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a b s t r a c t 

Continuous bending under tension (CBT) testing can stretch ductile sheet metals significantly more than simple 

tension (ST) testing. Strength and plastic strain levels increase with the number of CBT cycles and substantially 

exceed those achieved in ST. Taking advantages of the improved elongation-to-fracture (ETF) achieved by CBT, 

samples of DP 780 steel are pre-deformed to several strain levels by interrupting their CBT testing. Sub-size spec- 

imens are machined from the CBT interrupted specimens and tested in ST. The flow curves from these secondary 

ST tests are then shifted according to the axial strain accumulated during pre-deformation by CBT to determine a 

large strain (post-necking) flow curve of the material. The identified large strain flow curve is validated with two 

approaches. First, the large strain flow curve is used to simulate the load versus displacement curve during CBT 

to large number of CBT cycles. Second, the curve is used to simulate the flow curves based on the secondary ST 

testing. The simulations are performed using isotropic hardening (IH) and combined isotropic-kinematic harden- 

ing (CIKH) material models. The latter model is calibrated using a set of large strain cyclic tension-compression 

data. An automated procedure is developed for the creation of sub-size specimens from the finite element (FE) 

mesh of the interrupted CBT specimen to facilitate efficient secondary ST simulations. The procedure involves 

cutting of the FE mesh into the sub-size specimen shape by Boolean operations in Abaqus software followed by 

generation of volume FE mesh and mapping of the state variables. The state variables are mapped to simulate 

deflection of the specimens, as the residual stress field from the prior CBT simulation evolves to reach a new 

equilibrium. It is found that the model reproduces the experimental load versus displacement curve, including 

the succession of spikes and plateaus typical of CBT, very closely. The model also predicts yielding of the inter- 

rupted sub-size specimens further verifying the identified curve. The predictions demonstrate the utility of the 

developed methodology for inferring the post-necking strain hardening behavior of sheets. 
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. Introduction 

True stress-true strain flow curve of a material must be available
o simulate a metal forming process using a macroscopic constitutive
aw in the finite element method (FEM) [1 , 2] . The flow response is
ost commonly measured using simple tension (ST). However, form-

ng operations often strain the material beyond the uniform elongation
chieved in ST [3–7] . The ST test allows for characterization of the hard-
ning curve up to the point of necking. The response beyond the point of
ecking is often approximated using a selected phenomenological hard-
ning laws, which fits the available data before the necking and then
xtrapolates the post-necking behavior to facilitate the simulations. 

To circumvent phenomenological approximations, several more ac-
urate methods have been developed to determine post-necking material
ehavior. In early works [8] , significant experimental efforts were put
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nto attempting to measure the evolving geometry of the necking profile
nder ST to analytically correct and compensate for material response.
he experimental efforts have been relaxed with the advances of digital

mage correlation (DIC). The DIC technique enabled accurate measure-
ents of the strain fields in the diffuse neck and studies into the post-
ecking hardening behavior coupled with FEM modeling of the test [9–
3] . The test is iteratively modeled to minimize the difference between
alculated and measured strain/displacement fields, while inferring the
ardening behavior. However, creating a reliable FEM model capable of
ealing with the plastic instability is challenging. As macroscopic con-
titutive laws within a standard FEM are incapable of predicting loca-
ion of the diffuse neck in a tensile specimen, artificial notches are in-
roduced. Such discontinuities could create numerical issues. Sometime
apered samples are used to better control the location of the diffuse
eck [14] . Selecting appropriate elements and mesh design is essential
or simulating the necking profile and underlying large plastic strains.
lternative to FEM, the post-necking hardening behavior of sheets can
e accomplished using the virtual fields method (VFM) [15–19] , which
 January 2020 
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Table 1 

Chemical composition of DP 780 steel (wt%). 

C Mn P S Si Cu Ni Cr Mo 

0.1 2.163 0.015 0.006 0.014 0.03 0.01 0.26 0.332 

Sn Al V Cb Ti B N 2 

0.003 0.048 0.001 0.003 0.001 0.0001 0.006 
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s an analytical method minimizing the difference between the external
measured) and internal (calculated) work in the necking zone. The VFM
s conceived to circumvent the issues with the FEM mesh and notches
ut is restricted to thin sheets [20] . 

