metals

Article

Calibration of the Flow Curve Up to Large Strain Range by
Incremental Sheet Forming Coupled with FEM Simulation

Young-Suk Kim *{, Pham-Quoc Tuan

check for
updates

Citation: Kim, Y.-S.; Tuan, P-Q.; Xiao,
X.; Kim, J.-j. Calibration of the Flow
Curve Up to Large Strain Range by
Incremental Sheet Forming Coupled
with FEM Simulation. Metals 2022, 12,
252. https://doi.org/10.3390/
met12020252

Academic Editor: Marta Oliveira

Received: 6 January 2022
Accepted: 27 January 2022
Published: 28 January 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

3, Xiao Xiao * and Jin-jae Kim *

School of Mechanical Engineering, Kyungpook National University, Daegu 41566, Korea

Division of Computational Mathematics and Engineering, Institute for Computational Science,

Ton Duc Thang University, Ho Chi Minh City 72900, Vietnam; phamquoctuan@tdtu.edu.vn

3 Faculty of Civil Engineering, Ton Duc Thang University, Ho Chi Minh City 72900, Vietnam

4 Graduate School, Kyungpook National University, Daegu 41566, Korea; xiaoye012512@knu.ac.kr (X.X.);
jinjaekim@knu.ac.kr (J.-§.K.)

*  Correspondence: caekim@knu.ac.kr; Tel.: +82-053-950-5580

Abstract: Conventionally, a stress—strain curve for sheet materials is defined by the uniaxial tensile
test; however, it is limited by the necking phenomena. The stress—strain curve in the post-necking
range is determined using common hardening equations, such as the Swift or Voce equation. Never-
theless, the accuracy of this flow curve in the extrapolation range is questionable. In this study, the
inverse method using incremental sheet forming coupled with FEM simulation was used to calibrate
the stress—strain curve up to a large strain range. In the incremental sheet forming experiment,
the forming force was monitored in the whole process until fracture. Then, FEM simulation by
ABAQUS/Explicit was performed using the incremental stress—strain curve, accompanied by Hill’s
1948 yield behavior. The incremental stress—strain curve was calculated using the 3 parameter, which
was systematically assigned to adjust the trial stress at each strain increment of the FEM process.
The correct incremental stress—strain curve was determined when the force prediction was in good
agreement with the experiment.

Keywords: flow curve; Kim-Tuan hardening equation; finite element simulation; incremental
sheet forming

1. Introduction

An important goal of the metal forming processes is the production of defect-free parts
with the desired microstructure and properties. This can be achieved by improving the
design and calculation methods and better controlling the parameter of the deformation
processes, which should be based on a deeper knowledge of the phenomena that accompany
a material’s deformation and the relation between the deformed material’s properties
and the condition of deformation. Three significant characteristics are required to study
sheet metal forming processes: the stress—strain curve, yielding behavior, and flow rule
theory. Conventionally, the stress—strain curve is experimentally determined by the uniaxial
tensile test. This test provides the relation between stress and strain until the fracture
occurs. However, in real manufacturing, many forming processes exceed the uniform strain
achieved in the uniaxial tensile test. Therefore, metallic materials” post-necking behavior
describes the relation between stress and strain beyond the uniform strain, which has
recently been widely studied.

The initial effective stress—strain curve can be determined using a well-known harden-
ing function to match the experimental true stress—strain curve at the pre-necking range. In
previous studies, several hardening functions have been used for this purpose, for example,
the Hollomon equation [1], Swift equation [2], or a combination equation [3]. In addition,
many methods have been proposed to better identify the flow stresses of sheet metals
beyond the neck or post-necking behavior. Pham et al. [4,5] introduced a strain-hardening
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model called the Kim—Tuan model to improve the post-necking prediction accuracy for
aluminum alloy. Coppieters et al. [6] described a more consistent equation for the post-
necking range, including the work hardening rate at the maximum tensile force point in
the equation. In their research, the digital image correlation (DIC) method was used to
characterize more detailed information about the material behavior after necking occur-
rences during the uniaxial tensile test. Saboori et al. [7] presented two different methods, a
weighted average method and a new hardening function, to extend the true stress—true
strain curve after necking. The two methods resulted in similar post-necking curves for the
different materials, with the consideration that the new hardening function could be used
for more complicated hardening laws. Moreover, the simulation results exhibited good
accuracy using the proposed methods. Recently, Pham et al. [8] presented a new procedure
in which the experimental data obtained from the uniaxial tensile test and the measured
forming limit at a plane strain tension mode are adopted in the curve fitting procedure for
calibrating the parameters of different hardening laws. The measured forming limit curve
(FLCp) is introduced in the cost function of the fitting to provide an additional constraint
for the hardening parameters in large strain ranges. The results indicated that the flow
curves predicted by the Kim-Tuan hardening model effectively matched the experimental
data obtained from uniaxial tensile tests.

