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Abstract Ultrahigh-strength steel (UHSS), such as DP980,
has been widely used in automotive structural components
to further reduce the weight of the autobody and improve
the crashworthiness performance. However, UHSS sheets
demonstrate more obvious kinematic hardening, which results
in severe springback. In the present work, the kinematic hard-
ening of typical Quenching and Partitioning steel, QP980,
which is the typical steel of third generation of UHSS, is
tracked by using a nonsaturating kinematic (NSK) Swift mod-
el in order to simulate the loading process more accurately. For
unloading process, inertia relief is adopted as a new control
approach in springback calculation. The experiment results
show that the NSK Swift model improves the springback pre-
diction accuracy greatly compared with that predicted by iso-
tropic hardening model, and the inertia relief is validated as an
accurate and efficient springback calculation method.
Moreover, springback compensation based on the NSK
Swift model can reach acceptable tolerance as +0.5 mm
through the iterative compensation method in LS-Dyna.

Keywords Springback - Hardening model - Inertia relief -
Ultrahigh-strength steel (UHSS)

1 Introduction

Lightweight manufacturing in automotive industry has defi-
nitely become a reliable trend for the sake of energy
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conservation and emission reduction; accordingly, the appli-
cation of ultrahigh-strength steels (UHSS) and other light-
weight alloys is growing steadily. As the third generation of
UHSS, QP steels show great application potentials in automo-
bile structural components for its high strength and good duc-
tility. Its tensile strength can reach up to 1000-1500 MPa,
which belongs to the highest level of steels, and the forming
process can be achieved at room temperature [1]. The main
microstructure of QP steel is the combination of martensite,
polygonal ferrite, and a considerable amount of retained aus-
tenite (RA) [2]. Martensite transformation from RA induced
by deformation, namely, transformation-induced plasticity
(TRIP) effect, promotes the capability of work hardening
and consequent plasticity [3].

However, UHSS shows more severe springback than tradi-
tional mild steel and conventional high-strength steels in sheet
metal forming due to its higher flow stress. Springback is
undesirable because it decreases components’ dimensional
accuracy and influences the following forming process nega-
tively. Consequently, the accurate springback prediction, con-
trol, and compensation of UHSS stamping are essential to
deserve special attentions.

During the past decades, many researchers studied the fac-
tors which influence the springback and improved the accura-
cy of springback prediction. The previous researches proved
that finite element analysis (FEA) is a viable and effective tool
for springback prediction, but it is much more sensitive to
material model and to numerical tolerances [4]. The effects
of material models, finite element type, time integration
scheme and contact algorithms have been extensively investi-
gated [5]. Material behavior modeling mainly refers to yield
function and hardening model [6]. A suitable yield function is
indispensable to predict the material behavior in the plane
stress state. Hill’s [7, 8] quadratic yield function (Hill’48)
and Barlat’s [9] three-parameter yield function (Barlat
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Fig. 1 Comparison of the NSK Swift model and the tensile test data
(QP980)

YLDS9) are being widely used to describe the yield surface
anisotropy of UHSS stamping. Giving better descriptions of
flow stress characteristics with the change of strain paths, such
as Bauschinger effect, transient behavior, and permanent soft-
ening, nonlinear kinematic hardening (NLK) model is also
considered as an efficient approach. Armstrong-Frederick
[10] model is capable of predicting Bauschinger effect and
transient behavior and is the basis of other modified models,
such as Chaboche [11] hardening model and anisotropic non-
linear kinematic hardening (ANK) [12] hardening model.
Another well-performed one in describing the cyclic harden-
ing is Yoshida-Uemori [13] model, which introduces a
backstress evolution equation and a nonisotropic hardening
surface. Although Yoshida-Uemori model is able to describe
cyclic deformation characteristics, four parameters and ten
history variables need to be determined [14], which makes it
rather difficult in convenient industrial applications.
Nonsaturating kinematic (NSK) Swift model describing the
nonsaturating cyclic hardening behavior is a newly proposed
kinematic hardening model by Xiao et al. [15]. The NSK
Swift model was well confirmed by predicting the springback
and thickness of the UHSS metal (DP600 and DP965) in
Benchmark 2 of numisheet 2005 by Chen et al. [16]. It is

Fig.2 Comparison of NSK Swift 15001
model with isotropic Swift model
under cyclic loading (QP980) 1000}
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worth mentioning that the parameters of this model can be
determined by only using the tensile test data, which means
a practical significance in industrial application.