Developing a testing methodology capable of measuring post-
ecking hardening behavior is also challenging. To this end, a tube
xpansion test has been developed. Here, a tube expands by internal
ressure, while simultaneously been exposed to ST. The combination
eforms a material to higher strain levels than ST only. The bulge test
s another test for post-necking hardening [21 , 22] . Here, pressure is ap-
lied to a circular blank imparting an equibiaxial stress state. Based on
he pressure applied, curvature of the bulged specimen, and thickness
t the pole, the biaxial stress-strain response is measured. Furthermore,
ow curves at high strains could be determined by performing inter-
ittent procedures. Here, the goal is to carefully prepare specimens
ith a large known pre-strain for the subsequent uniaxial testing. An
verview of such procedures is given in [23] . Among these procedure,
ulti-pass wire-drawing and rolling are particularly suited because of

mparting relatively homogeneous compressive deformation [23 , 24] .
ore recently a forward rod extrusion process has also been utilized

25] . Finally, a test referred to as the continuous bending under tension
CBT) test has recently been observed to significantly increasing elonga-
ion to fracture (ETF) of sheets by suppressing plastic instabilities [26] .
or example, over five times improved ETF over ST is observed for DP
180 steel [27 , 28] . The CBT test is very similar to ST and is often re-
erred to as a ‘stabilized ST test’ [29–31] . The only difference is that
he specimen is continuously bent/unbent by rollers while pulled in ST.
he major difference between ST and CBT is that the gauge section elon-
ates uniformly before necking in ST, while it deforms incrementally in
BT. While periodically in the deformation zone, every material point

s subjected to a combination of plastic bending under tension but pure
ension outside of the deformation zone. The bending strain amplitude
n the deformation zone is approximately constant, while the axial strain
s growing during the test. Nevertheless, the strain path during CBT is
ery similar to ST [32] , making it a suitable experiment to study post-
ecking hardening behavior of materials. Assuming that the strength of
 material during CBT pre-straining is independent on the CBT process
arameters but solely driven by the achieved strain level, the CBT testing
ethod has been used to infer post necking behavior for several materi-

ls [33] . However, the work in [33] has not presented any verification
f the identified post-necking curves rationalizing the assumption. Al-
hough challenging, the CBT testing can be simulated using FEM [27 , 34]
nd, thus, allow for verification of the post necking behavior. 

This work is a systematic study into a utility of the interrupted CBT
esting method for inferring post-necking hardening behavior using a
ombination of experiments and modeling. Samples of DP 780 sheet are
ested in CBT to variable number of cycles, and then a sub-size ten-
ile specimen is machined out of each pre-deformed CBT sample for
econdary ST testing. The flow curves measured by the secondary ST
ests are then shifted based on the levels of accumulated strain achieved
uring the CBT pre-deformation and fit into a large strain flow curve.
onsidering that the structural effects imparted by the CBT test facil-

tate stretching of the material beyond the uniform strain in ST, the
ost-necking behavior is inferred. Subsequently, the identified harden-
ng curve is used as a guess for the FEM simulations of the CBT test
long with the von Mises isotropic hardening (IH) model. Moreover,
he material parameters pertaining to a combined isotropic-kinematic
ardening (CIKH) model are identified using a set of the large strain
yclic data for DP 780. The CIKH model is also ensured to reproduce
he identified hardening curve. The CBT load versus displacement curve
o large number of CBT cycles and the evolution of yield stress with
BT cycles based on the secondary ST tests are simulated using both IH
nd CIKH models for verification of the experimentally inferred hard-
ning curve. Following the work on machining distortion [35 , 36] , an
utomated simulation procedure accounting for distortions due to the
volution of residual stresses while interrupting the CBT testing and per-
orming the secondary ST tests is developed. Comparisons between the
easured and simulated distortions reveal that the trends are captured

orrectly. Moreover, the good agreement between measured in simu-
ated data in every aspect of the comparisons verifies the assumption
.e. the strength primarily depends on the accumulated strain during
re-deformation, while the cyclic pre-deformation condition effects on
he stress state are secondary. 

. Material 

Dual-phase (DP) steels belong to a class of advanced high strength
teels. These steels have composite microstructures made up of marten-
ite and ferrite. Tradeoffs between strength and ductility of these steels
re primarily governed by the volume fraction and distribution of the
wo phases with their contrasting characteristics [37–41] . The behav-
or also depends on the grain size and crystal orientation distributions.
ocal plasticity of DP steels is heterogeneous. For example, regions of
arge ferrite grains suitably oriented for plastic deformation are soft rel-
tive to regions of small ferrite grains [42] . Localizations have been
bserved within such large ferrite grains. Additionally, ferrite chan-
els between bulky martensite regions and incompatibilities at marten-
ite/ferrite phase interfaces can localize the deformation [38 , 42 , 43] . Lo-
alizations reduce ETF in sheet metal forming of DP steels [44–49] . 

DP 780 steel of interest in the present work has been obtained as a
.4 mm rolled sheet from US Steel. It is from US Steels’ hot dip (HD)
rocessing lines supplied as galvannealed (HDGA) coated. Its chemical
ompositions is given in Table 1 . 

