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Abstract

In this study, a numerical model for the prediction of anisotropic strengths
of API steel pipe using a distortional anisotropic hardening model, namely,
the HAH model, is proposed. The investigated HAH model can express the
material behaviors under reverse and cross-loading paths. The multi-
component evolution laws for the reverse loading behavior were additionally
implemented to improve the predictive accuracy of the existing HAH model.
For the stable finite element implementation of the model, the fully implicit
stress update algorithm was first developed. The proposed algorithm solves a
complete set of residuals as nonlinear functions of stress, equivalent plastic
strain, and all the state variables of the model. Also, the consistent tangent
modulus is provided. Comprehensive comparison assessments are presented
regarding the accuracy and stability with different numerical algorithms,
strain increments, material properties, and loading conditions. The flow stress
and r-value evolutions under reverse/cross-loading conditions prove that the
fully implicit algorithm with a complete set of residuals is robust and accurate,
even with large strain increments. By contrast, the cutting-plane method and
partially-implicit Euler backward method, which are characterized by a

reduced number of residuals, result in unstable responses under abrupt



loading path changes. Furthermore, as an alternative method for calculating
complex first and second derivatives of the model, algorithms with analytical
and numerical derivatives were studied. The developed algorithms are
implemented into the finite element modeling of a large-size S-rail forming
and springback. The fully implicit algorithm performs well for the whole
simulation with the solely static implicit scheme. Finally, as an application of
the HAH model with multi-component evolution laws, the strengths
prediction of the steel plate after bending and reverse bending (BRB)
deformation was conducted. The BRB test was designed to mimic the
common pipe manufacturing process in a practical manner. The predicted
directional strengths agree well when the HAH model is employed. By
contrast, the classical isotropic hardening and iso-kinematic hardening model
over- and under-estimate the strengths. The improved accuracy of the strength
prediction with the investigated HAH is attributed to the anisotropic
identification of the flow behavior under both load reversal and cross-loading
conditions, whereas the isotropic-kinematic hardening only considers the
flow behavior at load reversal.

Keywords: Anisotropic hardening; Cross-loading; Fully implicit stress
update algorithm; Strength prediction; Pipe forming

Student number: 2018-39490
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1. Introduction

1.1. Anisotropic strengths of the API steel pipe

API steel pipe is the most efficient means of transporting crude oil. API steel
pipes are exposed to various working environments such as deserts, polar
regions, and the undersea. The pipes should satisfy the required mechanical
properties according to the working environments. Therefore, the selection of
the optimum material is one of the key factors in obtaining reliable
mechanical properties of pipes after their formation. The required mechanical
properties of manufactured pipes include commonly reported uniaxial tensile
properties such as yield strength, uniform elongation, and tensile properties.
In particular, the yield strengths along the transverse and longitudinal of the
pipe are critical. The yield strength in the transverse or hoop direction decides
the maximum internal pressure that the pipe can hold. The yield strength in
the longitudinal direction provides the standard required for the structural
stability of the pipe during installation or under a working environment. The
transverse strength of the pipe was evaluated using common tensile tests on
the specimens taken out from the pipe product. That is, the part of the pipe (in

a tubular shape) is taken and flattened after applying reverse bending and
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unloading. The longitudinal strength of the pipe was evaluated using the
tensile specimen without the flattening process. Therefore, the deformation
paths involved in these processes are complex. In terms of the change in
material properties with respect to the initial (as-received) state of the plate
(before pipe forming), the plate material experiences multiple bending,

unloading, and reverse bending before the tensile test for a strength evaluation.

1.2. Anisotropic hardening behaviors and models

Changes in the deformation path bring the intricate microstructures, leading
to more complex mechanical properties. The complex mechanical responses
include the Bauschinger effect and transient flow behavior under reversed
loading path [1-5]. These anisotropic hardening behaviors of sheet metals
have been reported to be critical factors for the springback of automotive
sheet parts [6-9]. More recently, the anisotropic hardening behavior of
advanced sheet metals has been further investigated under more complex
loading paths than simple reverse loading. For instance, the deformation of
ferritic-phased steels shows significant stress overshooting (or larger stress
than the monotonic flow stress) when the loading path changes to being
orthogonal to the previous loading path [10-15]. Interestingly, du-al-phase

steels with mixed ferrite and martensite phases exhibit a clear softening under



the same loading path changes [15-18]. These plastic behaviors under
orthogonal loading path changes are called cross-hardening and cross-
softening, respectively. Experimental observations on these complex
mechanical behaviors, which cannot be explained through the simple
isotropic plasticity model, require the implementation of new anisotropic
models in the field of metal forming and plasticity. Indeed, this complex
behavior can influence the formability and springback of advanced sheet

metals [9].

In the literature, a significant amount of works have proposed models for
the anisotropic hardening behavior. The kinematic hardening is a
representative concept, which explains the Bauschinger effect and transient
flow hardening at load reversal by introducing yield surface translation during
plastic deformation. The kinematic hardening models were pioneered by
Prager [19] and Ziegler [20], and further extended by adding nonlinear terms
[21] or by coupling with the isotropic hardening model. The series of iso-
tropic and kinematic hardening models was well implemented into the finite
element (FE) simulations for sheet metals, especially when the metals exhibit
the Bauschinger effect, transient behavior, and permanent softening under

reversed loading paths [22-25].



The kinematic hardening-based anisotropic hardening models were further
extended by combing the distortional hardening concept to reproduce
mechanical responses under rather complex loading conditions, beyond the
simple loading-reverse loading path. Ortiz and Popov [26] introduced the
distortion of the yield surface by controlling the size of the effective stress.
Feigenbaum and Dafalias [27,28] employed the fourth-rank anisotropic
tensor as a function of plastic deformation, but the fundamental basis they
used remained that of the isotropic-kinematic hardening. Teodosiu and Hu
[29] introduced new effective values into the yield condition related to the
structure and interactions of dislocations as a major plasticity mechanism.
Francgois [30] expressed the egg-shaped yield function by de-composing the
deviatoric stress into its collinear and orthogonal parts with respect to the back
stress of kinematic hardening. Badreddine et al. [31] developed a non-
associated elastoplastic anisotropic hardening model, which is coupled with
a damage model based on Francgois’s approach [30]. Qin et al. [32] suggested
a model represent the Bauschinger effect with the kinematic hardening
component, while other strain-path change effects could be expressed through

the distortion of the yield surface.

Besides the kinematic hardening or combined kinematic-distortional

hardening, several anisotropic hardening models are solely based on the
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distortional hardening approach. Some of the distortional hardening models
were developed to express the yield surface evolution by using the anisotropic
coefficients as a function of the plastic work or equivalent plastic strain [33-
36]. However, these models don’t take into account the loading path change
effect. Barlat and one the of co-authors of the present study [37-39] proposed
a series of anisotropic hardening models without yield surface translation,
which they named the homogeneous yield function based anisotropic
hardening (HAH) models. The main concept of the HAH model consists of
using the distortion of the yield surface along a designated loading path,
which is called a microstructure deviator, and the distortional amounts are
controlled via adequately defined plastic state variables. Later, the model was
extended for reproducing the latent hardening, work hardening stagnation
[38], as well as cross-softening under more general loading conditions [39].
The performance of the HAH model was validated through many applications,
including the springback in U-draw bending and industrial S-rail forming [40-
46]. The model is also applicable to the subjects where non-linear strain path
effects are important, such as the fracture behaviors of metal after pre-

deformation [47-49].



1.3. Stress update algorithms

As the constitutive models of plasticity advanced, especially the hardening
laws, their implementations into FE simulations have become increasingly
challenging. This is mainly attributed to the advanced constitutive models
having more state variables, which are non-linearly cross-related. These
challenges led to more robust numerical formulations and implementations of
the constitutive models, which eventually determine the accuracy and
robustness of the FE simulations. Numerous numerical algorithms have been
proposed to take into account the stress integration or stress update using the
elastic-plasticity constitutive models. The details of the general theoretical
studies on these stress-integration algorithms for nonlinear plasticity have

been well documented in a book by Simo [50].

The basic principle of the stress update algorithm for the classical rate-
independent elastoplastic model consists of locating the stress state on the
yield surface described in the six-dimensional stress space, which is
consistent with the material hardening. The hardening of the material is often
represented by a uniaxial stress-plastic-strain curve as a reference stress state.
Most of the stress update algorithms have been developed in the elastic-

predictor and plastic-corrector schemes. For example, the closest point



projection method (CPPM) [51-53] and the cutting-plane method (CPM) [54]
have been employed as popular stress integration algorithms in FE models.
The CPPM is often based on the Euler backward method (EBM), and thus it
is an implicit method requiring the first and second derivatives of the yield
surface to satisfy both the consistency and flow rule (or normality rule). In
contrast, the CPM only satisfies the consistency condition without requiring
the second derivative of the yield function; thus, this approach is also referred

to as a semi-explicit method.

Regarding the stress integration algorithms on the distortional hardening
models, similar approaches, based on either the CPPM or CPM schemes, have
been reported. Lee et al. [55] implemented the first version of the HAH model
into the commercial ABAQUS software using both the CPPM and CPM
approaches. This implementation was also extended to the enhanced version
of the HAH model; however, in this case, only the CPM scheme was applied
in combination with a sub-stepping numerical method [56]. Recently, Choi
and Yoon [57] also reported the implementation of the HAH model using the
Euler backward scheme, but they calculated the derivatives of the yield
function using numerical finite differences. More recently, Yoon et al. [58]
coupled the CPPM scheme with a line-search algorithm for an updated

version of the HAH model [59] to improve the numerical efficiency. However,

7



the existing numerical integration schemes do not fully exploit the implicit
CPPM scheme. In other words, these approaches only account for the partial
number of residuals to attain the solution process of linearized equations
under the Newton-Raphson method. In this sense, these methods can be
regarded as a partial or semi-implicit integration algorithm based on the Euler

backward scheme.

1.4. Predictions of the pipe strength in previous studies

Taking advantage of the improved accuracy of the advanced constitutive
models, the strengths of pipes manufactured by various processes have been
predicted. Examples of pipe forming include UOE, JCOE, spiral, and roll
forming processes, which have been selectively employed in consideration of
the material properties, thickness, and pipe diameter. Although the details of
these processes are different, their pipe-forming technologies involve
common deformation paths dominated by multiple bending and reverse
bending with superimposed stretching. Therefore, most studies on the model
predictions of the pipe strength have used hardening models that account for
the Bauschinger effect under reversed loading conditions. The kinematic
hardening law has been regarded as the most appropriate for this purpose [60—

66]. The investigations on the strength predictions using the well-known



nonlinear kinematic hardening model by Chaboche or its modified models are
representative examples because they enable the reproduction of the
anisotropic hardening response under load reversal [60-62, 64, 65].
Alternatively, a multi-surface kinematic hardening model, such as the two-
surface model, was employed by Lee et al. [63] to predict the yield strength

of roll-formed ERW pipes.

However, to date, most of the previous strength prediction models [60—66]
have been characterized by reverse loading tests such as tension-compression
(or compression—tension) tests along the material orientation of interest. In
general, the material direction has been chosen along the circumferential of
the tube or pipe for practical reasons. As a result, the yield strength along the
direction could be predicted well within the expected accuracy. Several
studies have predicted the yield strengths of pipes along other directions.
Thibaux and Van den Abeele [62] predicted the yield strength of a pipe formed
30° off the rolling direction using their analytical model. They used average
anisotropic hardening parameters calculated from the collected material data
found in the literature. The predicted strengths were in good agreement with
the overall tendency of the yield strength change after the pipe-forming
process. However, in terms of quantitative accuracy, the predictions need to

be improved. More recently, Cooreman et al. [61] presented a yield strength

9



prediction model using the isotropic yield function and Chaboche kinematic
hardening law. They predicted the yield strengths of a spiral-formed pipe
along both circumferential and longitudinal directions using a finite element
simulation. In their study, they simplified the spiral-forming process through
four-point bending tests, and the specimens along different orientations were
removed after the bending tests. Their prediction was accurate in the
circumferential direction, which corresponded to the transverse of the rolling
direction. However, the predicted strengths along the other directions were
not satisfactory because the kinematic hardening model employed in their
study overestimated the flow softening in the longitudinal direction, which
was identified based on the Bauschinger behavior in the circumferential
direction. Therefore, a more advanced constitutive model, which accounts for
path-dependent hardening behavior in both directions, needs to be

implemented for the prediction of the pipe strength with better accuracy.

1.5. Objectives and outlines

Inspired by the advances and limitations of the current modeling approach,
in this study, we aim to investigate the effect of the anisotropic hardening
model on the strength prediction of a pipe manufactured through a multi-

bending process. Because a pipe is formed with a constant radius of

10



curvature, as shown in Figure. 1.1(a), the laboratory-scale analysis employs
a four-point plate bending process to equivalently simulate the pipe
formation, as indicated in Figure. 1.1(b). The flattening process of the plate
sample taken out of the pipe was conducted to fabricate dog-bone shape
specimens. This process was simulated in the laboratory by bending the bent
specimen in the reverse direction, which simulated the pipe formation.
Subsequently, tensile tests were conducted for three specimens along
different plate orientations. In particular, the strengths along both the
circumferential and longitudinal directions of the major bending axis are
evaluated. For the hardening model, the enhanced version of the HAH
model [39] was used to represent the distortional hardening. An isotropic
and kinematic hardening (IKH) model and a pure isotropic hardening (IH)
model are comparatively considered to highlight the importance of the
loading path-dependent constitutive law in a finite element simulation.
Special modeling is applied to improve the HAH model under a strain path
change by proposing multi-component evolution laws of the Bauschinger

effect and the transient hardening behavior.
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Figure. 1.1. (a) Schematic illustration of strength evaluation of a pipe along
different orientations, and (b) its laboratory-scale experiment using a four-

point bending test.

In Chapter 2, a summary of the investigated HAH distortional hardening
model is presented with key evolution laws for the model state variables. The
modified evolution rules of the state variables on the Bauschinger effect and

transient hardening behavior are presented.