What is more, implicit springback analysis requires that
rigid body modes be eliminated since dynamic inertia effects
cannot be included in a static analysis. The inertia relief ap-
proach is a well-known method which is often combined with
finite element method in analyzing unconstrained systems
such as satellite in space, aircraft in flight, or automotive in
motion [17]. Mark et al. [18] employed inertia relief to esti-
mate impact load of a space frame structure composed of
welded tubular elements. Baskar [19] evaluated door slam
durability based on inertia relief method coupled with fatigue
analysis. Anvari and Babak [20] compared the maximum
stresses obtained from transient dynamics and inertia relief
method for an unconstrained structure experiencing a dynamic
force and concluded that the inertia relief approach is reliable
and efficient. Singh [21] conducted the inertia relief analysis
to obtain the cumulative damage and life of a refuse truck cab.
Although inertia relief approach has been widely applied in
the simulation of unconstrained aircraft, space vehicle, and
automobile, the published work about the application of iner-
tia relief in stamping springback prediction has rarely been
found. Livermore Software Technology Corporation (LSTC)
presented inertia relief as a new feature in LS-DYNA 971.
This feature can be used in springback calculation to avoid
artificial support constraints to remove model singularities.

Based on precise springback prediction, the methods to
control springback of UHSS stamping are mainly classified
into two catalogs: optimizing the forming parameters or
springback compensation of tool surface. As the forming pa-
rameters optimization method, such as increasing the blank
holder force, is not always feasible to reduce springback suf-
ficiently, springback compensation is often used to achieve
satisfactory result.

The most famous springback compensation method is
displacement adjustment method (DA) [22, 23]. Weiher
et al. [24] presented a new springback control strategy—
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Table 1 The material constants

of the NSK Swift model from the E (MPa) 1 oo (MPa) C (MPa) m Xo (MPa) r
tension data (QP980)
To 745 790
210,000.0 0.3 633.0 40,665.2 —6.7101 627.1 1.172 0.997 0.787

smooth displacement adjustment method (SDA)—based on
DA method, to compensate the complete tool geometry
including the addendum and the blank holder surfaces.
Lingbeek et al. [25] also proved that the SDA method is
effective in compensating springback in industrial produc-
tions. Yang and Ruan [26] proposed a new method which
takes compensation direction into account based on DA
method and concluded that the new method has a higher
precision especially for complex panel with advanced
high-strength sheet metals. Li et al. [27] developed a
new springback compensation algorithm and system based
on the advanced DA method for advanced high-strength
steel (AHSS) parts and validated it with two engineering
examples. Other innovative attempts about springback
compensation have also been made. Fu and Mo [28] pre-
sented a new strategy for direct generation of die shapes
from digitized points with springback compensation. Wang
et al. [29] conducted springback compensation of automo-
tive panel based on 3D scanning and reverse engineering
for the formed part to reduce the number of die tryouts
and tool development cycles. Wang et al. [30] introduced
multiple-iteration springback compensation to improve the
accuracy of springback compensation.

In order to exploit the application potential of QP steel, the
NSK Swift model is applied to describe the hardening behav-
ior of QP980 and the procedure of material constants determi-
nation with the tension test data for the NSK Swift model is
illustrated thoroughly for further application, and comparative
studies are made between numerical simulation result and
experimental result. The inertia relief approach is also illus-
trated and further employed in springback calculation to ex-
amine the accuracy and efficiency. Springback compensation
is further conducted based on the NSK Swift model and the
iterative compensation method in LS-Dyna.

Fig. 3 lterative springback
compensation flowchart

DOS and
batch commands

2 Theory and model
2.1 NSK Swift hardening model

Xiao and Chen et al. [15, 16, 31] developed the NSK Swift
model in the energy-based framework which can also repre-
sent other different hardening laws. A short review of the NSK
Swift model derivation is illustrated here.

Generally, the yield function is rewritten as below to intro-
duce hardening behaviors [29].

f(0devs X, R) :== 7 (0dev=X)—=(R +T0)<0 (1)

where 4., is the deviatoric stress, X is the back-stress,
R is the isotropic strength, o is the initial yield stress,
and @ is the equivalent stress function. With the yield
function in Eq. (1), the isotropic Swift model is given
as Egs. (2) and (3).