. CBT testing 

In earlier works, we have presented a design of a specialized CBT
esting device [50 , 51] . A photograph identifying the main components
f the device and process variables is given in Fig. 1 . A moving carriage
olds a testing specimen and the axial loading system. The device fur-
her features a stationary roller assembly mounted on the machine base
nd a control and data acquisition hardware and software. The carriage
eciprocates during the CBT test with a roller velocity of 66 mm/s. The
op roller is vertically adjustable to set a bending depth, 𝛿. One donut-
tyle Futek load cell, LCF 450 (capacity of 22.24 kN) is attached to the
arriage and another cell, LTH 500 (capacity of 22.24 kN) is attached to
he actuator. The hydraulic actuator supplying pulling (crosshead) ve-
ocity has a Balluff Micropulse BTL7-A501-M0305-Z-S32 position sen-
or with a resolution of 5 𝜇m. The carriage motion is limited by a pair
f limit switches, one positioned on the grip attached to the hydraulic
ylinder and another positioned on the base. Limit switches signal the
nd of the stroke and reversion for the carriage. More details in terms
f the machine design can be found in [51 , 52] . 

Fig. 2 shows a CBT specimen geometry with the 1 ×, 2 ×, and 3 × de-
ormation regions indicated in the drawing and an ASTM E8 sub-size
pecimen machined from the CBT specimen for secondary ST testing
53] . The deformation regions are defined based on the number of bend-
ng cycles for the specimen during each CBT pass. We adopt the follow-
ng definitions: a ‘pass’ is described as the rollers traverse the entire
auge length in one direction from one to the other side of the speci-
en, while a ‘CBT cycle’ is described as the rollers traverse the gauge

ength to the other side and then return back over the gauge section to
he initial side. 
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Fig. 1. (a) A photo of the CBT testing machine 

main components. (b) Definition of the main 

process variables: bending depth, 𝛿, set by ad- 

justing the top roller vertically, sheet thickness, 

t, diameters of rollers, D = 25.4 mm, and dis- 

tance between the bottom rollers, L = 54 mm. 
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In the 1x deformation region, the sheet undergoes only one bending
nd unbending per pass. The 1x deformation region is near the grips.
n the 2x deformation region, the sheet is bent and unbent two times.
inally, in the 3x deformation region, the sheet is bent and unbent three
imes. The 3x region occupies the largest center region of the sample.
he gauge section of 200 mm for the CBT specimen is set such that the
ollers never exit the gauge section of a standard ASTM E8 ST specimen.
he limit switch setup allows every pass to be a bit longer making the
x deformation region a bit longer, while the 1x and 2x deformation
egions have constant respective lengths. 

. FEM simulation setups 

Fig. 3 shows the simulation setups used to model the CBT test
nd the secondary ST tests. The simulations were performed using the
baqus 6.13 implicit FE solver [54–56] . The simulations were cre-
ted out to match the experiments as closely as possible. The pull
ate is calculated using a linear fit of the experimental data as shown
n Fig. 3 a. The carriage velocity (roller velocity) profile is imported
rom the experiment, as shown in Fig. 3 b. The velocity is about
6 mm/s, after acceleration/deceleration stages. The rollers are free
o rotate while they are translated along the length of the speci-
en. The stroke of the rollers covers the sample gauge section, which
hanges (slightly increases) with every cycle as determined by the limit
witches. 

The simulation setup for the CBT simulations consists of four objects,
hree rollers and half of the specimen, since mirror symmetry is imposed
long the length of the specimen ( Fig. 3 c and d). The rollers were mod-
led as three analytically rigid cylinders of 25.4 mm diameter. Contact is
nforced using default state-based tracking, which ensures that nodes on
he sample do not penetrate the surface of the rollers. Bending is applied
y displacing the center roller to a bending depth of 𝛿 = 2.6 mm. Friction
etween the rollers and the specimen is simulated using coulomb fric-
ion with a friction coefficient of 𝜇 = 0.05. The gripped regions on either
nd of the specimen are assumed to be rigid. Initially, both gripped re-
ions are held stationary for a pre-strain CBT cycle. After the pre-strain
ycle has been completed, a pull rate of 1.219 mm/s is applied to one
ide of the specimen. The pull rate of 1.219 mm/s governs a strain rate
imilar in magnitude to that in subsequent ST. It is selected to minimize
he unavoidable discrepancy in testing conditions during pre-straining
CBT) and subsequent quasi-static testing (ST). Strain rate sensitivity of
P 780 is relatively low, which further minimize any bias in the iden-

ification of its post-necking strain hardening due to the strain rate and
train path changes. 
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Fig. 2. (a) CBT specimen geometry with the 1 ×, 2 ×, and 3 × regions and an ASTM E8 sub-size specimen for secondary simple tension (ST) testing. Thickness of 

the specimen is determined by the thickness of the sheet, which is 1.4 mm. (b) ASTM E8 sub-size specimen geometry for secondary ST testing. All dimensions are in 

mm. 
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The converged in-plane mesh with approximately 0.75 mm length
f element edge was used for the CBT test simulations. The in-plane
imensions are refined enough to follow the profile of the rollers and
o not influence appreciably the accuracy of the force versus displace-
ent curve. The model had 7 elements through thickness to appropri-

tely capture through-thickness profiles and 33,516 elements in total.
he number of elements through thickness determines the accuracy of
he bending stress profile and must be sufficiently refined in order to
roperly capture the distribution. Reduced integration linear elements
C3D8R) in bending are prone to a non-physical zero-energy mode of
eformation referred to as hourglassing. In order to suppress this non-
hysical mode of deformation while maintaining a low amount of ar-
ificial strain energy added to the system, enhanced hourglass control
as used. 