In Chapter 3, for the FE implementation of the HAH model, the stress
integration algorithms of the HAH model were studied. The numerical
integration algorithms investigated in this study are introduced, alongside a

summary of previous studies. Based on the studied algorithms, the accuracy

12



and stability of the individual algorithms are comparatively evaluated via one-
element analyses under two distinctive loading path changes. Also, an S-rail
forming and springback simulation are provided as a benchmark problem to

assess the validity of the proposed fully implicit numerical algorithm.

In Chapter 4, FE simulations for the anisotropic strengths prediction of
steel plate after prior bending and reverse-bending are carried out using the
developed fully implicit stress update algorithms in Chapter 4. The overall
experimental procedures are described including the identification of used
elastic-plastic constitutive models. The anisotropic strengths prediction
results are provided with further discussion on the effect of hardening models

and the yield point phenomenon.

It is expected that this study would be useful in investigating the
mechanical properties of the plate after the pipe forming process. Note that
the contents of the thesis were reconstructed from our two previous researches

of H. Choi et al. (2021) [67, 68].
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2. The homogeneous yield function based
anisotropic hardening (HAH) model with multi-

component evolution laws

2.1. Summary of the HAH hardening law

The HAH model was developed to predict the path-dependent anisotropic,
non-linear evolution of plastic hardening [37-39]. The first version of the
HAH model [37] could reproduce the commonly observed Bauschinger effect
at load reversal, and it was further extended later to model the hardening or
softening under cross-loading conditions [38, 39]. The model is based on the
distortional hardening concept and does not include the commonly applied
back stress tensor in the kinematic hardening laws. As a distortional hardening
model, the HAH law involves a special state variable, which determines the

direction of yield surface distortion at various loading path changes, and is

called the microstructure deviator h®.

The yield criterion ( F ) defined with the HAH model is as follows:

F=a(s, g,,h*)-5(z)=(,+®,)" -5(2)=0, (i=1L2,LLC,R),  (.1)
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where @ and o are the yield surface and equivalent stress, s and h’

are the deviatoric and microstructure deviator tensors, and g, and & are

the state variables and equivalent plastic strain, respectively. In this study, he

) ~ h® .. :
is defined as h® =——— and the initial value of h® is set to the

\8/3h*:h°

deviatoric stress (S ) at the beginning of the plastic deformation.

In Eq. (2.1), the yield surface is a combination of ®_, and ®,, which
represent the initially isotropic or anisotropic yield function and its distorting

contribution along he , respectively, and are defined as follows:

q
2

O, ={$()° +4(,)° |2, 2.2)

~ ~ ~ a
®, =fh":s— h*:s+|h®:s|| ,

~ q
h® ZSH + !

(2.3)

where Q is a constant for determining the shape of the distorted yield
surface. Note that Eq. (2.2) or @, is initially undistorted but experiences

another distortion in the orthogonal direction to the active loading direction.

For this, the following equations are defined.
8/~ .
S, =—(hs :s)hs, (2.4)
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sO:s—sc:s—g(ﬁs:s)ﬁs, (2.5)

where s. and s, are collinear and orthogonal to Fls,respectively. Then,

¢5(§) and ¢(5,) represent undistorted and orthogonally distorted functions,

~ 1 _
respectively, with the definitions of S=S +—S; and §, :wso. In

g, 9.

addition, the variables g, and g. control the cross-hardening and
softening of the flow stress, respectively. Note that if g, =g, =1, Eq. (2.2)
recovers its form as an isotropic yield function, or @ = ¢(s).

Eq. (2.3) 1s introduced in the HAH concept for anisotropic distortion along

A

h®, which is controlled by variables f, and f,.

f=(g"-1)", i=1,2, (2.6)

where the state variables @, correspond to the ratio of the flow stress on

the distorted yield surface to that in the isotropically expanding flow stress.

Figure. 2.1 shows a graphical interpretation of yield surface distortions in
the 7 -plane when the loading is applied along F]S, with two example cases

of cross-hardening and softening shown in Figure. 2.2(a) and (b), respectively.

Cross-hardening is defined as higher stress than monotonic stress in the

16



loading direction orthogonal to the current loading (see the red dashed surface
in Figure. 2.2(a)). By contrast, when the flow stress in the loading direction
orthogonal to the current loading is lower than that of the monotonic loading
(see the blue dashed surface in Figure. 2.2(b)), it is defined as cross-softening.
The normalized yield surfaces are also compared with those assumed as
undergoing isotropic hardening (shown as a black solid line). The state

variables used for the illustration are listed in Table 2.1.
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Figure. 2.1. Example HAH yield surfaces distorted under (a) cross-hardening
and (b) cross-softening conditions. The black solid line represents an
isotropically expanding yield surface, which is normalized by a reference

tensile yield stress. The coordinates sy, sy, and s, represent the 7 -plane.
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Table 2.1. HAH state variables of the generic material used in Figure. 2.1.

hii h2 hss hii(iij) O g, g, Oc

(a) 0.25 0.25 -0.5 0 0.3 0.7 1.2 1.0

(b) 0.25 0.25 -0.5 0 0.3 0.7 1.0 038

2.2. Evolutions of state variables for enhanced accuracy

The HAH model was developed to predict the path-dependent anisotropic,
non-linear evolution of plastic hardening [37-39]. The first version of the
HAH model [37] could reproduce the commonly observed Bauschinger effect
at load reversal, and it was further extended later to model the hardening or
softening under cross-loading conditions [38, 39]. The model is based on the
distortional hardening concept and does not include the commonly applied
back stress tensor in the kinematic hardening laws. As a distortional hardening
model, the HAH law involves a special state variable, which determines the

direction of yield surface distortion at various loading path changes, and is
called the microstructure deviator h°.
State variables, g;(i=1~4, L,C,R)and h®, are introduced to control the

distortion of the yield surface. Although there are many choices of evolution
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rules, in this study, they are expressed as functions of equivalent plastic strain.

In the following sections, the evolution rules are described in detail by

classifying them into three groups.

2.2.1. Multi-component evolution laws for load-reversal

In reversed loading, the flow stress produces the well-known Bauschinger

effect, which is characterized by lower yield stress than the flow stress before

loading path change, transient hardening, and permanent softening. As shown

in Figure. 2.1, different state variables are associated with yield surface

distortion with respect to the sign of h®:s. For example, if a current state is

on the h*:s>0 side, g, represents the transient behavior of the flow

curve, and g, expresses the Bauschinger effect. The evolution laws of state

variables associated with a load reversal are proposed as follows:

a9, _, .99,

=u +(1-uy)-

— 0 —
dg d€ Op=91

9p=02

9s=03

+U, -

99,
dz

dg,
dz

9t=01

9t=92

20
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(2.8)

(2.9)



d&—u dgs

dz  ° dz

, (2.10)

95=0s
where u, =1 if h*:s> 0; otherwise u, =0. The subscripts, “b ”, “t”, and
“s 7 of the state variables stand for the Bauschinger effect, transient behavior,
and permanent softening, respectively. The evolution laws of the Bauschinger
effect and the transient behavior are proposed as multi-component
exponential functions of the equivalent plastic strain.

dg n dg r n

d n d . n
9> oSk, (R -0, 2.12)
i1

E_ j=1 dg

d
dgs =k (k, = 9;). (2.13)

n
where R; is a parameter satisfying z R; =1. The suggested evolution laws
j=1

converge the state variables to constants controlled with k, and k,. The

convergence rates are related to the constants k k., ,» and kg . If

2,j ?

g, =9, =0, =0, =1, the model recovers isotropic hardening.

In the following illustration, the effectiveness of the multi-component

evolution rule is presented by estimating the tension-compression-tension
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flow curve obtained for the investigated material of the present study. As
Figure 2.2. shows the material exhibits considerable Bauschinger effect and
transient hardening. Also, the flow curves in the second tensile loading
converge to the monotonic loading at large strain. Three sets of HAH
hardening parameters are evaluated; one-component rule (n=1) in Eq. (2.11)-
(2.12), two-component rule (n=2), and one-component without permanent

softening parameter (k, =1, k, =0). Additionally, the isotropic hardening

results were compared. All the parameters were determined by the Nelder-
Mead simplex optimization. In Figure. 2.2(b), all curves predicted by
different sets of evolution rules are compared. Both one- and two-component
models could predict the reverse tensile curve with reasonable accuracy when
a small amount of permanent softening is accounted for. However, the result
indicates that the two-component evolution rule could more flexibly capture
the smooth transient behavior from elastic to plastic region, and the gradually
approaching flow stress toward the monotonic curve. The one-component
rule without the permanent softening parameter significantly overestimated
the flow curve at the second tensile loading. Considering this preliminary
evaluation, the two-component model (n=2 in Eq. (2.11) and (2.12)) were

used for all simulations with the HAH model in this study.
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tension stage.
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Figure. 2.2. (a) Tension-compression-tension curves calculated by HAH
model with one-, two-component, and one-component without permanent

softening (PS) parameters, and (b) the closed-up view during the second
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2.2.2. Latent hardening and contraction under cross-loadings

The loading path change is identified using a single scalar parameter, COS y,

as follows [38, 39]:

d
dg_s =ky (k,—9,), (2.14)
&

where s is a normalized deviatoric stress tensor such as normalized h?
in Eq. (2.1). Similar to the rule proposed in a previous study [39], the

evolutions of cross-hardening and cross-softening are defined as follows:

d 5(2)-5(0)
d%; =k, 6(2) (\/L(l—cosz ;()+COSZZ—1)+1—9L , (2.15)
ddigzkC {1+(C —1)-coszz—gc}, (2.16)

where k , L, k., and C are constant parameters introduced for

co
controlling the cross-hardening and softening, respectively. As shown in Eq.
(2.16), cross-hardening does not occur if no loading path changes, or
cosy=1 . By contrast, cross-softening always occurs with plastic
deformation and evolves under a cross-loading condition, or €0S y =0. Note

that if L=C =1, there are no cross-loading effects.
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2.2.3. Evolutions of the microstructure deviator

The microstructure deviator h® determines the directions of the distortion
under various loading path changes. The rotation or evolution of the

microstructure deviator is defined as a function of the equivalent plastic strain

as follows:
dﬁs 1/z A ~g
= = (2u,—1)-k-{[cos #["* + go }{5—cos £}, (2.17)

where g, 1is introduced to trigger an initial rotation of h® under the
cross-loading path. In addition, k and Z are the model constants for g,

evolution. It evolves as

dgs :kR.{kg (1-cos? ;()—gR}. (2.18)

de
Here, k; and k., are material constants, which are 5, 15, and 0.2,
respectively, in this study. If €0S y >0, h® rotates toward the s direction,

but rotates toward the —s direction if COS 7<0 . A more complete

description of the evolution rules of the state variables can be found in [37—

39].
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3. Stress integration algorithms of HAH model

3.1. Motivation and general statement

The HAH model is featured with more number of plastic state variables
than conventional isotropic hardening. Note that the only state variable in the
von Mises isotropic model is the equivalent plastic strain. This increased
number of state variables is inevitable for efficient modeling of path-
dependent anisotropic hardening, while the overall numerical procedure

becomes complex. The stress and microstructure deviator tensors and 8

plastic state variables (¢ andg; (i =1~4,L,C, R)) are associated with the

numerical stress integration of the HAH model. Therefore, a total of 20
unknowns (6 for stress tensor, 6 for microstructure deviator, and 8 state
variables) are required to be solved by a stress integration algorithm for
continuum elements. For the shell element under the plane stress assumption,
the number of unknowns is reduced to 14. Moreover, the state variables are
cross-related since the investigated distortional yield surface evolves as a
function of the equivalent plastic strain. Therefore, if all the state variables
are treated as independent, a total of 20 (or 14) nonlinear equations should be

simultaneously solved for continuum (or shell) elements. However, if only
26



parts of the state variables are assumed as independent, the exact evolution of
dependent variables should be included in the residuals of the independent
variables. For the HAH model, this is not an easy task because the evolution
laws cannot be expressed explicitly as functions of other independent
variables. An additional iterative process is required to determine the state

variables in the stress update algorithms in this case [55].

Another challenge in the computational modeling of HAH plasticity is the
continuous, anisotropic distortions of yield surface during plastic deformation.
The distortional characteristics may lead to abrupt changes in the first and/or
second gradients of yield function, which are also complex functions of
plastic deformation. The gradients are key factors in the flow rule of elastic-
plasticity theory, and the accurate numerical integration algorithm
implemented in the Euler backward scheme is essential for robust finite
element simulations. Due to the difficulty, previous studies employed
numerically calculated derivatives based on the finite difference method

[57,58,69].

Motivated from the above issues in the finite element modeling for the
distortional HAH model, in-depth comparative studies on the stress

integration algorithms are tried in this study. For this purpose, numerical
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investigations on two common algorithms are considered: the cutting plane
method (CPM) and Euler backward method (EBM). Only plane stress
condition is studied, but the overall approach can be directly extended to the
general stress state. Moreover, the EBM algorithm is formulated with
different numbers of residuals for updating state variables: EBM with 4
residuals (EBM-4R), and EBM with 14 residuals (EBM-14R) for the plane
stress condition. The EBM-4R includes residuals for 3 stress components and
an equivalent plastic strain, while the EBM-14R has additional 10 residuals
for 3 microstructure deviator components and the 7 state variables on the yield
function distortions. Then, to study the effect of the algorithm for calculating
the derivatives of evolving yield surface, two different methods for updating
the yield surface gradients are considered for the EBM-14R algorithm:
analytically derived derivatives (EBM-14R/AD), and numerical derivatives
based on the finite-difference (EBM-14R/ND). Note that only analytical
derivatives are used for the EBM-4R algorithm. In summary, a total of 4
different stress integration algorithms are comparatively studied in the present
studies; i.e., CPM, EBM-4R, EBM-14R/AD, EBM-14R/ND. In Figure. 3.1.,
the schematic interpretations of the 4 stress integration algorithms are
presented. It is seen in Figure. 3.1(c) that the normal directions to the yield

surface are not identical between the EBM algorithms with analytical and
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numerical derivatives, which is resulted from the truncation error that
occurred from the finite difference used for the numerical derivatives. The
detailed derivations for the analytical and numerical derivatives of the HAH

model are presented in Appendix A and B.