On the other hand, the stress—strain curve until a large strain can be easily identified
using commercial finite element analysis (FEA) software in which experimental data of
tensile load and displacement of the gauge length are required. Therefore, an FE model is
developed in either a self-developed FEA program or commercial software to analyze the
tensile specimen. The effective stress—strain curve trace is iteratively adjusted step-by-step
to reduce the difference between the simulated and experimental load—displacement curves
to a pre-set tolerance level. In particular, two concerns influence the computational cost:
the initial effective stress—strain curve used in the first analysis and the adjustment method
used to modify the effective stress—strain curve.

Rather than the initial effective stress—strain curve, the adjustment method strongly
affects the convergence rate of iteration regardless of whether a post-necking hardening
function is required separately. Joun et al. [9] reported that the current true stress at the
current average axial true strain was corrected by a ratio of the measured axial load over
the computed axial load. While implementing such a step-by-step iterative optimization
procedure during the FEA is effective, implementing it is a general-purpose commercial
finite element program is difficult. In contrast, Zhao et al. [10] successfully determined the
effective stress for each 0.05 increment of effective strain. Their research de-fined an upper
bound (modeling by the linear curve tangential to the last data point) and a lower bound
(modeling by the flat curve extended horizontally from the last data point) and divided the
stress values between the upper and lower bounds into 15 increments. A total of 16 feasible
stress values were tried to simulate the tensile test, and thus, the strategy generates a large
number of computations. More efficiently, Mei et al. [11] proposed an inverse modeling
method to determine the hardening curve to large strains. The post-necking hardening
behavior of the material was determined by an FE-based inverse modeling procedure
that used the raw data from the tensile test. The inverse method was then compared
with some classical hardening models. Furthermore, the biaxial tensile test at elevated
temperatures was performed to evaluate the applicability of the inverse method further.
Alternatively, Kweon et al. [12] described a methodology to determine the true stress—
strain curve of stainless steels in the full range of strain from a typical tensile test. In their
method, the true stress and strain values were directly converted from engineering stress
and strain data before necking. In contrast, a true stress—strain equation was determined by
iteratively conducting FEA using the information at the necking and fracture points after
necking. This method is intrinsically simple to use and reduces iterations. More efficiently,
Pham et al. [13] presented a hybrid method incorporating the curve fitting method and
inverse finite element analysis to identify the Kim-Tuan hardening model’s parameters
over large strain ranges. Here, the curve fitting method enforces the identified hardening
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law’s accuracy in the pre-necking range. Simultaneously, the inverse finite element analysis
method maintains the goodness of the post-necking prediction.

The inverse calculation coupled with FEM simulation of the uniaxial tensile test (UT
test) only provides the stress—strain curve up to necking or fracture strains, observed during
the UT test. However, during the forming process such as the bulge test, incremental sheet
forming (ISF), and so on, the strain value induced during the process is larger than the
fracture strain observed during the UT test. Therefore, the stress—strain curve, far beyond
the UT limit, can be predicted and corrected more accurately by using the inverse method
combining FEM and forming process with large deformation.

Conversely, several studies related to incremental sheet forming (ISF) with a single-
point tool were reviewed by Behera et al. [14]. The ISF deformation mechanisms involve
stretching and shear in the plane perpendicular to the tool direction, with shear in the
plane parallel to the tool direction. The strains increase on successive laps, and the most
significant component of strain is shear parallel to the tool direction [15]. To evaluate
the strain evolution in the ISF process, experimental and numerical studies have been
performed by Do et al. [16]. The strain value in ISF was very high compared to that in tensile
tests or conventional press forming. A similar result was obtained by Mirnia et al. [17],
wherein the stress—strain curve was fitted by the Swift equation. With a large strain value
in ISFE, the calibration for the accurate stress—strain curve is questionable; however, the
forming force is measurable and can be used for calibration purposes.