In an effort to simulate the secondary ST as consistently with ex-
eriments as possible, the following automated procedure is developed.
irst, a 10 CBT cycles test is simulated. A python script is then used to
estart the simulation at 2, 4, 6, 8, and 10 cycles to perform springback.
he springback is modeled by applying a damping factor of 2e − 6 and re-

easing all contact constraints. The deformed shapes after springback are
hown in Appendix A . To match the experimental procedure as closely
s possible, each specimen is flattened following the springback sim-
lations to allow for cutting of sub-size specimens. The flattening was
ccomplished by two plates pancaking the specimen in the displacement
ontrol. Next, mesh of each flattened specimen is converted to geometry
sing the built in geometry from mesh plugin. The geometries are then
ut to create the sub-size specimen from each of the flattened model ge-
metries using a Boolean operation. The sub-size geometries are meshed
sing approximately 100,000 C3D4 elements shown in Fig. 3 e and f. The
tress and plastic strain fields are mapped onto the cut parts from the
attened FE models for the subsequent ST simulations. Upon the ST sim-
lations, the force versus displacement curves are extracted from each of
he ST simulations and the strain-strain response is calculated the same
ay as done experimentally. 
. Material models 

The simulations of the CBT test for load versus displacement and
he secondary ST for yield stress were carried out using IH and CIKH
aterial models. Both models are available in Abaqus [54] . The rate-

ndependent plasticity theory of von Mises (also known as J 2 ) with a
ield surface that can expand isotropically based on a given true stress-
rue strain curve. The given stress strain curve is the large strain flow
urve for DP 780. For the CIKH model, the flow-rule is based on the
lastic potential, f , with the plastic strain rate tensor derived as 

̇  𝑝 = 

𝜕𝑓 ( 𝝈 − 𝜶) 
𝜕 𝝈

𝑝̇ (1) 

ith the following yield criterion 

 ( 𝝈 − 𝜶) = 𝐽 2 ( 𝝈 − 𝜶) − 𝜎𝑜 − 𝑅 = 

√ 

3 
2 
( 𝐬 − 𝐚 ) ∶ ( 𝐬 − 𝐚 ) − 𝜎𝑜 − 𝑅 (2) 

nd 𝝈 is the Cauchy stress tensor and 𝜶 is a back-stress tensor, while
 and a are the corresponding deviatoric components. The remaining
ariables are 𝜎o , R , and 𝑝̇ are the initial yield stress, flow stress, and
he equivalent plastic strain rate, respectively. The center of the yield
urface is assumed to translate according to a 4-term Chaboche-type,
on-linear kinematic hardening model [57] as 

= 

4 ∑
𝑖 =1 

𝜶𝑖 (3) 

ith 

̇ 𝑖 = 𝐶 𝑖 𝑝̇ 
𝝈 − 𝜶

𝜎𝑜 + 𝑅 

− 𝛾𝑖 𝜶𝑖 𝑝̇ (4) 

In Eq. (4) , C i and 𝛾 i are fitting parameters. Finally, the yield surface
volves isotopically using an exponential law as 

 = 𝑅 𝑚𝑎𝑥 

(
1 − 𝑒 − 𝑏𝑝 

)
(5)

here R max is the maximum expansion of the yield surface and b is a
arameter that controls the decay rate of the expansion of that surface.
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Fig. 3. Along with the bending depths of 2.6 mm, (a) measured displacement versus time resulting with the crosshead pull velocity of V CH = 1.219 mm/s and (b) 

roller velocity, | V rr | ≈ 66 mm/s after acceleration/deceleration, versus time are CBT test parameters. As the carriage reciprocates during the CBT test, the positive 

values in the velocity profile imply the carriage motion in a given/forward direction, while the negative values indicate the carriage motion in the reverse/backward 

direction. (c) CBT finite element simulation setup with an insert showing mesh in (d). (e) Sub-size specimen model with an insert showing mesh in (f). 
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Fig. 4. Force versus displacement curves for CBT tests along RD under a 

crosshead velocity of 1.219 mm/s, a bending depths of 2.6 mm, and a carriage 

velocity of 66 mm/s. Considering that the curves are approximately overlapping, 

their ends are indicated in the plot for clarity. 
. Results 

.1. Experimental measurements 

Fig. 4 shows load versus displacement curves recorded during CBT
esting along the rolling direction (RD) under a crosshead velocity of
.219 mm/s, a bending depth of 2.6 mm, and a carriage velocity of
6 mm/s. The tests were interrupted at the specific number of CBT cy-
les and the specimens removed from the CBT testing device. Upon re-
oval, the interrupted specimens were not straight like during testing

ut deflected. The free-state shape showed a certain amount of residual
urvature. Appendix A presents photographs of the specimens in their
ree-state after testing to the given number of CBT cycles. As is evident,
BT introduces a slightly non-symmetric through-thickness stress pro-
le governing the distortion. The combination of bending and ST leads
o the tension versus compression asymmetry, where the neutral axis
yclically shifting towards the surface of the roller over which the sheet