Tangent (limiting) cut Oni1

Elastic

domain



_Elastic

domain

(c)
Figure 3.1. The geometrical interpretations of the implemented algorithms:
(a) Cutting-plane method (CPM) (b) Euler backward method using analytical
derivatives (EBM-AD) (c) Euler backward method using finite difference

method (EBM-ND).

3.2. Stress update algorithms for elastic-plasticity

A In the implementation of small strain elastic-plasticity, the total strain

increment, Ag is additively decomposed into its elastic component, Ag®

and plastic component, Ag".

Ae = Ag® + Ag”. (3.1)

If the associated flow rule is applied, Ae” is calculated with the gradient
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of yield function, @ and a scalar multiplier, Ay .

D
Ag" = A}/a— : (3.2)
oo

The stress increment, Ac is written as following for the isotropic linear
elastic metals.
Ac=C:(Aa—Aap)=C:(Aa—A}/aaE), (3.3)
c
where Cis the fourth-order elastic stiffness matrix. The relation between
plastic multiplier, Ay and equivalent plastic strain increment, Ag is
obtained from the Ist order homogeneous function and the plastic work

equivalence principle.

(3.4)

Therefore, it is noted that the stress integration in Eq. (3.3) is to update the
equivalent plastic strain increment Eq. (3.4). Depending on the algorithmic
treatment in the above general procedure, there have been various algorithmic

procedures for numerically accurate and efficient integration methods.

In general, for most constitutive laws and their corresponding numerical

implementations, the following predictor-corrector algorithm has been
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employed.

o™ =0 +C:Ag (3.5)

n+l n+l°

R=d(o]%, g;,.0})-5 (&) <0, (i=1~4,L,CR), (3.6)
where Ag,,; is the total strain increment at the current time step n+1, and

o™ s the trial stress as a predictor. The numerical algorithm begins to

check the condition in Eq. (3.6) as an elastic process, while an iterative
process is followed if the condition in Eq. (3.6) is not satisfied. Note that Eq.
(3.6) is simplified to represent the yield function @ as a function of state

variables in the HAH model.

In the next sub-sections, existing numerical algorithms for the stress
integration of the HAH model are first introduced, followed by the

algorithmic development of the proposed modeling in the present work.
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3.3. Stress integration algorithms for the HAH: a review of existing

algorithms
3.3.1. Cutting-plane method (CPM)

Lee et al. presented the first numerical algorithm for the original HAH
model [37, 55] and the enhanced version of the HAH model [56] based on the
cutting-plane method (CPM). In their CPM approach, the only independent

variable is the equivalent plastic strain, ¢. For each iteration of the current

—(k+1,
time step n+l1, SASEHl) is calculated from Eq. (3.2) —(3.4) using the

linearized Eq. (3.6).

(k)
R$Q+(£%§) S(Aéﬁﬁ):o, 3.7)
Ae n+1
(a_Rj(“ _(@.ﬁj(k) (&) 3)
oAg )y, \ 00 o0AE ), \oAe ) '
(k) (k)
(fﬁij =—c:f@2j : (3.9)
aAs n+1 60— n+1
_\ (kD) R
S(Aa) = 1 DR

(3.10)

n+d (a®_ _a®j“’ 66
—:C:— + —
oo 0o ),., | 0OAe

Then, the state variables and stress tensor for k+1 iteration can be explicitly

n+l
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updated using the value in Eq. (3.10) as follows.

A% g% +5(A§‘nk£” B G.11)

dg. () _ (k+1)
(k+1) _ ~(K) +8(a. () =g 4 —Jin+d -0 Aens ,

g|,n+l gl,n+l (gl,n+l) g|,n+1 de ( 1) (312)

(i=1~4,L,C,R),
n (k)

(kD) A (K) ~ W~ [ dh R e

hn+1 = hn+1 +8(hn+1) - hn+l " d—iﬂ '8(A8n+l) ’ (313)

1S
. _(k+1)
Ac P =C :(Asn+l —Agna ), (3.14)

The iterative procedure continues until the following condition is satisfied.

—(k+1)

(ol ggg:lg,ﬁ;(fj”)—&(sml )<6(§n)-ToI, (Tol=10°), (3.15)
Therefore, in the CPM the only unknown variable is ¢ and all other

variables are treated as a function of o . In the algorithmic aspect, this leads

to the yield surface gradient (in Eq. (3.10)) expressed as a complex form.
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(w(s)+v(s,))? {\V(S)a\g—f)er(sp)%}

_ara| 4 M 02 C8 peaippe gy ,
oo d9, Ot 0o

+2-f3.(2h° :5)" s ah_ % | pe. B
oe Oo 06

; (3.16)

(When h*:s> O).

Lee et al. [56] employed a Newton-Raphson procedure as an alternative to
the analytical derivation of the gradient and an additional sub-stepping
method was also used for numerical stability. Moreover, the further

simplification of Eq. (3.16) was suggested by ignoring higher-order terms as

follows.
L o) ouls,)
) +y(s,))? 8) ——Z (s, ) — 2=
. (w(s)+v(s,)) {w() s —
0o . . ’
268 (2Rt 15y e - 2 ’ G-17
06

(when h*:s> O).

In the implicit FE formulation, an algorithmic tangent modulus is
commonly required to obtain a quadratic convergence rate. However, in the
conventional CPM-based stress integration algorithm, this cannot be readily
applied. For example, an additional numerical technique was proposed for the

tangent moduli to preserve the quadratic convergence rate [54], but not for
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the distortional hardening models. For the CPM of HAH or e-HAH in Lee et

al. [55, 56], the continuum tangent modulus, C* was used as an alternative

to the consistent tangent modulus.

d C: gq)rwl ®XRC: Zq)nﬁ
C® — do'n+1 -C_ Onn 0'n_+1 ' (3.18)
€ i oD,y . ~.0D,,, OCnu
80‘n+1 e 80‘n+1 O€ni

3.3.1. Euler backward method (EBM)

There are previous researches for developing the Euler backward method
(EBM) based stress integration algorithm of distortional anisotropic
hardening laws. However, their algorithms simplified the set of equations in
the EBM algorithm by reducing the number of residuals associated with the
state variables. Residuals on stress tensor and equivalent plastic strain were
required to satisfy the common consistency condition in elastic-plasticity
under the associated flow rule. However, this method has a similar problem
as in the CPM-based algorithm [56] because parts of state variables should be
functions of independent variables when the number of the residuals is less
than that of independent variables in the enhanced version of the HAH model.
This may cause difficulty in calculating the first and second derivatives of the

yield function during its evolution as a function of plastic deformation.
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The EBM algorithm developed by Lee et al. [55] introduced the following

residuals.

Ns) ) — (= (k)
R, = (o, o Al )5 (200 ), 19
(i=1-7,5=L,6=C, 7=R),

R, =—tefl + 2,00

n+l n+1?

(3.20)

To apply a multi-variable Newton-Raphson method, the residuals are

linearized as follows.

_(_ _ (k4D ks
Ri,kn)+1—agﬁ(e(n?l)-é(AsM) +0,0%,:3(Ae,,)"" =0, (3.21)
(k) () = &g . (k+1)
R, +0,0%,-5(Agna)  +E',:8(Ae,,,) ™ =0,

—-1(k) 4, 4= 12 k) t (3.22)
= —(C AER D )

n+l — n+l

o . . —\®
The linearized equations can be calculated with respect to 8(A8n+1) ,

5(Ae,,)" by solving the following system.

(3.23)

o k k
5(As,, )" (asz (asz
aAg n+l aAG n+l

After converged solutions of Eq. (3.23), the other variables are updated

-1
- (alek (alek
S(Ag n+l) _ 6A§ n+1 aAG n+l .{Ri,kn)ﬂ} .

- R®

2,n+1
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explicitly using Egs. (3.11)-(3.13). The iterative process stops when the

following conditions are satisfied.

HR(k)

1+i,n+1

<6(§n)-ToI, |RS

2,n+1

<Tol. (3.24)

As aforementioned, the major difficulty in this algorithmic procedure is
with the calculation of the first and second derivatives due to the
anisotropically evolving yield function, and this evolution is closely
associated with the multiple numbers of dependent variables in the enhanced
version of HAH. To overcome this issue, Lee et al. [55] employed the multi-
step Newton-Raphson method by subdividing the variables g,,,,. Recently,
Choi and Yoon [57] also applied the multi-stage EBM algorithm by using the
sub-division of strain increment, Ag ,,, which was originally proposed by
Yoon et al. [70]. Yoon et al. [58] also used a line-search method for the step

size control on Eq. (3.22) as an alternative effort to increase the stability of

the algorithm for the distortional hardening model.

Contrary to the CPM algorithm, the EBM-based stress integrations have
quadratic convergence which is consistent with the global Newton-Raphson

method. The consistent tangent modulus can be expressed as follows.
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6 n+l

ep _ = _
C _:‘n+1

0,®,, 8, 10,0, +0,5(Ena) (3.25)

d
o - n+l n

As shown in Eq. (3.25), the tangent modulus requires the calculations of
the first and second derivatives of yield function under the associated flow
rule. As discussed previously, the existing EBM-based algorithms introduced

simpler forms without presenting complete derivations of their analytical set.

3.4. Stress integration algorithms for the HAH: proposed algorithms
3.4.1. Cutting-plane method (CPM)

In comparison with the CPM algorithm used by Lee et al. [55], where the
effect of dependent variables is included in the yield surface gradient, the
present CPM introduces the linearization of yield condition, Eq. (3.6) as

follows.
(a_R) (@ﬁj L[ oo o
OAE )., \ 0o 0Ag )., |oh® oAe

(k) — \(K)
L[s0® 99 | _| 9o
~ 09, OAS OAE

n+1 n+1

(%)

n+1

(3.26)

_\(k+2)
After substituting Egs. (3.26) and (3.9) into Eq. (25), S(As) 11 can be

calculated.
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o] (o ]
(k+1) oo T 0c nal al:ls . 8A§ il

=R /

n+1

(yoo o0 )" (a5 )"
— 00, OAe OAe

n+l n+l

S(AE ) , (3.27)

The state variables and the stress tensor for the (k+1)th iteration at the
current time step are iteratively updated by using Egs. (3.11)-(3.14) until Eq.

(3.15) is satisfied. The tangent modulus C®% is also calculated using the

consistency condition

dR = Pus g o OPus O e
00,,, oh,,, Oena (3.28)
acI)n-¢—l . agi,n+l dgn. — 0Gn1 dgny =0 .
agi'nﬂ a§n+1 8§n+1

By substituting Eq. (3.3) into Eq. (3.28), the elastoplastic tangent modulus

is expressed as follows.

Cep — d6n+l =C-
d8 n+l
C: 0Py ®C: 0Py , (3.29)
aGnJrl 80-n+1
oD 0D, oD . oh

n+l . n+1 n+l . n+l

. 6(I)n+l . 5gi’n+l+ 8(_$n+1
acn+1 e ao—n+1 8|:|S . O ns1 agi'nﬂ Ogns1 O€nn

n+1
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3.4.2. Fully implicit Euler backward method (EBM)

The characteristic of the enhanced version of the HAH model is that the state
variables are cross-related to each other. The complexity resulted from the
constitutive model makes it difficult in constructing exact linearization of the
governing equation with a limited number of independent variables. This is
the reason why the previous existing algorithms were developed with their
simplifying methods. In this study, our effort is focused on deriving a fully
implicit EBM algorithm by simultaneously solving the whole residuals
defined for stress tensor, microstructure deviator tensor, and 8 state variables
(or equivalently 14 unknowns) associated with the HAH at plane stress
condition. To the best knowledge of the present authors, this is the first trial
for the algorithmic implementation of the distortional anisotropic hardening

enhanced HAH model.

In the following, a set of nonlinear equations defining residuals of the
enhanced HAH model is provided. Eq. (3.30) is from the consistency
condition, Eq. (3.31) represents the associated flow rule, Eq. (3.32) is for the

state variables controlling the distortion of yield surface, and Eq. (3.33) is

defined for the rotation of microstructure deviator, h® .
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~ o(K) _ (-
R, = (o, g, Al )5 (202 ),
(i=1-7,5=L,6=C, 7=R),

p()
n+1

RSN =—del,; +Ay0, @

n+1?

dg;a )\
(k) (s i,n+l -
Roina =Gina —Yin —(?J -Agnst ,

NG
S
W aps0 e [dhpg )
R10,n+1 - Ahm—l Ahn dE, AS n+ls

Linearization of Egs. (3.30)-(3.33) leads to the following equations.

(- (kD)
R, ~0,5(20%)-5(4na)  +0,00:5(4c

€ n+1

)(k+l)

n+1

)(k+l) 0

n+l

4320, T8 (Agy )" +0, 0L, :5(AR:

)(k+1)

n+1 n+l - n+1

— (k+1)
Rona + 0,07 '5(Aen+1) +2' :5(Ae
) 6500 + 02,0, 5(AR;

n+l* n+1

)(k) _(k+1)

+Za¢21giq)ﬁ1li)l'5(Agi,n+l -A€na =0
[*]]

_ ; —(K) 1
00 _ (C 1A% aisq)(k) )

n+l n+l

42

(3.30)

(3.31)

(3.32)

(3.33)

(3.34)
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2+4in+l —
de

dg; -
-0, (—g'f“J-S(AGM)(k V. At
de

RW (%j-a(&w)m

g , (3.36)
ins (k+1)  _(K)
—agi (?JS(AQIHH) -Agn+1

dgi,n+l s (k+1) =K
—aﬁs (?JS(Ahnﬂ) -A€ns1 =0

o (k)
~ ° (k)
R:l(.g,)m—l + Ahz(tl) - [%J : §(A8 n+l)
€

~ \®
) (&] :5(A0, ;) - Az
i ® , (3.37)
; (k+1) (k)
-0, (_1J 5(AGipy) - AEmn
ans )" (ke
A + —(k
0., (_1j :5(Ah,) AEna=0
i -
Then, the solutions of the above-linearized equations are obtained for
(ke . N . . .
6(A8n+1) 7, 5(ae,, )", S(Agi'nﬂ)(k ” and S(Ahsnﬂ)(k ” by solving the

following matrix equations.
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0 j : (3.38)

k k k Kk
(aRm j (aRlo J aRlO ( aRm J
\one ), \ons )., ong, aAh* ), |

n+l
Eq. (3.38) shows that the Jacobian matrix has a size of 14 by 14 when it is
expressed as the Voigt notation under the plane stress condition. By applying

Newton’s method, all state variables are updated for (k +1) th iteration and

it continues until the residuals satisfy the following criteria.