Several studies have been reported on the forming forces in ISF because it explains
the deformation mechanics and the forming process. Duflou et al. [18] designed an experi-
mental system for measuring three force components to evaluate the effect of the process
parameters on the forming forces: the vertical step size, tool diameter, and wall angle. They
also considered the effects of the sheet thickness and lubrication. Aerens et al. [19] observed
that the forming force proportionally increased with the wall angles. A similar trend was
observed for the tool diameter and vertical step size [20]. Moreover, the tool rotation and
lubrication had no considerable influence on the forming forces.

Furthermore, the forming force prediction by FEM simulation has been extensively
studied. Flores et al. [21] concluded that the yield locus and hardening behavior are very
important for force prediction by FEM models. The mixed hardening model showed
better force prediction compared to Von Mises or Hill constitutive laws with isotropic
hardening. Henrard et al. [22] used different codes (ABAQUS and Lagamine) to simulate
the ISF process with different constitutive hardening models and element types. The mixed
isotropic—kinematic hardening model accompanied by brick element offers the best force
prediction, but its computation time is extremely long. Concurrently, the shell element can
afford significant time consumption reduction with good prediction accuracy.

In this study, the inverse method using ISF coupled with FEM simulation was used to
define the stress—strain curve up to a large strain range for the A15052-O materials. First,
the experiments to measure the forming force in ISF of the AL5052-O sheet were performed.
Thus, the FEM simulation by ABAQUS/Explicit was performed using the incremental
stress—strain curve, accompanied by Hill’s 1948 yield behavior. The incremental stress—
strain curve was calculated using the 3 parameter, which was systematically assigned to
adjust the trial stress at each strain increment of the FEM process. The correct incremental
stress—strain curve was determined when the force prediction was in good agreement with
the experimental data. Moreover, the mechanical properties of the 0.8 mm thick AL5052-O
sheet material in a uniform elongation range were evaluated.

2. Experiments
2.1. Material Properties

To obtain the flow stress—strain relation for the AL5052-O sheet, a series of uniaxial
tensile tests were performed following the ASTM-8 standard (Figure 1a) procedure at
a constant tensile speed of 10 mm/min with a gauge length of 50 mm. To increase the
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accuracy and reduce the effect of the cutting process on the surface of the specimens, the
laser cutting method was used to prepare the specimens.
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Figure 1. (a) Dimensions of tensile test specimen. (b) Stress—strain curves of the AL5052-O sheet for
three different orientations.

To evaluate the anisotropic plasticity behavior of the AL5052-O sheet, uniaxial tensile
tests were conducted in three different directions with respect to the rolling direction, 0°,
45°, and 90°. The material properties of the AL5052-O sheet are summarized in Table 1,
including Young’s modulus (E), ultimate tensile strength (UTS), and elongation (Al). The
initial yield stress and material anisotropy R-values are also reported for the three directions
(00,045, 090, Ro, Ras, Rop). Figure 1b displays the true stress—true strain curves of the stud-
ied material for the three different orientations. Through the differences in the initial yield
stresses and plastic strain ratios for the three different orientations, Table 1 demonstrates
that the AL5052-O sheet is an anisotropic material. Furthermore, Figure 1 clearly shows that
the flow curves in different directions are represented by different curvatures, exhibiting
distinct tensile strength, elongation, and necking area.

Table 1. Mechanical properties of Al5052-O.