R = k(o +27)"—ko (2)

ko = k(eo)" 3)

where k, n, and ¢, are material parameters. According to the
energy-based framework [15], the isotropic Swift model can
be given in the unified rate form as

R=Kz"(1-h) (4)

where " is equivalent plastic strain rate and /#; is the control
function for isotropic Swift law if it is incorporated into the
framework [15],

hi = 1—<k5;+1>m (5)

Springback amount
<tolerance, or,
lterations=n?

Yes

Compensation
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Fig. 4 The forming setup of the
automotive covering part

where K, ko, and m are material parameters.
The kinematic hardening models can also be expressed as
below based on the energy-based framework.

. 2 . /.
X = ngp—Chk el ny (6)

where C is material constant related to the stored plastic ener-
gy in kinematic hardening and ny = X/ X . By analogizing the
isotropic control function, hk' is control function for kinematic
hardening as

, X "
hy = hy = 1—<)(0+ l) (7)

where X is stress-type material constant related to the initial
value of X. Then, the NSK hardening is readily achieved as
Eq. (7).

Moreover, Chen et al. [16] validated that in contrast to the
isotropic Swift model, the NSK Swift model could well cap-
ture Bauschinger effect as well as the permanent offset of
DP600 under cyclic loading and predict springback of an au-
tomobile underbody cross-member panel in Benchmark 2 of
numisheet2005 more accurately with only using the tensile
test data of the materials. For further application of the NSK
Swift model, the procedure of material constant determination
with the tension data is listed in detail as follows, taking
QP980 for instance.

1. Calculate oy, on the engineering strain-stress curve and
regard og, as initial yield stress oy. For QP980,
oo = 633.0 MPa.

2. Modify the engineering stress-strain curve to the true
stress-plastic strain curve and fit the curve with isotropic
Swift model s=K(gy+¢)" over the strain 0.14. For
QP980, ¢¢ = 0.002, K = 1404 MPa, n = 0.1297,
ko = 627.1 MPa.

Fig. 5 Necessary constraints in
springback calculation
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3. Obtain the material constants of the NSK Swift model
from below equations.

C = nkr(ko)" (8)
m=1-1/n 9)
Xo = ko (10)

For QP980, C = 40,665.2 MPa, m = —6.7101,
Xop = 627.1 MPa.

As shown in Fig. 1, the NSK Swift model well describes
the simple tension experiment data of QP980, which has val-
idated the above transferring method of material constants
from the isotropic Swift model to the NSK Swift model.

To further study the hardening behaviors of QP980 under
cyclic loading, the comparison of isotropic hardening model
and the NSK Swift model is made. The kinematic hardening
behaviors, such as Bauschinger effect, transient behavior, and
permanent softening, can be well captured by the NSK Swift
model as shown in Fig. 2.

Moreover, the NSK Swift hardening model combined with
Hill48 yield function is programmed in LS-Dyna through the
user material interface for forming and springback simulation.
The material constants of NSK Swift hardening model and
Hill48 yield criterion are listed in Table 1.

2.2 Theory of inertia relief

Inertia relief method is used to analyze the structure by assuming
that an equilibrium state exists between the external forces and
the inertia forces due to rigid body accelerations produced by
unconstrained motion [19]. During finite element analysis, iner-
tia relief forces are calculated based on the rigid body modes and
the mass matrix of the model [32]. If R represents the rigid body




Int J Adv Manuf Technol (2017) 90:875-885

879

Fig. 6 The sections specified for Section III

springback comparison: a by
CTN, b by IR

modes, M represents the mass matrix, F' represents the load
vector, and Z represents rigid body accelerations associated with
the rigid body mode, the nodal force vector corresponding to the
inertia relief load F” is calculated as follows:

F" = ~MR? (11)

In Eq. (11), Z is calculated by solving the following equation.
[R"MR]z =R"F (12)

The corrected load vector is the original load vector minus
the inertia relief load as follows:

F = F-F" (13)

Fig. 7 Comparison between the 60
experiment data and the simulated
results of springback profiles at 50

section I: a by CTN, b by IR ”

Z(mm)
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Then, this corrected load vector without inertia relief loads
is used in the static analysis. For this feature in LS-Dyna,
eigenvalues have to be computed to find rigid body modes
R, and then the model is constrained so that it does not move in
the directions given by M*R.