HRiti),m—l < 6 (‘En ) 'TOI’ Hngr:-d < ||A8n+l||. TOI !
(3.39)
IR, <Tol, and [R) | <H2 Tl

In this study, tolerance, Tol is set to be 10° for all residuals with proper

normalizations.

The linearized flow rule, Eq. (3.3) and isotropic linear elasticity, Eq. (3.2)
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lead to the calculation of consistent tangent modulus C* for the EBM of

the enhanced HAH model as follows.

do,,, =C:(de,,, —dep,,), (3.40)
de?, =dAgna1-0,®, ,, +A&nu-02, D, do, .
. (3.41)
+AEni1 - ac;giq)n-*—l ’ dgi,n+1 +Agna - aoﬁsq)n-d dhn+1
Substituting Eq. (3.41) into Eq. (3.40),
do,; =&, :(de,,—dAGna-A,, )
where
; (3.42)
A 0 ch+1 +82 gifﬂ _n+1 62 dh A8n+l
de ds

The consistency condition with Eq. (3.41) brings

dAgna = {acq)m—l :En+1 : d8”+l} /

= 49,1 R, . (43
{a“q)”ﬂ ’ dn+1 : An+l _agiq)ml 'd—g_aﬁsq)n . 4z L +0. G(8n+l)}

Finally, C®* can be calculated from Egs. (3.43) and (3.42) as follows.

C*=E

n+l

An+l ®‘—‘ . acq)m-l . (344)

A

)
S
]

e
e n+l "™~ g; =~ n+l — RS n+l

dg. s
A -0 @ i 0., :dh”*1+8 (8n+1)
e de
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Note that the previously formulated EBM-based algorithms with 4
residuals [55,57,58] can be retrieved if residuals in the current formulation
are properly reduced. Moreover, the numerical algorithm can be simply
extended to a general stress state. The flow chart of the proposed fully implicit

EBM and CPM algorithms is shown in Figure 3.2.
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Figure 3.2



3.5. Evaluations of stress update algorithms for the HAH

In this section, evaluations of the numerical accuracy and stability of the
proposed stress integration algorithms are analyzed for different case
problems. The algorithms described in the previous sections were
implemented in the static implicit finite element software ABAQUS/Standard

using the user material subroutine UMAT.

For the comparative study, 4 algorithms were implemented in the FE model;
CPM, EBM-4R, EBM-14R/AD, EBM-14R/ND. Here, 4R and 14R denote 4
and 14 residuals based on EBM algorithms, respectively, and AD and ND
represent the analytical derivative and numerically calculated derivatives
based on finite difference, respectively. Note that the EBM-14R represents
the fully implicit Euler backward algorithm implemented for the extended

HAH model for the first time.

The two-level of the evaluation procedure is presented in the following
sections. First is a very detailed fundamental analysis on the accuracy of the
different algorithms for the investigated anisotropic hardening model, HAH.
For this, the anisotropic characteristics of flow stress and r-value are predicted
and evaluated under two different loading paths. Only a single element is used

in this level to rule out other numerical effects. To clarify the effect of
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anisotropic hardening responses of the enhanced HAH under different
loading paths, various model materials are selectively compared. The
investigated model materials for the evaluation exhibit high or low evolution
rates, and hardening or softening under cross-loading. To represent the initial
anisotropy of material, the non-quadratic anisotropic yield function, Y1d2000-
2d [71, 72] is employed. The summary of the initial (undistorted) yield

function, Y1d2000-2d is referred to Appendix C.

The other level is a real scale simulation based on the S-rail forming and
springback process [42], which was proposed as a benchmark problem and
often utilized for the analysis of constitutive model and numerical algorithm
in the sheet metal forming community. The reason for choosing the
benchmark is that most of the existing finite element simulations have been
based on hybrid explicit and implicit algorithms. In other words, the forming
process is solved by the dynamic explicit FE model as a quasi-static problem,
while the springback is calculated by a static implicit algorithm. The first is
applied to avoid divergence problems typically encountered in the contact
problems between complex tools and sheet metal, and the implicit algorithm
is optimum for the unloading process of springback to reduce the
computational time. In this study, all the stress integration algorithms are

implemented into the static implicit FE software and the numerical
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performance of each algorithm is comparatively studied for their applicability
to industrial-sized problems. Two materials, stainless steel (STS) and dual-
phase steel (DP) are investigated because they have been used for real
automotive parts and show distinctive anisotropic hardening behaviors under

loading path changes.

3.5.1. One element analysis

In the one element analysis, the loading condition is a compression-tension
(C-T). The accuracies of the predicted flow stress and r-value are compared
for the investigated numerical algorithms. Two loading paths are simulated
for the C-T test. The first path is a 5% compression along the rolling direction
(RD) followed by a 10% tension in the same direction. This case is denoted
as ‘C5T10R’. Here, ‘R’ represents that the loading path is ‘Reversed’ loading.
During the compression along RD, the rate of yield function distortion
represented by the transient behavior and the Bauschinger effect is maximum

on the opposite side of compressive loading or tension along RD.

The second loading path is a 5% compression along RD followed by 10%

tension along 54° to the RD. Note that the angle 54° corresponds to the cross-
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loading in which the condition h’ :s=0 is satisfied’. The second case is
denoted as ‘C5TI0CR’ in which ‘CR’ represents the “Cross” loading. This
loading path is selected because the cross-loading effect with rotation of

microstructure deviator becomes maximized at the loading direction with
h®:s=0 condition.

A 4-node shell element with reduced integration in ABAQUS/Standard, or
S4R, is used. The boundary conditions for the above cases are schematically

shown in Figure3.3.

The r-value along angle 0 to RD is defined in Eq. (3.45) and calculated by

nodal displacements of an element.

p p
= Ewisth _ &
67 p TPy P!

€ thickness & +¢& . (345)

where {af =1In (1+ Auf) and &) =In (1+ Aug)},

where, AUl and Au} are the element nodal displacements along RD and
transverse direction (TD), respectively, during tension, and the superscript ‘p’

represents the plastic part of the strain or displacement.

! The exact angle for the cross-loading condition is 54.74°.
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In Table 1 and 2, the mechanical properties of the two model materials and
the constitutive parameters for the initial yield function and e-HAH model are
listed, respectively. The model material ‘MAT 1’ and ‘MAT 2’ have distinctive
HAH parameters, but other properties such as elasticity, initial yield function,

and isotropic hardening are identical. For the isotropic hardening, the power-

law type Swift hardening law, o© (8) =K (eo +& )n is applied for both materials.

ac‘ imm | 1mm IAHIPI
-f/_\uf
TD TD
S £
L] | L. |2
RD| {|~ RD
= /4
0° Compression 0° Tension
(a) (b)
%‘ Tmm _ Tmm AHlp
1 -fAuf
A
D £ ) c
L» E %» sac || E
RD
‘% A 4
~ ~=
0° Compression 54° Tension

(c) (d)
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Figure 3.3. Boundary conditions for the one element compression-tension
analysis: (a) 5% compression along RD followed by (b) 10% tension along
RD, (c) 5% compression along RD followed by (d) 10% tension along 54° to
RD. The dashed line and the solid line represent before deformation and after

deformation, respectively.

Table 3.1. Anisotropic mechanical properties. The subscript 0, 45, 90
represent rolling direction (RD), diagonal direction (DD), and transverse

direction (TD), respectively.

Material co/Go G45/Go G90/Co ob/Co To T45 T9o T

MAT 1,2 1.0 1.0 1.0 1.0 0.5 1.0 1.5 1.0
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Table 3.2. Constitutive parameters of isotropic linear elasticity and e-HAH model.

Elastic and isotropic hardening parameters
Material E[GPa] Poisson’s ratio K (MPa) €0 n
MAT 1,2 70.0 0.33 500.0 0.01 0.2
Y1d2000-2d coefficients
Material m o o2 o3 Ol4 as 06 o7 os
MAT 1,2 8.0 0.7826 1.1778 1.1075 0.9753 1.0154 0.9028 0.9989 0.9990
Enhanced HAH model parameters
Material q k ki ko ks ka4 ks L ke S ks
MAT 1 2.0 250.0  300.0 250.0 0.25 0.80 50 1.0 0.0 0.80 75.0
MAT 2 2.0 25.0 60 50.0 0.90 0.80 50 1.65 384.0 1.0 0.0
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Figure 3.4-3.7 show the reference flow stress curves and the corresponding
evolution of HAH surfaces of MAT 1 and MAT 2. Since the exact solutions
are not available, a reference curve with a sufficiently small time step is
assumed to be exact. The reference flow curves are obtained by the CPM
implemented in the dynamic explicit FE software ABAQUS/Explicit with a
user material subroutine VUMAT. The average strain increment is 2.4x107°.
Figure 3.4(a) and Figure 3.6(a) present the flow stresses under the loading
path C5T10R, while those in Figure 3.5(a) and Figure 3.7(a) are under
C5T10CR. The evolutions of yield surfaces are provided in Figure 3.4(b) and
Figure 3.6(b) for C5T10R, and Figure 3.5(b) and Figure 3.7(b) for C510CR.
For comparison, the evolutions of isotropic yield surfaces are also included
in the figures. In each figure, the three points A, B, C are indicated, where A
and C represent the initial and final stress states during the second loading,
respectively, and B is selected between the two loading points to compare the

transient behavior in the second loading path.

Figure 3.4(a) and (b) show that a significant amount of the Bauschinger

effect and permanent softening (g, -6 = 0.8224-5) are represented from the

HAH parameters of MAT 1 under C5T10R. For C5T10CR in Figure 3.5(a)
and (b), similar transient behavior and permanent softening are calculated,

but the Bauschinger effect (contraction) is much less than the loading path
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C5TI10R. For MAT 2, the Bauschinger effect is less than the MAT 1 for
loading path C5ST10R though the permanent softening is also pronounced.
However, the loading condition C5T10CR shows very noticeable stress
overshooting after loading path change, and subsequent softening. Note that
the two model materials MAT 1 and 2 are virtually designed to represent the

characteristics of the HAH model.

In the following, the accuracy of each investigated stress integration
algorithm is assessed with different time increments. The effect of time step
size on the accuracy of stress update is evaluated by one element simulations

under the two loading paths. Three different strain increments during tensile

loading are considered: 5.0x10°%, 5.0x10™ and 5.0x10°.

From the simulations, the evolution of flow stress and r-value at the second
loading step are evaluated and the averaged relative errors are reported using

the following equations.

18 :1(301_ m‘
Error, :NZTxloo(%)
m=1 Gm
1) o
Error, :NZTAOO(%)
m=1 0,m

where N is a total number of data points used for the error estimations.
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Figure. 3.4. Stress-equivalent plastic strain curve and evolution of the HAH

yield surface for MAT 1: (a) flow stress curve and (b) HAH yield locus for

CSTI1O0R.
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Figure. 3.5. Stress-equivalent plastic strain curve and evolution of e-HAH

yield surface for MAT 1: (a) flow stress curve and (b) HAH yield locus for

CS5TI10CR.
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3.5.1.1. Loading condition: C5T10R

Figure 3.8 and 3.9 show the flow stress curves and r-value evolutions of MAT
1 and MAT 2, respectively, under the CST10R loading path. Three different
strain increments were applied to each stress integration algorithm for this
analysis. The detailed values including relative errors and CPU times are also
listed in Table 3 and 4 for MAT 1 and MAT 2, respectively. At the first glance,
all the numerical algorithms investigated look to present rather similar results.
But, there are some distinctive features in the predicted flow curves and r-
values. Regarding the method of yield surface gradient calculation, both
methods based on analytical derivatives (EBM-14R/AD) and finite difference
(EBM-14R/ND) predicted almost the same level of accuracy when it is
implemented in the fully implicit algorithm with 14 residuals. There are small
differences in the computational cost measured by CPU time between the two
cases. That is, EBM-14R/ND with finite difference method takes ~8% longer

CPU time than the EBM-14R/AD with analytical derivatives.

The effect of investigated algorithms on the accuracy and stability of the
simulations with the HAH model becomes considerable when the evolution
of yield surface becomes drastic within a given time increment. The flow

stress curves predicted by CPM and EBM-4R (with 4 residuals based) show
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significant oscillations at the early strain range of MAT 1 when the strain
increment is large with Ag,, = 5x10°°, which is shown in Figure 3.8(a) In
contrast, the two algorithms with the same strain increment are stable for
MAT 2 which shows less evolution rate than MAT 1 (Figure 3.9(a)). The state
variable, 0, controls the transient rate and Figure 3.10(a) shows its

oscillations for MAT 1 when CPM and EBM-4R are used. As expected ¢,

value of MAT 2 shows stable evolution even for the CPM and EBM-4R

algorithms. In terms of the r-value evolution, the predicted values by CPM
show very less accuracy for the strain increment of Ag, =5x10". This

inaccuracy is attributed to the ignorance of flow rule as a residual during the

algorithmic treatment in the CPM.
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(a),(b) Ae,, =5x107, (c), (d) Ae, =5x10", and (e), (f) Ae, =5x107.