T.J. Barrett and M. Knezevic International Journal of Mechanical Sciences 174 (2020) 105508 

Fig. 5. (a) True stress-strain and engineering stress-strain curves of DP 780 

recorded during secondary ST tests of sub-size specimens under a strain rate 

of 0.001 s − 1 at room temperature along RD to the number of cycles indicated in 

the legend. The ST curve of the initial material is shown for reference. (b) Large 

strain (post-necking) flow curve for DP 780 based on shifting the secondary 

true stress-true strain curves from (a). The large strain flow curve (black color) 

is fitted using the Chaboche material model (CIKH). 
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Table 2 

True strain levels estimated analyt- 

ically for the CBT samples of DP 

780. 

# of cycles 𝜀 

2 0.1025 

4 0.1941 

6 0.2864 

8 0.3679 

10 0.4531 
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s passing. The addition of bending stress profile to the tensile stress pro-
le on the tension side governs that a lower force is required to reach
he plastic flow stress of the material on the outward edge of the strip
relative to a roller) exposed to tension. Hence, the axial load versus
isplacement curve recorded in CBT is lower than that in ST [27] . As
traightening of the distorted specimens could be done by hand, the
on-symmetric residual stress in the specimens is relatively small. The
istorted CBT specimens were flattened while fixtured in order to ma-
hine a sub-size ST specimen from each for secondary testing. The cut-
ing was performed using the wire-electrical discharge machining (EDM)
rom the 3x deformation regions. After the sub-size specimens are re-
eased from the fixture, they deflect back. Strength of these pre-strained
pecimens can now be evaluated by secondary ST tests in order to in-
er the post-necking hardening behavior. Fig. 5 a shows engineering and
rue stress versus strain curves based on the secondary ST tests. The ST
ests were carried out under a strain rate of 0.001 s − 1 . As is evident, the
trength of the material increases with the CBT cycles, while the ETF de-
reases. Fig. 6 summarizes the evolution of elastic slope, yield strength,
nd strain at fracture for the tested specimens. Because of the initial
on-linearity in stresses due to sample straightening, the elastic slope
as measured from the curves between 100 MPa and 400 MPa. While
uling out the phenomena responsible for the reduction of the macro-
copic elastic slope from the initial value for the DP 780 sheet to those
fter CBT treatment warrants further investigations, formation of back-
tress fields during CBT is the most likely mechanism responsible for it.
ensity of dislocations, especially geometrically necessary dislocations,

ncreases heterogeneously with plastic deformation in CBT giving rise
o such back-stress fields. 

.2. Identification of large strain (post-necking) flow curve 

Fig. 5 b shows a large strain flow curve for DP 780 based on shifting
he secondary true stress-true strain curves from Fig. 5 a. Considering
hat the proposed approach does not yield an extrapolated strain hard-
ning behavior as it is based on measurements, the text refers to the
nferred flow curve as a ‘large strain (post-necking) flow curve’ or just
s a ‘large strain flow curve’. The accumulated strain during CBT in the
x deformation region for the shifts is estimated as follows. As the sheet
eforms incrementally at the locations being bent/unbent implies that
nly the material visited by the rolls elongates. As a result, the gauge
ength, l , of the CBT specimen is the length that the carriage delineates
i.e. the length of the roller stroke), 𝑙 = ∫ 𝑉 𝑟𝑟 𝑑𝑡 . The specimen elongates
s a consequence of the crosshead motion for dl ≈ Δl = ∫V CH dt . The inte-
rals are calculated numerically from the crosshead and roller velocity
xperimentally measured profiles. Thus, the average strain increment
er pass, Δ𝜀 , is the ratio 

𝜀 = ∫
𝑑𝑙 

𝑙 
= 

∫ 𝑉 𝐶𝐻 

𝑑𝑡 

∫ 𝑉 𝑟𝑟 𝑑𝑡 
(6)

The strain after a certain number of CBT cycles is a sum of the strain
ncrements per pass. Table 2 presents the estimated strain levels for the
BT samples as a function of CBT cycles. 