The implementation of the springback computation in
LS-Dyna requires defining the THRESH value, which is
the threshold for a rigid body mode. It is necessary to
mention that users have to change the THRESH value
based on real parts instead of using the default value.
Using a too big value will constrain some other defor-
mation modes while using a too small value will not
effectively remove rigid body modes and cause
divergence.
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2.3 Springback compensation

Springback compensation is the modification of the original
tool surface geometry, reducing shape deviations between the
final configuration of the part and the design intent. However,
there are many challenges in springback compensation of
stamping, such as undercut problem and difficulty in main-
taining smooth addendum and binder. In LS-Dyna, the
springback compensation code can automatically detect the
undercut problem and seven extrapolation algorithms to get
smooth surface have been proposed.

Moreover, compensation algorithm is a nonlinear iterative
method and one iteration of compensation is usually not
enough to reduce the part deviation to the acceptable tolerance.
As shown in Fig. 3, LS-Dyna adopts iterative method and more
iterations can be used until the final springback amount meets
the allowable tolerance. With a few DOS commands and batch
commands, this iterative loop can be completed automatically.

3 Springback prediction
3.1 Forming simulation setup

The selected case for study is the lower member-dash, an au-
tomotive structural part. The setup of the simulation model for

forming process is shown in Fig. 4. As we all know, accurate
prediction of forming stress distribution is essential to
springback prediction. Therefore, more attentions should be
paid on the accuracy of material constants and simulation pa-
rameters in forming stage. The material constants of QP980 are
derived and validated in Sect. 2 and employed in the simula-
tion. The initial shell element size is 6 mm, and the adaptive
remeshing level is set as 4. The fully integrated shell formula-
tion and seven integration points in the shell section are con-
sidered in forming and springback stages. The blank thickness
is 2 mm, and the closing gap between the die and the punch is
2.2 mm. The binder force is set as 1000 kN following the actual
experiment condition, and the virtual stamping velocity is de-
fined as 1000 mm/s. The tool velocity should be minimized to a
reasonable level to avoid negative influence of artificial dynam-
ic effect in explicit forming simulation. To explore the effects of
different material models (isotropic hardening model and NSK
Swift model) in springback prediction, two forming simulation
runs of QP980 are done and all the numerical parameters are
the same except the hardening model.

3.2 Springback calculation
In springback calculation stage, two control options in LS-

Dyna can be used to eliminate rigid body motion. One method
is to define constraints at three nodes (CTN) and the other is

Fig. 8 Comparison between the 60
experiment data and the simulated 50 7
results of springback profiles at ) g simulated result 5
section II: a by CTN, b by IR = 40 \ f
= experimental result j
~ 30 j
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inertia relief (IR). As the springback experimental data is ob-
tained without any boundary constraints, the inertia relief
method which introduces no artificial deformation is selected
to compute rigid body modes and then automatically constrain
them out of the springback simulation. In this simulation, the
THRESH value is set as the default value 0.02 Hz at first. It
should be ensured that the threshold value is larger than the
eigenvalues of the first six degrees which are available after
calculation. Moreover, the double precision version solver of
LS-Dyna shall be used to improve convergence in simulation.

To compare the accuracy and efficiency of the two control
methods in springback, the method defining constraints is also
adopted and each springback model using different control meth-
od is run with 20 CPUs and 6G memory on the same workstation.

The method to define constraints at nodes is given as Fig. 5,
and the constrained locations are as follows: node a at (=250,
0, 15), node b at (237, —1, 15), and node ¢ at (—250, —12, 15).
Node a eliminates all translational modes while node b elim-
inates rotations about y- and z-axis node c eliminates rotation
about x-axis.

4 Springback prediction results
4.1 Validation of inertia relief

The springback amount of numerical simulation and experi-
ment data of QP980 provided by Baoshan Iron and Steel Co.
Ltd. are compared by best fit alignment and deviation analy-
sis. Three sections are specified for comparison: section I at
x = 0 mm, section II at x = —150 mm ,and section III at
x =—360 mm as shown in Fig. 6. The comparison results are
shown in Figs. 7, 8, and 9.

It can be seen from Figs. 7, 8, and 9 that the numer-
ical results of both the inertia relief approach and the
constrained method achieve good agreement with the
experiment data, confirming the accuracy of the inertia
relief approach in springback calculation. Moreover,
springback prediction by CTN is completed in 5.2 h,
while the model using IR is completed in 3.07 h, and
this shows that the IR method runs 40 % faster than the
CTN method.