63

SRk

1

I

T



350

0.12

(a) Ae =5 x 107
— 300+ 1
©
o
=
o 250 |- .
w
o
o 200 —o—CPM ]
E —o—EBM-4R
150 - —4—EBM-14R/AD |
——EBM-14R/ND
——Exact
100 1 1 1
0.06 0.08 0.10
Equivalent plastic strain
350 : ‘
(c) Ag =5 x 107
. 300 |
©
o
=
o 250 |- 1
w
e
o 200 —o—CPM |
E —o—EBM-4R
1501 —a—EBM-14R/AD |
——EBM-14R/ND
——Exact
100 1 1 1
0.06 0.08 0.10
Equivalent plastic strain
350 : . T
(e) Ag =5 x 107
. 300 1
©
o
=
o 250 1
w
o
o 200 —o—CPM 7
E —o— EBM-4R
150 | —4— EBM-14R/AD |
—»— EBM-14R/ND
—— Exact
100 1 1 1
0.06 0.08 0.10

Equivalent plastic strain

0.12

0.12

r-value

r-value

r-value

—o—CP
08¢ —o—EBM-4R
—a— EBM-14R/AD
——EBM-14R/ND|
——Exact
0.0 1 1 1
0.06 0.08 0.10 012
Equivalent plastic strain
15 : . .
(d) Ae =5 x 107
1.0 4
08y —o—EBM-4R
—a—EBM-14R/AD
—s—EBM-14R/ND
——Exact
00 1 1 1
0.06 0.08 0.10 0.12
Equivalent plastic strain
1.5 : ‘
(f) Ae_ =5 x 107
1.0+ 1
05l —o—CPM
' —s—EBM-4R
—a—EBM-14R/AD
——EBM-14R/ND
—Exact
00 1 1 1
0.06 0.08 0.10 0.12

Equivalent plastic strain
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Table 3.3. Average relative errors in the flow curves and r-values of MAT 1

under C5T10R.

Algorithm Ae,, Error_ (%) Error. (%) T?tal cPU
time(sec)

5x107° 2.38 316 1.1

CPM 5x107* 0.42 5.83 5.7

5x10°° 0.14 0.048 205

5x107 4.34 5.23 0.5

EBM-4R 5x10™* 0.95 1.80 5.7

5x10°° 0.14 0.035 232

5x107 1.62 0.63 0.6

EBM-14R/AD 5x10 0.32 0.10 5.8

5x107° 0.14 0.010 231

5x107° 1.62 0.63 0.7

EBM-14R/ND 5x107* 0.32 0.10 5.9

5x10°° 0.14 0.010 249
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Table 3.4. Average relative errors in the flow curves and r-values of MAT 2

under C5T10R.

Algorithm Ag,, Error_ (%) Error (%) T:j:(j:;

5x107° 0.42 124 0.8

CPM 5x10™* 0.18 4.88 5.9

5x10° 0.21 0.048 206

5x107° 0.27 3.43 0.7

EBM-4R 5x10™* 0.17 0.19 6.0

5x107° 0.21 0.022 202

5x10°° 0.49 0.30 0.6

EBM-14R/AD 5x107* 0.25 0.05 5.7

5x107° 0.22 0.021 201

5x107° 0.49 0.29 0.7

EBM-14R/ND 5x107* 0.25 0.04 6.0

5x10° 0.22 0.021 227
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Figure. 3.10. Evolutions of the state variables ¢, for different stress

integration algorithms with strain increment Ag,, =5x107~: (a) MAT land

(b) MAT 2.
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3.5.1.2. Loading condition: CST10CR

Figure 3.11 and 12 show the flow stresses and r-value evolutions under the
cross-loading path, C5TI0CR, for MAT 1 and MAT 2, respectively. The
accuracy and stability of the investigated stress integration algorithms for
MAT 1 and MAT 2 are summarized in Table 3.5 and Table 3.6, respectively.
Similar to the reverse loading path, CST10R, overall accuracies in flow stress
and r-values increase as the strain increment decreases as readily expected.
However, due to the anisotropic hardening and its orthogonal distortion in the

e-HAH model, special observations can be also noticed, which mostly occur
with the large strain increment, Ag, =5x10". The evolution of the r-value

predicted by CPM showed abnormal behavior as shown in Figure 3.11(a).
This is because the semi-explicit algorithm does not account for the
minimization of residual for a flow rule. Moreover, as shown in Figure 3.11(a)
and (b), the flow stresses and r-values predicted by CPM and EBM-4R show
different tendencies from algorithms with 14 residual-based EBMs. In Figure

3.13(a) and (b), the evolutions of the two-state variables, g, and ¢,, with
strain increment, Ag, =5x10" are presented. Under this loading path, the

transient behavior of CPM and EBM-4R is controlled by g, because the

loading path indicator COSYy 1is negative for both algorithms (Figure 3.14
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(a)). However, in contrast, other algorithms including the exact solution

Cosy, is positive which leads ¢, to having a major effect on the transient

behavior. This is the cause of abnormally predicted flow stress curves and r-
value evolutions of the two algorithms. That is, the undesirable evolutions of
state variables result in significantly deviated stress updates in the HAH

model as shown in Figure 3.14(d).

Similar to MAT 1, oscillating flow curves are also predicted with CPM and
EBM-4R for MAT 2 when the time increment is not small enough. In this
loading path, this fluctuating flow behavior is attributed to the state variable

g, associated with the latent hardening (Figure 3.15). Note that the flow

curve of MAT 2 is more influenced by g, than MAT 1 because of the slower

evolution of h’.

In terms of the computational time, all investigated numerical algorithms
present marginally similar computation times in comparison to a much larger
difference in accuracy, especially under large strain increments. However,
there is a meaningful point to be noticed between the algorithms of EBM-
14R/ND and EBM-14R/AD. That is, the finite difference gradient-based
algorithm (EBM-14R/ND) has a 10~15% longer CPU time than those of the

analytical gradient algorithm (EBM-14R/AD) for the CST10CR loading path.
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Table 3.5. Average relative errors in the flow curves and r-values of MAT 1

under C5T10CR.

Algorithm Ag,, Error_ (%) Error (%) T?tal cPU
time(sec)

5x107° 222 155 1.6

CPM 5x10™* 0.56 19.4 5.9

5x10° 0.65 0.57 196

5x107° 22.4 43.8 0.5

EBM-4R 5x10™* 0.61 2.86 6.2

5x107° 0.65 1.60 210

5x10°° 0.38 2.78 0.8

EBM-14R/AD 5x107* 0.88 1.89 6.0

5x107° 0.66 1.57 222

5x107° 0.44 4.77 1.1

EBM-14R/ND 5x107* 0.88 1.84 7.6

5x10° 0.66 1.58 260
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Table 3.6. Average relative errors in the flow curves and r-values of MAT 2

under C5T10CR.
Algorithm Ag,, Error_ (%) Error (%) T:j:(j:;
5x107° 12.7 663 0.8
CPM 5x10™* 0.16 13.4 5.7
5x10° 0.27 0.10 210
5x107° 1.61 2.98 0.5
EBM-4R 5x10™* 0.11 1.60 6.0
5x107° 0.28 0.96 208
5x10°° 0.57 3.71 0.7
EBM-14R/AD 5x107* 0.33 1.55 7.1
5x107° 0.28 0.95 200
5x107° 0.56 491 1.3
EBM-14R/ND 5x107* 0.33 2.45 13.0
5x10° 0.28 1.83 221
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3.5.2. Industrial problem: S-rail forming and springback

In this section, the proposed stress integration algorithms are applied to the
simulation of the large-scale industrial part forming with purely implicit FE
software. Though the implicit FE has been employed for the large-scale
models, this is often limited to simple material constitutive law such as
isotropic and kinematic hardening. To the best knowledge of the present
authors, the application of the anisotropic distortional hardening model with
cross-hardening or softening (that is, HAH model) to the simulation of
industrial forming process with a static implicit FE is the first trial.
Alternatively, numerous studies have employed the combined dynamic
explicit and implicit approach for complex forming and elastic driven
springback simulations, respectively. This is even more true when the elastic-
plasticity constitutive laws become more complex like the present anisotropic

hardening model, HAH.

In this study, the S-rail part forming and springback simulations are
performed as a benchmark of the industrial forming process [42]. The
simulations were carried out by the static implicit solver, ABAQUS/Standard.
From the simulation results, springback, equilibrium iterations, time

increment, and computation time during the forming step were comparatively
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analyzed among CPM, EBM-14R/AD, and EBM-14R/ND algorithms. Real
automotive sheet metals made of dual-phase steel (DP780) and stainless steel
(STS) are employed in the simulations. Note that DP780 shows significant
cross-contraction (or softening) behavior under loading path changes due to
the large Baushinger effect induced by its martensitic islands embedded in the
ferrite matrix. In contrast, the STS sheet exhibits stress over-shooting or
cross-hardening behavior under loading path changes. The material properties
and their related model parameters are listed in Table. 3.7. In Figure 3.16, the

FE model set-up including tool and sheet dimensions is presented.
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Table 3.7. Constitutive parameters of isotropic linear elasticity and e-HAH model.

Elastic and isotropic hardening parameters

Material E[GPa] Poisson’s ratio K (MPa) €0
DP780 194.0 0.33 1295.0 0.0008 0.142
STS 2239 0.33 882.6 0.0056 0.224
Y1d2000-2d coefficients
Material m ol o o3 o4 s 06 o7 o
DP780 6 0.946 1.022 1.015 1.000 1.011 0.968 1.009 1.006
STS 2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Enhanced HAH model parameters
Material q k ki ko ks k4 ks L ke S ks
DP780 2 120.0 150.0 78.5 0.25 1.0 0.0 1.0 0.0 0.8 75.0
STS 2 18.7 580.0 10.0 0.90 0.88 240 1.65 384.0 1.0 0.0
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Figure 3.16. (a) Schematic view of FE model set-up for S-rail forming

simulation, (b)-(c) dimensions of the tools and blank, respectively.
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The thickness of the blank sheet is 1.2mm and the blank holding force of
200kN was applied during the forming simulation. The friction coefficient
between the blank and tools was set as 0.05. A total of 37mm punch
displacement was applied. As for blank elements, 4264 4-node shell elements
with reduced integration (S4R) were used. The simulation consisted of
holding, forming, and springback steps. Springback simulations were
conducted by removing the tools after applying constraints on three specific
nodes on X’-Z’ plane to prevent the rigid body motion. That is, the center
node was fixed, one node on the Z’ axis was constrained along the X’ and Y’
direction, and the last node on the X’ axis was constrained along the Z’
direction. The simulation time for each step equals one (though it does not
have physical meaning due to the static implicit FE algorithm. This is a
relative measure for the strain increment control for different stress
integration algorithms). The reference, minimum and maximum time
increments for forming step were 5.0x10°, 1.0x10° and 1.0x107,

respectively.

The springbacks at sections A, B, and C are described in Figure 3.16(c).

Section A and C are on the Z-plane £115mm away from the center. Section

B lies on the Z’-plane which is 30 degrees rotated plane along the Y-axis.
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In Figure 3.17 and 18, the springback results at sections A, B, and C are
presented for DP780 and STS. There are almost no differences in springback
results among the investigated algorithms. This may be due to the automatic
time stepping built-in ABAQUS and the time increment is relatively small

enough to have accurate solutions.

In Table 3.8, the averaged equilibrium iteration number, averaged time

increment ( At, ) and relative wallclock time are listed. The relative

avg
wallclock time is normalized with the value calculated by the CPM. There are
quite big differences in the size of time increment and the calculation time
among the algorithms. The average time increment for CPM is almost half of
the one based on EBM. It is considered that the tangent modulus calculated
with CPM is not consistent with the Newton-Raphson method in ABAQUS,

which requires a rather smaller time step compared to EBM algorithms.

For both materials, EBM-14R/AD and EBM-14R/ND show the negligible
difference for averaged time increment and the average equilibrium iteration
number. In other words, the approximate computation cost for global
equilibrium calculation in FE software between the two algorithms is similar.
It is presumed that the two algorithms have very similar accuracy under a

given time increment. In the case of the STS, the EBM-14R/AD and the
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EBM-14R/ND show similar wallclock times, whereas in the case of the
DP780 it is different. The EBM-14R/ND is approximately 40% slower than
the EBM-14R/AD and the difference is much bigger than the ones of single
element analysis. The reason may be due to the difference in convergence
speed due to the selection of yield function. The difference between DP780
and STS is the exponent of the anisotropic yield function. Therefore, the
degree of nonlinearity in the non-quadratic yield function may bring different

numerical accuracies in calculating numerical derivatives.
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Figure 3.17. Springback results of DP780 at (a) section A, (b) section B and

(c) section C.
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Figure 3.18. Springback results of STS at (a) section A, (b) section B, and (c)

section C.
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Table 3.8. The averaged equilibrium iteration number, the averaged time

increment, and the relative wallclock time during the forming step.

Average equilibrium At Relative
Algorithm iteration number o wallclock time
DP780 STS DP780 STS DP780 STS
CPM 13.42 1371  1.21x10° 5.62x10* 1.0 1.0
EBM-
9.47 1272 2.23x10° 1.10x10° 059  0.57
14R/AD
EBM-
9.90 12.53 226x107° 1.12x10° 0.84 0.54
14R/ND

3.6. Summary

In this study, a fully implicit stress integration algorithm is developed for the
enhanced version of the HAH model, which is capable of reproducing the
cross-hardening and softening under complex loading path changes by
introducing the distortional hardening concept. Particularly, the proposed
algorithm solves for the complete set of residuals defined from the HAH
model in the context of the Euler backward method (EBM). The major
difference between the developed model and other previous stress integration

algorithms can be summarized as follows.
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® The developed EBM algorithm is formulated based on a total of
14 residuals for stress tensor, microstructure deviator tensor, and
the whole state variables associated with the HAH model. On the
contrary, the previous algorithms for the HAH models introduced
a partially implicit scheme by considering a limited number of
residuals for the simplicity of modeling. This leads to unstable and
inaccurate evolutions of plastic state variables related to the

distortions of yield function at loading path changes.

® For calculating the first and second derivatives of yield surface,
which are inevitably required in the formulations of common
predictor-corrector numerical schemes, the present model
provided both analytical (EBM-AD) and finite difference-based
numerical methods (EBM-ND). The analytical expressions of the

HAH yield surface are given in the appendix.