Direction 0° 45° 90°
Young’s modulus [GPa] 73.2 71.2 74.1
Yield stress [MPa] 183.3 172.5 173.6
Ultimate tensile strength [MPa] 229.8 216.6 220.1
Elongation [%] 11.0 13.6 10.5
R-value 0.758 0.646 0.863

Kt 131.580 124.809 124.268
m 0.271 0.278 0.251

C 61.163 75.433 69.521

Conventionally, either the Swift equation (power law) or the Voce equation (exponent
law) can be used to describe the strain hardening behavior of sheet metals. However,
the use of these equations to predict the post-necking behavior of sheet metals remains
questionable, as indicated by Coppieters et al. [6]. Therefore, in this research, the Kim-Tuan
model, is proposed to model the stress—strain relation of the AL5052-O sheet material and
successfully describe the material behavior on both sides of the necking point: pre-necking
and post-necking behaviors. The formulation of the Kim-Tuan (K-T) hardening model is
expressed as follows:

0 =09+ Kr(e+¢)" (1 —exp™) 1)
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where K1, m, and c are the parameters of the proposed equation, and m is a dependent
parameter calculated as follows:

*
m =

*
p—— (e" +¢o) 2)

Here, (g9, 0p) represents the initial yield point of the true stress—true strain curve and
(e*, 0*) the plastic strain and stress according to the maximum tensile force point. The
parameter m is a dependent parameter whose value is independent of other parameter
values. Therefore, the parameters K and ¢ in the Kim—Tuan model are calculated using
the curve fitting tool, which is available on some optimization packages such as Excel or
MATLAB. The Kim-Tuan equation can be easily reduced to the Swift equation when oy is
ignored and c is infinity. In addition, this equation can be simplified to the Voce equation
when the parameter m is zero.

Figure 2 exhibits the curve fitting results for the AL5052-O sheets using three different
strain hardening models: the Swift power law, Voce exponent law, and Kim-Tuan equation.
In the three models, the Kim-Tuan hardening model enforces the work hardening rate
or the slope of the stress—strain curve (do/de) at the maximum tensile force point of
the fitted curve equal to that of the experiment. Due to this, the proposed equation is
advantageous for studying the post-necking behavior of sheet metals without requiring
any other plasticity properties, except the stress—strain data from the uniaxial tensile test.

350
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Figure 2. Curve fitting results for the AL5052-O sheet in the rolling direction.

2.2. ISF Experiment

The AL5052-O sheet part is formed by incremental sheet forming, as shown in Fig-
ure 3a. In this test, we employed the two-wing star toolpath, as shown in Figure 3b. The
other forming parameters include a tool diameter of 10 mm, vertical step AZ of 0.25 mm,
feed rate of 200 mm /minute, and MoS2 lubrication to eliminate the sliding friction between
the tool and the sheet. The forming speed was selected at a low value to get the strain
rate as low as the uniaxial tensile test. A specimen with a size of 140 mm x 60 mm is
clamped on the straight-groove die, which was made from SKD11 steel to support the
blank shoulder. Position A and B are higher than the initial sheet plane, which means the
tool is not in contact with the sheet metal at these positions. The tool moves in the order
of A-O-B with a downward distance AZ in the center O to finish the first depth increment.
For the second depth increment, the movement follows the order of B-O-A. The process is
repeated in the next depth increment until a fracture occurs.
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Figure 3. (a) Forming set up for incremental sheet forming. (b) Two-wing star toolpath. (c) Fracture
happening for the two-wing star toolpath (bottom-up view).

As shown in Figure 3c, when the tool continuously descends to the center position
and causes the area to fracture, the test stops immediately.

2.3. Forming Force Measurement

The forming force was measured experimentally in many previous studies. In this
study, forming force was measured by an LRL load cell. The tool goes from the initial
position A (not in contact with the sheet) and gradually goes to position B in the first depth
increment. The forming force increases from 0 up to the maximum value at O and decreases
to 0 when the tool goes up to point B. In the second depth increment, the trend is similar to
the maximum force occurring at the center position O, as shown in Figure 4a.

600 1400
500 F O SNO~_ve lmy mee Fz-EXP 1200 b — Fz-EXP
Fracture
|
e B 1000
400 f == _ 5
Z & 5 800 |
§ 300 F 0 : 3
s R . Z 600
@ F S : 400
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. A increment B increment % A . . | | |
0 100 200 300 400 500 600 700 800
0 20 40 60 80 T

Time (s)

(a) (b)

Figure 4. (a) Forming force Fz in the first and second depth increment. (b) Forming force Fz in whole
forming process.