Fig. 9 Comparison between the 80
experiment data and the simulated |
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Fig. 10 Comparison between the
experiment data and the simulated
results of springback profiles at
section I: a by IHM, b by NSK

Fig. 11 Comparison between the
experiment data and the simulated
results of springback profiles at
section II: a by IHM, b by NSK
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Fig. 12 Comparison between the 80
experiment data and the simulated
results of springback profiles at

section I1I: a by IHM, b by NSK
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4.2 Validation of the NSK Swift model

The numerical simulation results by using isotropic hardening
model (IHM) and NSK kinematic hardening model and based
on inertia relief are compared with the measured data of
QP980 at three sections in Fig. 6. As shown in Figs. 10, 11,
and 12, the solid line is the measured data and the dash line is
the simulated springback profiles.

It can be seen from Figs. 10, 11, and 12 that the NSK Swift
model gives nice springback prediction of QP980 compared

Fig. 13 The measuring points for
shape deviation analysis

40 60 80 100 120 140 160 180

Y(mm)
(b) By NSK

with the experiment data. The average standard deviation
values show that the NSK Swift model improves the
springback prediction accuracy of QP980 greatly compared
with that predicted by isotropic hardening model.

5 Springback compensation

The above work validates that NSK Swift model is much
effective than isotropic hardening model in springback

15

@ Springer



884

Int J Adv Manuf Technol (2017) 90:875-885

2.0 4
1.5 4 ™
-
L J
1.0 -
. . s ®
= 05 = - —n
£ ® 2 ° ; -
£l 12t N ae Sut
c 004 A, A A A .
:g [ ] A & A N : n M
g .05 S o . =
3 .
-1.0 . = jteration 0
e teration 1
-1.5 1 A iteration 2
LI ]
-2.0 — T T T T T T T T T T 1

————
0 2 4 6 8 10 12 14 16 18 20 22
measuring points

Fig. 14 Compensation results of different iteration on measuring points

prediction, so the NSK Swift model is employed in forming
stage of the iterative compensation flow. As the NSK Swift
model is not programmed with the solver for springback and
compensation, the isotropic hardening model is still used in
springback and compensation stage to improve calculation
efficiency, which will not influence the accuracy as kinematic
hardening does not occur in this two stages.

The setups for compensation with LS-Dyna are conducted
as follows. The scale factor which decides the ratio of shape
deviation in compensation is set as 0.7. The extrapolation
algorithm for addendum and binder smooth is method 8,
which can account for addendum and binder changes, and
the smoothing level is set as 10. The options for undercut
check and fix and tool element refinement are turned on.
Noting that tools for the iterative compensation flow should
be closed and the method defining real constrains is recom-
mended for springback compensation.

To inspect the compensation results, the deviation between
the springbacked part at different iterations and the design
model are measured on 22 points as shown in Fig. 13.

As shown in Fig. 14, the shape deviation between the
springbacked part and the designed model reaches the toler-
ance £0.5 mm through two iterative compensations.

6 Conclusions

In the presented study, the NSK Swift model is proved to be
able to well capture the kinematic hardening behaviors of
QP9080 and the determining procedure of material constants
of the NSK Swift model with tension data is relatively simple.
Nice agreements between the measured data and the simula-
tion result by the NSK Swift model have been achieved,
which improves the springback prediction accuracy greatly
compared with that predicted by isotropic hardening model.

@ Springer

As a new feature in LS-Dyna, the inertia relief approach is
employed in springback calculation. The comparison of the
two control methods shows that the inertia relief method is as
accurate as the method to define constraints at nodes and im-
proves the springback computational efficiency by 40 %.
Moreover, the inertia relief approach does not need to define
constrains on parts and introduces no artificial deformation,
which better reflects the actual industrial production.

Based on the NSK Swift model, the springback compensa-
tion using LS-Dyna can reach acceptable tolerance through
two iterations for this auto body penal.

It can be concluded that springback prediction of UHSS
stamping with the NSK Swift model and inertia relief ap-
proach and springback compensation automatically with LS-
Dyna are proved to be accurate and efficient, showing great
significance in further industrial application.

It is worth comparing the NSK Swift model with other
kinematic hardening models, such as Yoshida-Uemori model
and Chaboche model in springback prediction of typical beam
member components which have much larger springback, and
distortional springback in some critical sections .
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