The accuracy and robustness of the developed algorithm and
implementation were validated by one-element analysis and a large-sized
industrial problem. For the one-element analysis, the compression-tension
test and compression-cross tension test were conducted for two representative

materials. For the large-sized problem, the S-rail benchmark forming and
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springback simulations were conducted. The summary of the validations is

presented as follows.

® The semi-explicit CPM and the implicit EBM with partially
introduced residuals (EBM-4R) resulted in abnormal evolution of
stress-strain curve or r-value for both reversed and cross-loading
conditions when the strain increment became larger. In contrast,
the fully implicit with the complete set of residuals (EBM-14R)
showed stable and accurate results regardless of investigated strain
increments. Moreover, with the EBM-14R algorithm, both
methods based on analytical and numerical derivatives provided

virtually the same accuracy.

® For the cross-loading path, the ignorance of the residuals for the

evolution of the HAH yield surface led to the abnormally wrong

rotation of the microstructure deviator h’, which brought about
undesirable evolutions of other state variables. This justifies the
better accuracy and robustness of the present fully implicit
algorithm based on full consideration of residuals of the HAH

model.

® For the S-rail forming and springback, the investigated algorithms
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were all successful without divergence even with static implicit
solver and complicated HAH model. However, the EBM-based
algorithms required less computational time than the CPM. This is
due to the smaller time step determined from the automatic time
increment resulted from the non-consistent tangent modulus of the

CPM algorithm.

Noticeable differences in averaged time increments and the
equilibrium iteration number were obtained between the EBM-AD
and EBM-ND in the S-rail forming simulations. But, the yield
surface exponent, which determines the sharpness of the non-
quadratic yield function at the bi-axial stress state, played as a
more dominant factor for the computation cost for the numerical

derivative-based EBM algorithm.
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4. Anisotropic strengths prediction of steel plate

after prior bending-reverse bending deformation

4.1. Experiments

In this study, a carbon steel plate made of SNT355 with a thickness of 6.6 mm
was investigated. This material has been used for manufacturing structural
pipes and its chemical composition is listed in Table 4.1. The material has
been used for manufacturing structural pipes. Owing to its low carbon
concentration, the material exhibits yield point elongation in a uniaxial
tension test. All experiments on the material characterization and the
bending/reverse-bending (BRB) were conducted using an Instron 8801
universal testing machine (10 tons). Strain distributions were measured using

digital image correlation (DIC) and VIC-3D software.

Table 4.1. Composition of SNT 355 carbon steel specimens.

C Si Mn P S N

Weight

(%) <0.22 <0.55 <1.60 <0.030 <0.015 <0.006
0
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4.1.1. Uniaxial tension and disk compression tests

Uniaxial tension tests were conducted to measure the basic elastic-plastic
properties and anisotropy of the investigated material. In addition, a special
disk compression test was additionally conducted to obtain an equi-biaxial
flow stress curve and plastic anisotropy. Tensile tests were conducted at 0°
(TD), 45° (DD), and 90° (RD) from the reference direction, which
corresponds to the transverse to the rolling direction of the plate. The
specimen geometry used for the tensile test is presented in Figure. 4.1. All

tests were conducted under quasi-static conditions with a strain rate of

1x107%/s. The Lankford coefficients (or r-value) were also measured from the

tensile test along the three orientations.

The disk compression test was conducted by compressing a 12-mm
diameter disk (Figure 4.2(a)) along the thickness direction. Aerosol-type
graphite was applied to the specimen surface to reduce friction between the
specimen and tool. An engineering strain, defined as (Xo -X)/Xo, was
measured using the initial Xo and current distance X, marked in the testing jig
displacement using the DIC technique (Figure 4.2(b)). The measured stress-
strain curves are shown in Figure. 4.3, and their values are summarized in

Table 4.2. Note that the stress-strain curves show obvious upper and lower
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yield points, particularly in the uniaxial loading along the 0° direction and in
the disk compression tests. In addition, planar anisotropy was observed in

both the stress and r-value but was more pronounced in the r-values.

60 mm

\!1 19.6 mm , /—

12 mm Fﬂ“ﬂ,l 6 mm
<$ N |

R 6 mm

Gauge length

Figure 4.1. A tensile test specimen with dimensions.

R 6 mm
Thickness
N » 6.6 mm
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Figure 4.2. (a) A tensile test specimen with dimensions, (b) schematic

(b)

illustrations for the disk compression test.

700 T T T T T T T
600 - 1
© 500 i
o
S ]
& 400 .
W ]
g
5 300 .
g
= 200 —— TD (Tension) .
—— DD (Tension)
100 | —— RD (Tension) 1
—— ND (Compression) |

0 " 1 " 1 " 1
0.00 0.02 0.04 0.06 0.08 010 0.12 0.14
True strain

Figure 4.3. Measured uniaxial tensile stress-strain curves along 0° (TD), 45°
(DD), and 90° (RD). Besides, the flow stress curve of disk compression along

the material normal direction (ND) is also presented.
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Table 4.2. Basic mechanical properties of SNT 355.

Upper Lower . _
Young’s _ . Tensile Uniform
_ yield yield .
Loading modulus strength  elongation  r-value
strength strength
[GPa] [MPa] [mm/mm)]
[MPa] [MPa]
Tensile 0° 495.5 477.7 575.5 0.124 0.769
45° 20 - 456.1 553.3 0.129 0.939
7
90° - 462.5 574.3 0.123 0.5
Compression 500.1 479.5 - - -
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4.1.2. Tension-compression-tension test and two-step tension test

To characterize the anisotropic hardening under a load reversal condition, a
continuous tension-compression-tension (TCT) test was conducted. To avoid
a non-uniform deformation caused by the Liiders band propagation [43] at an
early strain of approximately 1.4%, the magnitudes of the pre-strain were set
as 3% and 4%. Approximately 2% compression was applied after each pre-
strain and then followed by tension up to specimen rupture. The same
specimen configurations were applied for the TCT test as for the uniaxial
tensile test. The same specimen as applied in the uniaxial tensile test was used

for the TCT test.

Two-step tension (TT) tests were conducted to identify the cross-loading
response of the material. First, a large-sized specimen (shown in Figure.
4.4(a)) was prepared with reduced thickness from the as-received specimen
(owing to the load limit of the tensile test equipment) using electrical
discharging machining. During the first loading step, 3% and 4% pre-strains
were applied to the large-sized specimens. Then, small-sized specimens (as
shown in Figure. 4.4(a)) 45 © and 90° from the reference directions were taken
from the pre-tensioned large-sized specimen. The strain was measured within

the gauge length shown in Figure. 4.4(a) using the DIC technique. The strain
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distribution of the large-sized specimen is reasonably uniform, as shown in

Figure. 4.4(b).
£
: £
\! <
1
R 16 mm :
Reference | : gl gl g
50 mm direction | : E| E||E | Gauge :
o AL ] LA TR T T > << ||lo Iength :
Bl Al | A
. = i R4 mm :
vy | 50 mm | \_ _/ \/ :
i Gauge length i E
""""" P e s S ———— ~
(a)
X
0.042 -0.002
0.035 -0.005
. 0.028 -0.008
0.022 -0.011
0.015 -0.014
0.008 -0.017

(b)
Figure 4.4. (a) Sub-sized specimens taken from a large-sized specimen for

the two-step tension test, and (b) example strain distributions of the large-

sized specimens.
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4.1.3. Bending-reverse bending (BRB) test

A four-point bending-reverse bending (BRB) test was employed in this study
to replicate the strain path change in the pipe (or tube) formation. The
experimental setup of the BRB test is shown in Figure. 4.5(a) and (b). The
strain measurement area was chosen at the center of the plate, as shown in
Figure 4.6, and the DIC was used to obtain the strain distribution. The
dimensions of the bending specimen and span distances are shown in Figure.
4.6. The deflection during the bending test was controlled using an

extensometer (Figure. 4.5(b)).

In Figure. 4.7(a), the BRB test procedure is presented. The same number
marked in the specimens symbolizes the same specimen. The test consists of
bending, (first) unloading, reverse bending, and (second) unloading, which is
schematically shown in Figure. 4.7 (a)—(d), respectively. After the first
unloading (Figure. 4.7 (b)), the shape of the specimen was scanned to measure
the amount of springback. Then, the unbent specimen was reversed, bent
again, and unbent to obtain the final flattened specimen (Figure. 4.7(c)—(d)).
The applied deflections for the initial bending and reverse bending were 27.0

and 26.8 mm, respectively.

Upon completing the BRB test, uniaxial tensile specimens were taken out
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from the region between two inner pins, as shown in Figure. 4.7(e). Uniaxial
tensile tests at 0°, 45°, and 90° from the reference direction were conducted

to measure the strengths after the BRB test.

DIC |l I
d cameras EX

i

i |1 Lightings |
i | WP

Figure 4.5. Experimental setup for a bending/reverse bending (BRB) test: (a)

front side view, (b) backside view.
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| | measured < >
= Width : 60 mm

| .

: 30 mm

1 65 mm i 65 mm —- 70 mm .

I‘- L) L] n

| 200 mm

r 3
v

Figure 4.6. Test dimensions of the bending/reverse bending (BRB) test.
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Figure 4.7. Schematic illustration of the BRB test: (a) bending, (b) first
unloading, (c¢) reverse bending, (d) second unloading, and (e) locations of

tensile specimens taken out from the BRB test specimen.
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4.2. Material modeling

4.2.1. Plastic anisotropy

For the plastic anisotropy of the initial (as-received) plate, Hill’s 1948 yield

function [74] was implemented.

F(O'

+2 LO'yZ2 +2Mo, 2 +2N O'Xy2

2
W_O-ZZ) +G(Gzz — Oy

)2 +H (O-XX _O-yy)2

¢(o)= 4.1)

where F, G, H, L, M, and N are the coefficients of anisotropy, and the
subscripts x and y represent 0° and 90° to the rolling direction, respectively.
The anisotropic coefficients were identified from the directional differences
in yield strengths and the biaxial stress measured from the disk compression
stress. The yield stresses were determined after removing the unstable region
of yield point elongation. Note that the coefficients L and M were assumed to
be 1.5, which corresponds to the isotropic condition of the through-thickness
stress components. It is a reasonable assumption because the major
deformation mode of the BRB and subsequent tension is not much associated
with the through-thickness deformation. There have been studies applying the
same assumptions in the literature [75, 76] for the prediction of sheet plastic
anisotropy. The other coefficients are listed in Table 4.3 and the yield function

is represented in Figure 4.8. with von-Mises criterion.
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Table 4.3. Hill 1948 anisotropy coefficients.

F G H L M N

0.5041 0.4899 0.5101 1.5 1.5 1.669

-0.5 - /

-1.0

—von—IVIises_
+e00es Hill1948
-15 . .

15 -10 -05 00 05 10 15
0,/ [MPa]

Figure 4.8. Identified Hill1948 and von-Mises yield locus.
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4.2.2. Apparent elastic chord modulus

Many studies reported that the modulus of elastic unloading or reloading
decreased after applying prior plastic deformation. The variation of the
modulus has been explained and modeled by continuum damage mechanics
[77-84]. But, in this study, the simplified chord modulus approach based on
dislocation-based anelasticity [85,86] was employed because it has been
preferred in the modeling of sheet metal forming process, especially for

springback simulations [16, 44, 46, 87-93].

E(E) = E,—(E, - Ea){l—exp(—cfz)}. (4.2)

where E;, and E, represent the initial Young’s modulus and a saturated
chord modulus after a prior equivalent plastic strain, respectively. In addition,
& is a material constant. The material parameters for the investigated
material were E,=170.5 GPa and & =234.2, which were determined by

fitting the unloading and reloading curves of the TCT tests. The degradation
of the chord modulus according to Eq. (4.2) is shown in Figure 4.9. It is shown
that approximately 18% of the initial elastic modulus decreased at a plastic
strain of less than 5%, which is important for the simulation of elastic

unloading.

102



220

210 |

200

190 |

180 |-

Apparent modulus [GPa]

170 |

160

o Experiemnt
——Fitted_Eq. (4.2)]

0.00 0.02

0.04 0.06

Equivalent plastic strain

Figure 4.9. The apparent elastic modulus measured as a concept of chord

modulus.

4.2.3. Monotonic stress-strain curve (without strain path change)

To accurately capture the hardening behavior of SNT355 steel at lower

strain, the yield point elongation was modeled using a simple law. The

hardening law combines perfect plasticity with a lower yield point (6, ) and

a typical monotonic hardening law (¢, ) and written as

5(2)=R(#)-0, +{1-R(2)} oy

R(E) =0.5—iarctan (§L (E—EL)).
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where R (E) is newly proposed to approximate a step functionat =g, .

Here, & determines the slope of the step, &, is an equivalent plastic strain
where the yield phenomenon ends and o, represents a common monotonic

strain-hardening law without instability. In this study, a combined Swift-Voce

hardening law was used to accurately reproduce the flow stress curve.

0, (2) =W K (5, +2) +(1-W)(K, ~Q-exp(--Z)). 4.5)

where W, K, €0, n, Ks, O, and f are the material constants. On the right-
hand side, the first and second terms contribute to the power-law and
saturation-type hardening behaviors, respectively, and their weight is
determined by a constant W. Using Eq. (4.5), the fitted hardening curve is
shown in Figure 4.10, which presents an extremely high correlation with the
experiment within the entire measured deformation range. The identified
monotonic hardening parameters are listed in Table 4.4. The isotropic part of
the HAH model corresponds to the isotropic hardening (IH) and their model
parameters are identical. The HAH model converged to the IH model when
only monotonic loading is considered. Interested readers can refer to the

previous article by Barlat et al. [37-39].
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Figure 4.10. The comparison of plastic hardening curve between measured

and fitted values.