The forming force was monitored for the entire forming process until the occurrence of
a fracture, as shown in Figure 4b. At the next depth increment, the forming force exhibited
the same trend with a maximum value at the center position, and the maximum force value
increased with the forming depth. At the 21st depth increment, fracture occurred, as shown
in Figure 3c. Thus, the forming force was dramatically reduced, and the measurement
process was stopped. The experiment was repeated three times, and the fracture occurred at
the 21st depth increment in all of them, the maximum forming depth of which is 5.25 mm.

3. Finite Element Simulation
3.1. The Associated Flow Rule with Mixed Hardening

An AL5052-O sheet was used for this study. It is undeniable that AL5052-O is an
anisotropic material owing to both the tensile strength mean and the anisotropic plastic
ratio [23]. From this perspective, anisotropic functions should be used to derive the
plastic work behavior of this material; thus, Hill’s 1948 yield criteria were considered to
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describe the plastic work behaviors of the studied material [24]. The parameters of yield
function (F, G, H, and N) were calculated based on the strain terms (Ry, Rys, Rgp). Further
formulation of Hill’s quadratic function can be found in [24]. Table 2 shows the parameters
of these functions.

Table 2. Parameters of material AL5052-O.

Yield Function Hill48
F G H N
0.4996 0.5688 0.4312 1.2244

The yield criterion, as a function of all state variables, can be written in a generic
form as

P(U’, a, O'Y) = fylc—a) — a’(p) =0, (©)]

where f, (0 — «) is a continuously differentiable yield function and « is a back-stress tensor
in the kinematic hardening model; if « is ignored, the yield criterion returns to isotropic
hardening model. In addition, p is the equivalent plastic strain, and ¢ (p) is the work
hardening rule, which is generally represented using the Swift, Voce, or Kim-Tuan equation.

The evolution of the back-stress tensor is modeled based on the nonlinear kinematic
hardening theory of the so-called Armstrong-Frederick model (AF model):

da = (;n - W) dp 4)

Here, tensor 7 is defined as # = (0 — «); C and < are material constants. For the
AL5052-O material, C and vy are 1118.26 MPa and 23.694, respectively.
Hill’s 1948 anisotropic yield function in the plane stress condition is

fy = /(G + H)a + (F + H)p3 — 2Hnar, +2Nr, (5)

where ¢Y is the yield stress in the reference direction and F, G, H, and N are constant
characteristics of the anisotropy, defined as follows:

1 Ry . Ro (14 2R45)(Ro + Roo)

= M = N:
C=irre M T TrRy ©)

(1+Ro)Rgp” 2(1+ Ro)Rog

3.2. Calibration of Stress—Strain Curve Up to Large Strain Range

ABAQUES version 6.14 was used for the elastic-plastic simulations of the incremental
forming process. The finite element model is shown in Figure 5. The full model was
considered to ensure the correct results because the symmetry condition does not cor-
rectly describe the mechanical deformation of the sheet during the forming process. The
AL5052-O sheet was meshed by a square-shaped S4R type with a size of 0.5 mm and
was integrated by Gauss integration with nine points in the through-thickness direction.
The outer boundary of the sheet is constrained by six degrees of freedom. The fixed die
was modeled as a discrete rigid body and meshed by the R3D4 element. The tool with a
diameter of 10 mm was modeled as analytically rigid. In addition, to respond to the inertia
effect, the tool is given the same mass in the simulation as the actual one.

The physical time cannot be used in the dynamic explicit simulations because using
such a large time step leads to an enormous simulation time. In practice, determining a
virtual simulation time is essential to guarantee good agreement between the simulation
and experiment results. Simultaneously, the virtual simulation time could not be too small
so as to avoid introducing the non-physical dynamic effects into the derived simulation
results. After several tries, the virtual simulation time is set to 0.1 s for the one forming step.
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Figure 5. FEM model for incremental sheet forming.

In the ISF process, lubricants are usually used to reduce friction. To match the friction
condition with the real experiment, the friction coefficient between forming tool and sheet
is set to 0.05. [25] In addition, a VUMAT subroutine was developed accompanying Hill’s
1948 yield function in the two-wing star test simulation for the AL5052-O sheet. The
VUMAT code for ABAQUS/EXPLICIT software consists of a semi-explicit method for the
stress update algorithm. Moreover, the VUHARD was also used for expressing the plastic
stress—strain behavior by adopting the Kim—Tuan hardening law.