.3. FEM analysis 

We now turn our attention to the results of the FEM simulations.
ere, the experimentally measured large strain flow curve is used as a
uess to simulate the load versus displacement and secondary ST tests
or the purpose of its validation. The curve is used directly as the in-
ut for the IH model, while the same curve is determined using the
odel parameters for the CIKH model. The CIKH model is calibrated
sing a set of experimentally measured large strain cyclic data for DP
80 [58] ( Fig. 7 a and b). The two cyclic experiments were selected to
esemble the material behavior under CBT. Moreover, the calibrated
odel is simultaneously adjusted to reproduce the hardening responses

 Fig. 5 b), before using it in CBT simulations. The model parameters are
iven in Table 3 . Fig. 8 shows a comparison between measured and pre-
icted load versus displacement curves during the CBT testing. While
oth models are regarded to reproduce well the experimental curve,
he IH model predicts a slightly softer response than the CIKH material
odel. This is attributed to a combination of the kinematic and isotropic

volution of the yield surface. To further verify the simulations, Table 4
resents comparisons between measured and predicted sheet thickness
n the 3x deformation region after the testing. Both IH and CIKH predict
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Fig. 6. Material properties of DP 780 based on the tests from Fig. 5 . Yield strength is taken as a 0.2% offset. 0 CBT cycles corresponds to ST of the initial i.e. 

undeformed material. 

Fig. 7. Comparison of measured (Exp.) and fitted (using the CIKH model) true stress-true strain reversals for DP 780 along RD. The load reversal 

tests/simulations were performed following two strain paths (logarithmic strain): (a) 0 → 0.02 → 0 → 0.04 → 0.02 → 0.06…up to fracture and (b) 

0 → 0.02 → − 0.02 → 0.04 → − 0.04 → 0.06…up to fracture. 

Fig. 8. Force versus displacement recorded during a CBT experiment along RD under a crosshead velocity of 1.219 mm/s, a bending depths of 2.6 mm, and a carriage 

velocity of 66 mm/s as compared to equivalent simulation results using IH and CIKH material models. 
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Table 3 

CIKH model parameters for DP 

780. Young’s modulus and Pois- 

son’s ratio are 207,325 MPa and 

0.3, respectively. 

𝝈o [MPa] 420 

C 1 [MPa] 20000 

C 2 [MPa] 15000 

C 3 [MPa] 9000 

C 4 [MPa] 490 

𝛾1 200 

𝛾2 107 

𝛾3 46 

𝛾4 0 

R max [MPa] 140 

b 18 

Table 4 

Measured and predicted sheet thickness in the 3x deformation 

region during the testing. 

Cycle # Predicted thickness [mm] Measured thickness [mm] 

2 1.35 1.37 

4 1.28 1.28 

6 1.22 1.21 

8 1.16 1.13 

10 1.12 1.08 
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Table 5 

Strain levels based in Eq. (6) and the FEM simulations (PEEQ is 

the effective strain, LE11 is the axial strain component) versus 

the number of cycles. 

# of cycles 𝜀 PEEQ LE11 

2 0.1025 0.0999 0.0941 

4 0.1941 0.1911 0.1813 

6 0.2864 0.2728 0.2612 

8 0.3679 0.3543 0.3417 

10 0.4531 0.424 0.4003 
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pproximately the same thickness. The measurements were performed
sing a micrometer at several locations. Average values are calculated
nd presented in the table. The difference is small verifying the predic-
ions. 

As Fig. 3 b shows, the carriage repeatedly accelerates linearly at the
eginning of each pass, which is followed by the constant velocity for an
xtended period of the pass, and finally decelerates linearly. The load
pikes form during the deceleration-to-stop/acceleration-to-maximum
elocity periods. At the stop of the carriage, the bending is paused for a
oment, while the stress state in the specimen approaches the ST condi-

ion. As a result, the force raises. As soon as the carriage starts moving
gain, the bending resumes dropping the load. The plateaus between
eaks is nearly a steady state condition as a consequence of constant
elocity. Note also a small difference between the load magnitudes for
very other plateau for the experimental curve. In one case, the mate-
ial is moving towards (lower load), while in the other case, the material
s moving away (higher load) from the load recording load cell. These
ffects are not captured well in the simulations. 

The developed simulation procedure accounting for distortions due
o the evolution of the residual stress fields during CBT and secondary
T is used for the FEM simulations. The stages in the simulation process
eing carried out are shown in Fig. 9 . The example is illustrated for 2
BT cycles. Fig. 9 a–d are of the full size CBT specimen, while Fig. 9 e–h
re of the sub-size specimen. The figure showing the initial specimen is
epeated in Fig. 9 a. The clamped specimen after 2 CBT cycles is shown
n Fig. 9 b. The deflected CBT specimen after it is removed from the
rippes is shown in Fig. 9 c. The 3x deformation region nodal coordi-
ates of the FE model were output, a fourth order polynomial is fit to
he nodes, and two derivatives are taken to calculate the curvature of
he specimen. The same analyses was done using the images of experi-
entally deformed specimens. These specimens after the deflection are