Table 4.4. Coefficients for the monotonic hardening curve (Eq. (4.5))

Isotropic hardening (IH) coefficients

- Ks [MPa] &, n
ot g, ofMPal W
881.4  1.04x10%  0.1432
Ky [MPa MPa
15000 00142 479616 oosia L MPAl CIMPal B
769.9 536.0 42.23
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4.2.4. Anisotropic hardening behaviors under strain path changes

In this section, the anisotropic hardening behaviors are modeled using the
distortional HAH model with newly proposed multi-component evolution
laws. The model parameters were calibrated using experimentally measured
TCT and TT test results (see Chapter 4.1.2 and 4.1.3). In addition, for
comparison purposes, other widely used hardening models were also
considered. The comparisons include the classical isotropic hardening (IH)
and isotropic—kinematic hardening (IKH) models. Note that the isotropic
hardening law can be simply obtained by turning off all anisotropic
hardening-related terms in the investigated HAH model. However, the IKH
model has a back stress concept, similar to the concept of the microstructure
deviator, which translates the yield surface. A brief summary of the IKH
model is provided in Appendix D. To achieve sufficiently high accuracy in
the monotonic and reverse loading conditions between the HAH and IKH
models, the IKH with three back stress components was employed in this
study. Then the distinctive predictive ability of other more complex loading
paths, the TT tests, is studied among different hardening models. The

identified anisotropic hardening parameters are listed in Table 4.5.

The anisotropic hardening coefficients of IKH (C;, y; with i = /-3) and

HAH model (R;, ki, k2, k3, k4, and ks with j = [-2) were calibrated by
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applying a best-fitting procedure using the TCT curves. Moreover, the
coefficients k, L, k1, C, and k¢, which are related to the cross-loading behavior,
were identified from the TT tests. Note that the IKH model does not have
parameters for the cross-loading condition, while they are predicted using the
calibrated parameters from either reverse or cross-loading data. In general,
kinematic hardening models have been calibrated based on reversed loading

conditions.

The TCT stress-strain curves are predicted by the three hardening laws for
3% and 4% pre-strains in Figure 4.11(a) and (b), respectively. As shown in
the figures, all hardening laws perfectly fit the monotonic stress-strain curves.
However, the IH model over-predicts the flow stresses after the loading
direction is reversed. By contrast, both kinematic hardening (IKH) and
distortional hardening (HAH) models could predict the reversed stress-strain

curves with virtually identical accuracy.

Figure 4.11 shows stress-strain curves of TT loadings with different pre-
strains of large-sized tensile specimens. For the tension tests at 45°, as shown
in Figure 4.12(a), experiments showed lower yield stresses in the second
loading than the stress before unloading from the first tensile tests. Then, flow
stresses saturated rapidly to the monotonic tensile curve as the deformation

proceeded. As expected, the stress-strain curve predicted by the IH model
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recovered the monotonic curve owing to its isotropic yield surface expansion.
In the case of the IKH model, it captured the lowered yield stress in the second
loading, but the magnitude was quite under-estimated. Contrary to the two
conventional models, the distortional hardening-based HAH model with
cross-loading related evolution laws could reproduce the cross-softening of

the second tensile loading with significantly improved accuracy.

For the second tension 90° from the first loading, the flow stress also
exhibited a cross-softening but did not converge to the monotonic stress-strain
curve within the measured region. Similarly, the IH model could not produce
softening of the second loading curve, and the IKH model significantly
underestimated it. Again, the HAH model could only predict the softened

flow stress under the cross-loading condition.

Table 4.5. Coefficients for the iso-kinematic hardening and HAH model

Isotropic-kinematic hardening (IKH) coefficients

C1[MPa] Vi C>[MPa] ) C3[MPa] V3
19500 201.5 1528.0 16.5 740.8 5.5
HAH coefficients (with ¢ = 2)
k R R> ki1 ki > ka1 ks>
9.65 0.65 0.35 355.7 16.4 132.5 81.5
ks k4 ks L ki C kc
0.41 1.0 0 1.0 0 0.85 42.5
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Figure 4.11. Predicted TCT stress—strain curves by IH, IKH, and HAH

models: (a) Tension 3% + Compression 2% + Tension and (b) Tension 4% +

Compression 2% + Tension.
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Figure 4.12. Predicted stress-strain curves of two-step tension for pre-strains

using [H, IKH, and HAH models: (a) 45° tension and (b) 90° tension after 0°

tension.
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4.3. Strength prediction of the plate after bending-reverse bending

As an example of a pipe formation, a four-point bending test and simulation
were utilized for the validation of the proposed material modeling. To
summarize, bending represents the formation of a pipe using a planar plate,
and reverse bending is used for the flattening process before the tensile test.
For the finite element (FE) simulation of the BRB test and the tensile tests for
the strength prediction, Abaqus/standard finite element software was used
with the implementation of HAH and IKH models in the user material

subroutine, UMAT.

The simulation consists of a BRB step and a subsequent tensile test step.
The BRB step involved bending, unloading, reverse bending, and unloading
processes, and tensile tests were conducted along three different material
orientations. Figure 4.13(a) shows the test specimens taken from the BRB
specimens in the experiment, and those for the FE simulations are shown in
Figure 4.13(b). Sub-sized specimens at 45° were removed from the large-
sized specimen A, and 0° and 90° specimens were removed from the large-

sized specimen B, as shown in the figure.
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Specimen A

Specimen B

(b)
Figure 4.13. (a) Tensile specimens for measuring strengths along three
different material orientations and (b) the corresponding FE simulation

models for BRB and tensile tests.
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In the FE models, mixed eight (C3D8R) and four-node (C3D6) continuum
elements were used as the plate material, and the analytical rigid surface
element was used for modeling the pins. There were nine elements throughout
the thickness of the specimen. The friction between the plate and rigid pin
was 0.12, which was determined by comparing the simulated bending strains
with those of the experiments. Figure 4.14(a) shows the distribution of the
longitudinal strain measured from the side of the bending specimen with the
DIC technique. Note that the strain at the edge region is missing owing to the
experimental limitation of the current DIC measurement. After reconstructing
the strain distribution at the edge region using an FE-like interpolation
scheme [94], the strain distribution can be obtained for the entire thickness
region, as shown in Figure 4.14(b). The friction coefficient was then
iteratively determined until the simulated strain distribution matched the

experimental value (Figure 4.14(c)).

Figure 4.15 shows a comparison of the FE calculated shapes of the plate
specimen after the first bending and unloading using IH, IKH, and HAH
models with the experimental profile. It is shown that all three hardening
models show good agreement with the measured springback profile. This
result is well expected because the major deformation mode is monotonic,

which can be captured even by isotropic hardening (IH) and the three models
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result in virtually the same result. Figure 4.16(a) and (b) show the calculated
reaction force-displacement curves after the first bending and subsequent
reverse bending. Again, the three models could predict the force curve with
good agreement because the deformation does not involve any remarkable
change in the strain path. However, in the reverse-bending case, the IH model
significantly over-predicted the force whereas the IKH and HAH models
showed extremely good agreement with the experiment. This is because in
the reverse bending, the material experiences prior plastic deformation in the
first bending, which represents the loading-reverse loading path. Since only
IKH and HAH models could calibrate the tension followed by compression
(or vice versa), the reduced punch (pin) load during reverse bending could be

well predicted.
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Figure 4.14. Longitudinal strain distribution viewed from the side of the
bending specimen. (a) DIC measured strain contour, (b) reconstructed strain

field, and (c) FE simulated strain field with optimized friction coefficient.
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Figure 4.15. Comparison of FE calculated deflection of the plate after first

bending and unloading, i.e., springback profile.
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Figure 4.17-4.19 shows the engineering stress-strain curves of the
specimens after the BRB test. As already mentioned in Chapter 4.1.3.  these
samples experienced prior bending and reverse bending (with elastic
unloading). Therefore, this test corresponds to the evaluation of the model
prediction for the strength of the material after the loading path changes. For
the FE simulations, the IH, IKH, and HAH were compared with experimental
curves measured from three different material orientations. Figure 4.17-
4.19(a) present the stress-strain curves of the 0°, 45°, 90° specimens, Figure
4.17-4.19(b) are their respective close-up figures within the small strain range.
The measured stress-strain data were obtained from at least four tests and each
representative curve was provided in the figures. In addition, for a detailed
comparison, the yield and tensile strengths are summarized in Table 4.6 as
well. In the table, the relative errors of the simulated values from the

experimental data are presented using the equation,

O, re O-EX
Error (%)=—"—*2x100 . Here, ©

we and O, are the predicted and

O-exp

measured strengths, respectively.

The experimental data did not show noticeable upper yield points for all
curves of the material orientations, but the yield plateaus up to a 1.25% strain
could still be observed. Moreover, the BRB plate showed a much lower yield
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strength of the 0° specimen than the material before BRB loading, that is,
477.7 versus 433.6 MPa (see Table 4.6). Interestingly, the yield strengths of
the other two oriented specimens along the 45 © and 90° directions were
similar. The FE simulation results showed that the classical IH model over-
predicted the yield stresses in all directions. In particular, the yield strength
of the 0° specimen had an error of over 15% compared to the experiment.
However, even the IH model could predict the flow stresses at a large strain,
and the tensile strengths could be predicted within an error of 3%. The
isotropic—kinematic hardening model or IKH could better predict the overall
flow stresses along three orientations than the IH model. In particular, the
large strain strength, including the tensile strength, could be predicted within
an error of 1% for the 0° and 45° specimens. Because the IKH model could
include the Bauschinger effect, the yield strength for the 0° specimen could
be well captured from the experiment within an error of 2%. This is because
the major deformation mode of BRB loading consists of load reversal at 0°
from the reference direction. However, even the kinematic hardening model
failed to predict the yield strengths of the 45° and 90° specimens. The relative
errors were approximately over 10%. By contrast, the proposed distortional
HAH hardening model could predict both the yield strength and the tensile

strength in all three orientations within a 1% error. The different predictive
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accuracies among the three hardening models can be well compared in the
close-up Figure 4.17. Note that the IKH model significantly under-estimates
the yield strength under the cross-loading history, which is because the large
Bauschinger effect in the reference direction is memorized in the other two
material orientations. By contrast, the HAH model has constitutive
parameters that can be calibrated for the cross-loading mode independently
from those for reversed loading conditions. Figure 4.17-4.19 also shows that
all three hardening models failed to reproduce the yield plateau observed in

the experiment. This limitation will be discussed in detail in the next section.

Table 4.6. Comparison of FE predicted and measured yield strength (YS) and
tensile strength (TS) of three different oriented plates after bending-reverse
bending. The percentages (%) denote relative errors between the experimental

value and different hardening models.

Ori'ent- Strength Exp. Relative errors (%)

ation (MPa) IH IKH HAH
o YS 433.6 15.3 -1.34 0.90

0 TS 582.2 1.46 0.67 0.07
450 YS 459.4 3.94 -11.8 0.52
TS 565.2 2.11 0.87 0.66

90° YS 463.4 6.50 -9.82 0.41
TS 577.5 2.60 1.41 1.07
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Figure 4.17. (a) Engineering stress-strain curves of specimens after BRB test

along 0° direction, and (b) a magnified graph up to 5% engineering strain.
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Figure 4.18. (a) Engineering stress-strain curves of specimens after BRB test

along 45° direction, and (b) a magnified graph up to 5% engineering strain.
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4.4. Discussion

4.4.1. Effect of hardening model

In the previous sections, isotropic hardening (IH) and two anisotropic
hardening models (IKH and HAH) were implemented during the FE
simulations. The predictive accuracy of each model for the tensile flow stress
after bending and reverse bending (BRB) was compared with the experiment
results. Three tensile orientations were considered as validation. The results
showed that the anisotropic hardening models based on kinematic hardening
and distortional hardening could predict the tensile flow stress well under a
reverse loading path, that is, the tensile strength at 0° after the BRB. However,
only the distortional hardening-based HAH model could predict the tensile
strength of specimens along the 45 and 90° directions after the BRB. These

two directions correspond to the near-cross-loading strain path change.

To analyze the difference in the stress state, yield surfaces are described for
the three hardening models. As an example, a finite element was selected from
the center of the 90° tensile specimen taken from the BRB plate. The
deformation path in the selected element corresponds to the compression
followed by tension before applying tensile loading for evaluation of the

strength. Figure 4.20(a) and (b) represents the yield surfaces corresponding
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to the onset of plastic yielding (or yield stress) and maximum force (or tensile
strength), respectively. In the figures, the stress components oxx and oyy
correspond to the stresses along the 0° and 90° directions, respectively. As
shown in Figure 4.20(a), the area of the yield surface (or equivalent area of
the elastic region) predicted by IH is the largest, which caused an over-
predicted yield strength. By contrast, the stresses on the yield surfaces of IKH
and HAH along the x-direction are similar; thus, their prediction of the yield
strength was comparable along the 0° direction. The stresses on the yield
surfaces in the y-direction are the least and largest for the IKH and IH models,
respectively. The stress predicted by the HAH model is between the IH and
IKH models and is close to the stress on the initial yield surface (as-received
state). This is consistent with the experimental results shown in Figure
4.18(b). In Figure 4.20(b), the flow curves along the 90° direction show
almost no difference among the three models. This marginal difference
corresponds to insignificant differences in tensile strengths predicted by the

three models (Table 4.6).

The negligible difference in strength prediction at large strain may be
attributed to the small maximum bending strain of approximately 2% in this
study, which is due to the limit of the machine capacity. To amplify the effect

of the hardening model on the prediction of strength after cyclic bending
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deformation, an additional FE simulation for the BRB test with increased
deflection was performed. For this, a 54-mm deflection was applied during
the first bending stage. Then, 49.5- and 51.5-mm deflections were applied to
the cases of the IH and IKH (and HAH) models in the reversed bending step.
The maximum bending strain in the first bending step was 4.5%. Using the
deformation path, tensile loading was applied to each direction of the
specimen in the FE simulation. Figure. 4.21 shows that the IH model results
in significantly higher yield stress than those of the IKH and HAH models.
The two anisotropic hardening models presented similar stress-strain curves
along the 0° tension. Notably, the flow stresses predicted by the IKH model
along the 45° and 90° tension resulted in considerable softening compared to
the IH and HAH models up to a strain of 5%. Therefore, the analysis clearly
demonstrates that the proper choice of hardening model can be critical for
predicting the anisotropic strength of the material, which experienced prior
complex loading path changes. In the present study, anisotropic hardening
was employed to estimate the strengths after a reversed loading path.
Moreover, the distortional hardening concept may be preferably utilized for
the prediction of the yield strength under both reversed and cross-loading

conditions.
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Figure 4.20. Yield surfaces predicted by IH, IKH, and HAH models at an
element of 90° tensile specimen under the (a) yield point and (b) tensile

strength.
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4.4.2. Effect of yield point phenomenon

The uniaxial tension and disk compression tests indicated the existence of
yield point phenomenon with upper and lower yield stresses in the
investigated materials. This well-known phenomenon originates from the
solute interactions under the Cottrell atmosphere with dislocations in low-
carbon steel. That is, the pinning and release of dislocations owing to the
interstitial atoms result in the upper yield point and the subsequent stress
decrease in the stress-strain curve [95,96]. There is also another different
mechanism causing the yield point phenomenon. The grain boundaries of the
material with ultra-fine grained microstructure trap the dislocations and this
causes similar behaviors of the dislocations as they are in the Cottrell

atmosphere [97-100].

