strain as the tilting angle w increases as sin2w value increases from 0 to 0.2 as shown in Fig. 10. Instead, the predicted
trend is quite the opposite that the model prediction shows an increasing trend in the mentioned sin2w range.

In the literature, it has been reported that lattice strain, as the total e(hkl, /, w) that includes both eel and eIG, calculated by
models similar to the current EVPSC exhibited a noticeable discrepancy with experimental result particularly along the
direction perpendicular to loading (Clausen et al., 1999; Daymond et al., 2000; Kanjarla et al., 2012; Neil et al., 2010). Also,
it is rare to find comparison of the computational prediction with experimentally measured IG strain explicitly, which is an
important element in the current stress analysis. However, none of the mentioned studies discuss the accuracy of the IG
strain prediction made by polycrystal models. The cause of the discrepancy between the predicted IG strain and the exper-
imental result presented in this study is not clearly understood.
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Fig. 9. Stress factor comparison in terms of two major components F11 and F22 at the effective strain levels shown in the legend: (a) model predictions and
(b) experimental results. The orientations in the present results are (/ = 0�, w).
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5.5. Results of stress analysis and comparison with bulge test

In the current section, the biaxial flow curves based on the X-ray stress analysis are presented in comparison with that of
the bulge test. First of all, as demonstrated earlier, the use of proper stress factors for the current IF steel sample are required.
As shown in Section 5.3, the model-predicted stress factor was in qualitatively good agreement with experiments. On the
contrary, as discussed in Section 5.4, the model-predicted IG strain was not in good agreement with the experimental values.
As a result, consideration of the model-predicted IG strain led to an unrealistic softening in flow behavior (Fig. 12). Mean-
while, relatively reasonable flow stress is obtained when excluding the ill-predicted IG strain from consideration. Therefore,
in what follows, the model-predicted IG strain is not further considered in X-ray stress analysis.

In Fig. 13, biaxial flow stress curves based on stress analysis using the experimental IG strain (curves (a) and (b) as
denoted in the legend) are displayed. Also, the flow curve based on the model stress factor without IG strain subtraction
is also shown (curve (c)). In addition, the result of the bulge test (curve (d)) is included as a reference. Curve (a) shows that
diffraction stress analysis using the experimental stress factor and IG strain results in good agreement with the bulge test
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Fig. 10. IG strains measured on the samples that are fully unloaded using X-ray diffraction for (/ = 0�, w). The uncertainties (1 � sigma) are approximately
15le.

Fig. 11. Change of IG strains predicted by EVPSC at both unloads (symbols) and loads (lines) for (/ = 0�, w). Each tilt angle w contains two points
corresponding to the positive and negative tilt.

Fig. 12. The flow curves obtained through the stress analysis using the X-ray in situ d-spacings. The stress analysis was conducted based on the model-
predicted stress factor (FEVPSC): (1) with and (2) without subtraction of the model-predicted IG strain (eIG

EVPSC) (circles and crosses, respectively).
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Fig. 13. Effective flow curves shown here are obtained from stress analysis using (a) experimental pair of stress factor and IG strain and (b) estimation made
only by the model-predicted stress factor with experimental IG. Also flow curves (c) is the result of the model-predicted without any IG strain input strains.
In addition, the reference flow curve obtained by the hydraulic bulge test (d) is included.
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flow curve up to the effective strain of 0.5. Data points at the effective strains of 0.70 and 0.94 show unrealistic strain soft-
ening. The difference with the reference bulge curve is reduced by considering the experimental IG strains as depicted in the
curves (b) and (c). The difference with the bulge curve further decreases by replacing the model stress factor with the exper-
imental counterpart as depicted in curve (a).

Not shown are a series of uniaxial tests with displacement holds of a similar duration to the hold required for an in situ X-
ray diffraction measurement. In these displacement hold tests, a stress drop of about 20 MPa was observed. The lower stres-
ses observed when compared with the bulge test may be related to this relaxation.
6. Summary and discussions

In this study, the experimental biaxial flow curves were obtained by two biaxial tests: (1) Marciniak test with in situ X-ray
diffraction and (2) hydraulic bulge test. The X-ray stress analysis for the Marciniak test accompanied the use of stress factor
and IG strain measured on the separately prestrained samples. In addition, an elasto-viscoplastic self-consistent crystal plas-
ticity model was used to calculate the stress factor and the IG strain.

The predictive capability of the EVPSC model was confirmed based on texture (Section 5.1) and hardening differential
between uniaxial and biaxial deformation modes (Section 5.2). Also, the predicted stress factor components, both F11 and
F22, were in good qualitative agreement with their experimental counterparts (Section 5.3). However, the model prediction
of the IG strain exhibited a noticeable discrepancy with the experiment (Section 5.4). As a consequence, it led to the unre-
alistic flow curves when used for the stress analysis (Section 5.5). By disregarding the erroneous model prediction for IG
strain, an improvement was made. Yet, the results based on the combination of the model-predicted stress factor and exper-
imental IG strain led to an unrealistic result. The stress analysis based on the pair of experimental stress factor and IG strain
was relatively more successful in that the flow behavior up to the effective strain of 0.2 is in good agreement with the ref-
erence bulge curve. Yet, a significant amount of unrealistic strain softening was observed at large deformations. A part of this
failure is due to the stress relaxation that occurs during the displacement holding for the in situ d-spacing measurements.
Nevertheless, the resulting unrealistic softening at large deformation was a major drawback of the current stress analysis
technique, which prevented any rigorous comparison with the hydraulic bulge test.

It was also found that the simulation results support the assumption that IG strain is insensitive to unloading. On the
other hand, certain improvements for the model are required in that the IG strain prediction significantly differs from its
experimental counterpart. The difference found between the predicted and experimental IG strains might be related with
the prediction of poorer quality often reported in the literature along directions perpendicular to loading (Clausen et al.,
1999, 1998; Daymond et al., 2000; Kanjarla et al., 2012) in steel samples based on similar models. More fundamentally,
the IG strain represents the degree of inhomogeneity between grains. For example, it was reported that the ‘multisite mod-
eling’ to account for more realistic interactions between grains improved predictive accuracy (Delannay et al., 2002). There-
fore, the current failure of IG strain prediction suggests improvements in the current constitutive descriptions particularly
regarding the inhomogeneous response of grains in response to the interaction with the surrounding matrix.
7. List of notations

Vectors and tensors are written in bold except when expressed with its indices, following the Einstein convention.
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� /: Azimuthal angle from rolling direction of sheet (for details see Section 2.2).
� w: Tilt angle from sheet normal (for details see Section 2.2).
� (/, w): An orientation pertaining to a certain volume of material in diffraction.
� hkl: Miller indices of planes in diffraction condition.
� eel: Elastic strain.
� eX: Experimentally measurable elastic strain by diffraction.
� eIG: Intergranular (IG) strain.
� d: Interplanar lattice d-spacing.
� d0: d-spacing in the absence of external stress.
� F: Stress factor.
� r: Local stress.
� R: Macroscopic stress.
� E: Macroscopic strain.
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