hown in Appendix A . A comparisons between the measured and sim-
lated curvatures with IH model for CBT samples is shown in Fig. 10 .
he magnitude and trends are reproduced reasonably well using the nu-
erical models. The specimen is flattened before cutting ( Fig. 9 d). The

utting of the FE mesh into the sub-size specimen shape is accomplished
y Boolean operations in Abaqus followed by generation of volume FE
esh and mapping of the state variables ( Fig. 9 e). During cutting, the

ub-size specimen distorts as it is removed, while the stress fields evolve
o reach a new equilibrium. The state variables were necessary to be
apped because of simulating the evolution of the residual stress field

o a new equilibrium, which is accompanied by the deflection ( Fig. 9 f).
inally, the sub-size specimens were tested by superimposing ST over
he residual stress ( Fig. 9 g and h). 

Fig. 11 shows a comparison between measured and predicted flow
tress curves based on the secondary ST tests as well as the evolution of
he elastic slope and yield strength. Apparent elastic slopes after the CBT
re-deformation steps are reduced relative to the initial material. The
eduction is driven by the residual stress state introduced into the mate-
ial by CBT testing. As is evident from the early portion of the curves in
ig. 11 , the stress required for straightening of the samples is very small.
he initial non-linearity during loading using the IH material model is
ue to the spingback effects and straightening of the sub-size specimen.
he implications are negative strains at the beginning of the ST tests.
he springback effects appear much smaller based on the CIKH mate-
ial model as the negative strains and the non-linearity at low strain
evels are small. However, the CIKH model is able to capture well the
ork hardening during the secondary tests of the material due to shift-

ng of the yield surface. Moreover, since points throughout the thickness
f the material yield at different stress levels the subsequent deforma-
ion is more stable. Considering that the yielding of the samples is well
aptured by the models, these results are regarded to further verify the
xperimentally measured large strain flow curve. Note that the experi-
ental data does not exhibit the initial non-linearity since the specimens
ere forcefully straightened prior to the beginning of ST testing. 

Table 5 presents a comparison between estimated strain levels used
o shift the curves using Eq. (6) and the FEM simulations versus the num-
er of cycles. The FEM strains are integrated over the 3x deformation
egion. Considering that the effective strain (PEEQ) and the axial strain
omponent (LE11) strain measures are similar in magnitude confirms
he uniaxial stress/strain state in the material during CBT. Moreover,
he similarity between the effective von Mises stress and the axial stress
omponent contours further confirms the uniaxial state of the mechan-
cal fields in the material. It is also worth mentioning that texture evo-
ution in CBT is about the same as the texture evolution under ST. This
s again because of approximately the same strain state in the material
eformed under CBT and ST. These results have been presented in our
arlier works [50] . 

. Discussions 

In this work, a systematic methodology to infer the material behav-
or at large plastic strains is presented and verified. The methodology is
ased on a combination of experiments and FEM analysis. The experi-
ents involve a set of CBT tests to pre-strain specimens and secondary

T testing of the pre-strained material to approximate the post-necking
ehavior. The FEM simulations pertain to verification by comparing
he simulation results and experiments in terms of the CBT load versus
isplacement curves and secondary ST flow curves. Such methodology
s needed to approximate large strain material behavior because many
heet metal forming operations impart such high levels of plastic strain.
o facilitate accurate FEM simulations of those forming operations, the
aterial behavior at the required high strain levels must be known. 
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Fig. 9. Stages throughout the interrupted testing procedure: (a) an initial CBT specimen, (b) the specimen after 2 CBT cycles, (c) the specimen after springback, (d) 

the specimen after straightening, (e) a sub-size specimen cut from the specimen in (d), (f) the sub-size specimen after springback, (g) the sub-size specimen after 

straightening, and h) the sub-size specimen during subsequent tension test. 

Fig. 10. Comparison of measured and simulated using the IH model springback 

curvature for the CBT tests as a function of CBT cycles. Appendix A shows the 

corresponding images of the measured specimens and those simulated by the IH 

model. 
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The strain levels in the CBT test substantially exceed the strain levels
chieved inside the neck of a specimen tested in ST [27] , facilitating the
evelopment of the extrapolation methodology. Strength of the material
ncreases with the number of CBT cycles. Thus, the hardening curve that
s input in the FEM simulations of CBT must be existing past the limit
f uniform elongation in ST. The CBT test depletes ductility uniformly
hroughout the gauge section of a tested sheet, and thus, stretches the
heet far beyond the point of maximum uniform strain in a ST test. The
eveloped methodology is used to identify the post-necking hardening
ehavior of DP 780 steel. The hardening curve of the material is mea-
ured experimentally based on the curves obtained using the secondary
T of pre-deformed samples in CBT. The secondary flow curves are ap-
ropriately shifted for the amount of pre-strain accumulated during CBT
ithin the 3x deformation region. The accumulated strain levels are es-

imated using an analytical approach, which is verified later using the
EM simulations. 