Many models were developed to express the yield point phenomenon [102-
109]. Because the propagation of the Liiders front is highly related to the
strain rate, many studies developed based on the rate-dependent plasticity
model [102-105]. Also, some researchers suggested rate-independent
hardening law for the yield point phenomenon for the sake of simplicity and
predicted the macroscopically observed phenomenon very well [106-109].

According to Rainer and Volker [109], the true material hardening

127



accompanying the yield point phenomenon is observed differently through
common measurements. The authors reported that the actual upper and lower
yield stresses in the inhomogeneous deformation region were higher and
lower than those measured by the uniaxial tensile test. In this discussion, the
effect of the yield point phenomenon on the prediction of yield stress after
cyclic bending deformation is presented by implementing the concept of true

hardening behavior at the early deformation level.

To estimate the intrinsic (true) hardening behavior in the yield point region,
the isotropic hardening law was split into early linear hardening (actually
softening) from the upper yield point and subsequent nonlinear hardening.
The simulation was then iterated until the apparent hardening curve measured
by the experiment was obtained. For this, Eq. (4.5) was slightly modified as
o,=S-¢+0

yupper - HeETE, S 18 a slope connecting the upper yield point and

lower yield point and © equals the true upper yield stress. The

y,upper
identified true upper and lower yield points satisfied the suggested equation

in [4.5], which represented the Liiders strain extremely well. The determined

values are S =12677.4 and © = 542.1 MPa.

y,upper

Figure 4.22(a) shows the true hardening determined through the above

procedure and results in an apparent stress-strain curve. The predicted curve
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with the modified early hardening model showed excellent agreement with
the experimentally determined uniaxial tensile curve in Figure 4.1. Therefore,
the new hardening could capture very well the inhomogeneous deformation
in the yield point elongation region, including the yield plateau in Figure
4.22(b). Moreover, the modified hardening model could reproduce the Liiders
band progression successfully, as demonstrated by the FE results in Figure
4.22(c), which corresponds to the deformation stage in Figure 4.22(b) within

the inhomogeneous deformation region.

The previous simplified hardening based on combined perfect plastic and
nonlinear hardening (see Eq. (4.5)) in the region of the yield point elongation
could not accurately capture the inflected flow curves after cyclic BRB
deformation. The modified hardening with initial linear softening was used
for the prediction of the yield strengths in the three material orientations. Only
the HAH model was used, and the results are shown in Figure 4.23. Note that
the modified hardening model could reproduce the inflected (or stagnated)
flow stress curves at approximately 1% strain. This stagnated hardening of
the pre-deformed material was more pronounced in the 45° and 90°
specimens, which is also consistent with the experiment. By contrast,
hardening with the initial perfect plasticity predicted only monotonically

increasing hardening without stagnation. This observation with the aid of an
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FE simulation revealed the importance of modeling the yield point
phenomenon if the yield strength or flow stress at the early deformation
region needs to be accurately predicted. The existence of a yield plateau can
be explained as follows. During bending and reverse bending, the materials
through the plate thickness undergo plastic deformation. If the deformation is
homogeneously applied with sufficient plastic strain, the material should not
exhibit yield point elongation in the second tensile test. However, owing to
the nature of bending, the material elements near the neutral surface are near
elastic or plastic with a small amount under the investigated loading condition.
Therefore, the additional tensile loading led to subsequent plastic deformation
in the near-neutral surface, which induced the yield point elongation. Of
course, the material elements away from the neutral surface during bending
and reverse bending continue to experience a uniform deformation beyond
the lower yield point region. Therefore, the deformation through the plate
thickness is both homogeneous (near the plate surface) and inhomogeneous
(near the neutral surface). During the second tensile loading, the deformation
is localized in the material near the plate center because of the strain-softening
from the upper yield point, whereas the other material elements do not
significantly deform. The deformation in the center continues until the overall

equilibrium is satisfied. Subsequently, the deformation becomes homogenous,
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which is represented by continuous hardening after the stagnated flow region

in Figure 4.23. Note that the Liiders strain increases as the magnitude of the

upper yield point increases.
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Figure 4.22. (a) Identified true stress-strain curve implemented in the finite
element model, the resultant (apparent) stress-strain curve, and experimental
data. (b) Magnified (predicted) flow curve in the inhomogeneous deformation
region. (c) Evolution of inhomogeneous deformation during yield point

phenomenon. The color code denotes the equivalent plastic strain.
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Figure 4.23. Comparison of predicted engineering stress-strain curves after
BRB loading. The FE predicted curves are compared between the perfect
plastic and linear softening model at the yield point elongation region: (a) 0°,
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4.5. Summary

In this study, a comparative study on the effect of the hardening model on
the prediction strength of steel pipes was presented. Three hardening
models based on isotropic hardening, combined isotropic—kinematic
hardening, and homogenous yield function-based anisotropic hardening
(HAH) model were investigated. The parameters of the HAH model were
identified using two-step tension and disk compression tests. To simulate
the commonly applied manufacturing process of steel pipes, a BRB test
was proposed. Tensile tests on the specimens taken out from the formed
plate after the BRB process were performed in three different material

orientations. The conclusions are summarized as follows.

® The investigated HAH distortional hardening model could capture
most of the anisotropic hardening behaviors in the proposed two-
step tension tests. That is, the Bauschinger effect and transient
hardening behavior could be reproduced in the reverse loading
experiment, whereas the cross-softening in the tension followed by
the second orthogonal tension test. By contrast, the kinematic

hardening model only captured the Bauschinger effect in the load-
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reversal but underestimated it under the cross-loading condition.

The predicted strengths along both the circumferential and
transverse directions to the major bending direction matched very
well with the experimentally measured yield and tensile strengths
when the HAH hardening model with modified evolution rule was
applied. However, the conventionally employed isotropic
hardening and isotropic—kinematic hardening model resulted in
either an over- or under-estimated yield strength after the prior
BRB test. In the case of the tensile strength, the isotropic-

kinematic hardening could reasonably predict the measured value.

When the prior bending strain increased, the influence of the
hardening model was more significant in the prediction of both the

yield and tensile strengths.

In addition to the flow strengths, the stagnated flow stress behavior
under early plastic deformation after the bending and reverse
bending processes could be well captured when the true yield point
phenomenon was properly calibrated using the inverse numerical

method.
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5. Conclusion

In order to propose a model for predicting the anisotropic strengths of API
steel pipe, the enhanced version of the HAH model was investigated. The
enhanced version of the HAH model can express the anisotropic hardening
behaviors in both the reverse-loading path and the cross-loading path, e.g.
Buaschinger effect, transient behavior, permanent softening, latent hardening
(cross-hardening), and contraction (cross-softening). For the stable numerical
calculation of the HAH model inside finite element simulation, the fully
implicit stress update algorithm was proposed in this study. Based on the
proposed algorithm, the anisotropic strengths of the steel plate after

bending/reverse-bending deformation were predicted.

Most of the applications using the HAH model were focused on the
expression of the anisotropic behaviors of automotive steel sheets. Unlike
previous studies, the strain range that this study interest in is relatively
small(~4%). To express the early part of transient behavior with a high
evolution rate after pre-deformation, multi-component evolution laws were
proposed. The HAH model with multi-component evolution law could

express the transient behavior right after the Bauschinger effect.

Because of the relatively small strain range that this study concern, finite
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element simulation with an implicit solver is more efficient than the explicit
solver. To get the stable solution using the implicit solver, a robust implicit
algorithm for the HAH model is required. In this study, unlike previously
proposed algorithms of the HAH model, an algorithm that considers all the
state variables used in the model is proposed with the investigation in terms
of the two subjects, i.e., the effect of the number of introduced residuals, and

the difference between analytical derivatives and numerical derivatives.

® To investigate the effect of the number of residuals (or state variables)
considered in the algorithms, three algorithms were studied, i.e., the
cutting-plane algorithm (CPM or Semi-explicit), the Euler backward
method with 4 residuals (EBM-4R), and the Euler backward method
with 14 residuals (EBM-14R). Through one element assessment, the
algorithms with a reduced number of residuals (CPM and EBM-4R)
can predict a totally wrong r-value and the stress value. For the large-
scale forming simulation, the EBM-based algorithm required much
less computational time than the CPM algorithm. This is the due to
time increment size difference. Because of the inaccurate consistent
tangent modulus of CPM the size of automatically decided average

time increment is relatively small compared to the one of EBM.
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® To investigate the difference between the algorithms using
analytical derivatives and numerical derivatives, EBM-14/AD and
EBM-14/ND algorithms were proposed. In one element
assessment, both algorithms showed similar performance in
accuracy and calculation speed. However, the large-scale
simulations with the material DP780 showed a difference between
the two algorithms. The EBM-14/ND required more computation
cost for the calculation. This result is expected to come from the
non-quadratic yield locus used for the simulation. When the yield
function exponent is not quadratic, the algorithms with numerical
derivatives can cause additional computational cost within the

stress update algorithm.

The BRB test was designed to mimic the pipe forming process of the API
steel pipe. To validate the proposed HAH model with multi-component
evolution laws and the stress update algorithm, the strengths prediction of the
steel plate after bending/reverse-bending (BRB) deformation was performed.
For the comparative study, the predictions using isotropic hardening, iso-

kinematic hardening, and HAH models were conducted.

® The anisotropic hardening coefficients were identified based on
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the TCT and TT tests. The isotropic hardening couldn’t express
any of the anisotropic hardening behavior as expected. The iso-
kinematic hardening could capture the reversal loading behavior
(TCT tests) very well but could not express the cross-loading
behaviors (TT tests). The prediction by the proposed HAH model
showed good agreement with the anisotropic hardening

experimental results.

As represented in the anisotropic hardening expression in TCT and
TT tests, the IH model over-predict all the strengths after the BRB
test. The IKH model could capture the strengths along the TD,
which load-reversal behavior is important, but not for other
directions. The proposed HAH model could capture the strengths
along all the directions quite reasonably. As a result, the
consideration of anisotropic hardening behaviors under the cross-
loading state is very important to predict the anisotropic strengths

prediction of the material with cyclic bending deformation.
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Appendix A: Analytical derivatives of the HAH

model

The first and second derivatives of the HAH model [39] are derived

analytically as follows.

A.1. The first derivatives of equivalent stress

Only the derivatives in the case of h’:5>0 are presented here because a

similar procedure can be employed for h’° '$<0.
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A.2. The second derivatives of equivalent stress

Similarly, only the derivatives in the case of h’ 's>0 are presented here.
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A.4. The first derivatives of the state variables F]S .

The value sgn(cos(y)) used in this section is defined as follows.
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Appendix B Numerical derivatives of e-HAH model

In the previous study by Choi and Yoon [57], the central finite difference

method was adopted for numerical derivatives because of its faster

convergence and lower error. Therefore, in this study, the same finite

difference 1s employed. For the step size decision for numerical

differentiation, the scaled stress space idea [69] is used. For the sake of

simplicity, the Voigt notation under the plane stress condition is used. The

step sizes for each state variable are defined based on common step size, as

follows.

’

20° =‘xl _X,

a
" ”
+‘2x2 + X,

b

a n ”a
Jr‘zx1 i X,

(B.1)

In this study, a=1.0x10"° was employed for the calculation.

Examples of the first and second derivatives with respect to stress are shown
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as follows.
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Similarly, all other derivatives associated with the HAH can be calculated.

There i1s a remark for using numerical derivatives with respect to

gi(i:1~4, L,S,R) . g values have an admissible range of value; e.g.
0<g,<1. When ¢, equals O or 1, the numerical derivatives cannot be

defined. In this case, the forward or backward difference method can be

applied.
Appendix C: Y1d2000-2d yield function

A non-quadratic anisotropic yield function proposed by Barlat et al. [71, 72]

is formulated as follows
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X, =X,
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, (C.1)

Where X, and X,"(i=1, 2) are the principal values of linearly

transformed Cauchy stress. For simplicity, the Voigt notation is used for the
formulation. The relationship between X'(or X") and o is as follows.

X'=C'-s=C'"'T-o=L"-c

: (C.3)
X"=C"s=C"T-c=L"c

The components of linear transformation matrixes consist of the

anisotropic coefficients ¢, as follows.

. 20 —a, O
L' = g —Q, 2052 0
0 0 3¢
- (C.3)
. —20,+ 20, +8a, — 20, o, —4a,—4a, +4o 0
L= ol da—da-dasra, -20y+8a,+20,-20, O
i 0 0 A

Appendix D: Isotropic-kinematic hardening (IKH)

model

The yield criterion for the isotropic-kinematic hardening was proposed by

Chaboche [22], and is expressed as follows:

151



$(o-a)=5w(z), (D.1)

where a is a back stress tensor describing the translation of the yield

surface, and Giso (8) is an isotropic hardening term that determines the size

of the yield surface. The translation of the yield surface can be modeled with

multi-component back stresses with a nonlinear evolution law as follows.

a=Zq, (D.2)

! (_Sisio (O'—a)~d;:—7/iai-dz‘, (D.3)

o
R
Il

where C; and y; are the hardening coefficients. In this study, three back

stress tensors (i = 3) were employed.

To produce the same monotonic hardening curve as the IH and HAH

models, the following isotropic hardening term was used in the IKH model.
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