The inferred curve is validated by confirming that the predicted
rosshead load versus displacement curves match the experimental ones.
he simulated load versus displacement curves based on the IH and
IKH material models are in good agreement with the measured data

mplying that the method can be used to extract post-necking mate-
ial behavior. As the hardening curve used for the IH simulation case is
dentical to that of the CIKH case, the predictions were similar. Since
o, the amount of kinematic hardening effects exhibited by the material
nder CBT is small to moderate. Significantly, the method can facilitate
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Fig. 11. Comparison of measured and predicted using (a) IH with zoomed in on yielding (a’) and (b) CIKH with zoomed in on yielding (b’) true stress-true strain 

curves based on secondary ST tests for DP 780 samples after 2, 4, 6, 8 and 10 CBT cycles. 0 cycles corresponds to ST for the initial material. (c) Elastic slope and (d) 

yield strength defined by 0.2% offset based on the curves in (a) and (b). 
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etermining the evolution of anisotropy to large plastic strains because it
an be applied in any sample direction. Favorable comparison between
easured and simulated sheet thickness in Table 4 is also an additional

erification for the simulations. Furthermore, the experimentally mea-
ured curve is validated by comparing measured and predicting yield
tress based on the secondary ST tests. To simulate these tests accu-
ately and efficiently, an automated procedure involving the deflection
imulations is developed and implemented in Abaqus. These simulations
ere also performed using both the IH and CIKH material models. The
IKH model was found to better stabilize the secondary ST simulation
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nd to slightly better predict the material behavior than the IH model
t higher strains. Good predictions indicate that the extension of the
ardening curve using the secondary ST testing of pre-deformed CBT
amples is a sound methodology to infer the material behavior at high
train levels. While the overall methodology combining CBT and FEM
an facilitate further adjusting of the post-necking hardening curve to
etter reproduce the experimental data, the initially guessed curve was
egarded as accurate as the measured and simulated data were in good
greement. As the curves derived from secondary ST tests can be fit in
 large strain flow curve, which is further verified with the simulations,
e rationalize that the level of hardening during CBT is as not signif-

cantly affected by the bending cycles but mainly by the accumulated
ength strain, as suggested by the earlier works. 

In closing, we would like to point out that the performed simulations
re regarded to capture the measured data reasonably well, considering
he simple IH J 2 plasticity and more accurate CIKH constitutive descrip-
ions of the material. The predictions could be further improved by in-
olving more accurate material models such as those based on crystal
lasticity theory incorporating the kinematic hardening effects [59–63] .
uture works will attempt to simulating the diffuse neck in the ST using
he identified large strain flow curve as well as for further validation
ompare the identified strain hardening curve with the one obtained
rom a bulge test. Finally, we point out that the methodology developed
ere would need further developments if a material would exhibit dif-
erent hardening characteristics under CBT than ST. If the strength of a
aterial appears to be driven by achieved heterogeneous microstructure
eaning that the achieved effective strain level is insufficient to charac-

erize the state of the material then the strength measured by CBT may
ot be a reliable way to determine large strain flow curves. However, if
hese effect occur lowering the bend depth is the way to minimize the
ending effects and come closer to ST. 

. Conclusion 

This paper presented a combined experimental and simulation
ethodology to identify post-necking hardening behavior of ductile

heet metals. The method is used to successfully identify the post-
Fig. A1. Photographs showing deformed shapes of the tested CBT specimens
ecking hardening behavior of DP 780 steel. A set of DP 780 CBT sam-
les are pre-deformed to several strain levels greater than the necking
train level by interrupting their CBT testing. Sub-size specimens are
achined by EDM from the CBT interrupted specimens and tested in

T. The flow curves from these secondary ST tests are then shifted for
he levels of axial strain accumulated during pre-deformation by CBT
o determine a large strain flow curve of the material. The experimen-
ally identified large strain curve is validated by simulations performed
sing the IH and CIKH material models reproducing the curve. The lat-
er model is calibrated using a suitably selected set of large strain cyclic
ension-compression data for modeling of CBT. The FEM simulation per-
ain to verification of the curve by comparing the simulation results and
xperiments in terms of the CBT load versus displacement curves and
econdary ST flow curves. It is found that the model reproduces the
xperimental load versus displacement curve, including the succession
f spikes and plateaus typical of CBT, very closely. The model also pre-
icts yielding of the interrupted sub-size specimens further verifying the
dentified curve. Good predictions testify that the developed methodol-
gy can be used for inferring hardening curves at high strain levels for
heet metals. It is shown that the strength is unaffected by the cyclic pre-
eformation but primarily depends on the overall increase in length. 
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ppendix A 

Fig. A2 
 in their free-state after (a) 2, (b) 4, (c) 6, (d) 8, and (e) 10 CBT cycles. 
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Fig. A2. FEM models after springback corresponding to the photographs in Fig. A1 . 
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