In the first simulation, the stress—strain curve in the uniform deformation range
obtained from the uniaxial tensile test was inputted in the FEM simulation. The forming
force prediction by FEM was compared to the experimental results, as shown in Figure 6a.
The equivalent plastic strain PEEQ for the element in the center area of the sheet was also
plotted in the same graph. The time scaling factor was used to equalize the step time in
FEM with that of the experiment. In the first and second depth increments, the PEEQ value
was in the pre-necking range, the force prediction by FEM and by the experiment was in
good agreement. However, from the third depth increment (Figure 6b), the PEEQ value
was higher than 0.1, and the maximum force prediction by FEM (426 N) was lower than
that of the experiment (442 N). This result shows that the stress value was higher than the
value at the end of the uniform elongation at the large range of the equivalent plastic strain.

1000 1.0
280 450 "
260 430 e
< I 410 |
800 240 | 390 |5 0.8
220 370
—~ | 200 350 ]
Z 600 53 55 0.6 o
g 3
= 400 {04~
200 + 10.2
st 2nd- N
S -~
0 1 A 1
0 20 40 60 80 100 120
Time (s)
(b)

Figure 6. (a) The formed part after 3rd depth increment in the FEM. (b) Force Fz prediction by FEM
using stress—strain curve in uniform deformation range.

To define the stress—strain curve in the post-necking range, an inverse method by ISF
coupled with FEM simulation was used. The principle of this method is to select a correct
stress value at each trial strain value, whose results are sensitive to the prediction force
in each FEM simulation (Figure 7). The numerical results are then compared with the
experimental measurements. The trial stress value is iteratively adjusted and simulated
again until the difference between the numerical and experimental curves is minimized.
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The advantage of this method is the possibility of selecting nonhomogeneous stress and
strain states close to the states reached during the process to be simulated. In this study,
at each strain increment value of 0.05, the trial stress value with incremental factor 3
was attempted for the different values at 0, £0.02, £0.04, £0.06, £0.08, and £0.1, which,
although the value of beta tends to be positive due to the hardening behavior of metallic
materials, for the softening behavior of composite materials [26] and some metal materials
at high temperatures, the value of 3 can be negative [27]. The best agreement result between
FEM and the experiment was selected, and the corresponding trial stress value was defined.

The process was repeated, as shown in the flow chart in Figure 8, until the final step when
the fracture occurred.

350

300 | ALS052-O (0° direction) &, +0.05
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& 250 (1+B)ay
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il .
2 150 | uniform
qé elongation
= 100

50
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Figure 7. Stress integration scheme at extrapolation range of strain.
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Figure 8. Stress integration process.
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Figure 6b shows that the stress value was higher than the value at the end of uniform
elongation in the large range of equivalent plastic strain. Therefore, the stress—strain data
with increment strain of (g, 4+ 0.05) and the trial stress value with positive incremental
factor 3 were used for the next FEM simulation. The force prediction results with different
incremental factor 3 for the first three forming steps are shown in Figure 9a. The maximum
force prediction in the 3rd step proportionally increased with the increment factor (.
Compared to the maximum experimental force, the prediction result for the case factor 3
of 0.04 was the best agreement. Similar processes with a trial strain of 0.05 and different
trial stress increment {3 were performed to calibrate the forming force for the next forming
step until fracture. In each trial strain value, one trial stress increment factor 3 was defined,
and the trial stress—trial strain curve in a large strain range up to 1.0 was plotted, as shown
in Figure 9b. Moreover, note that this trial stress—trial strain curve is close to the curve
obtained by the Kim—-Tuan hardening equation in a large strain range.
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Time (s) Strain
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Figure 9. (a) Force prediction for the first three forming steps with the increment strain of (&, + 0.05).
(b) Best-fitted trial stress—trial strain in large strain range.

The force prediction by the FEM model with the best-fitted trial stress—trial strain curve
and FEM model with the Voce hardening equation was performed. In these simulations,
the previously defined forming limit curve at fracture (FLCF) [12] was applied to predict
the fracture occurrence. The forming limit curve at fracture for AA5052-O was illustrated
as the following equation, where &1 and ¢, are the major and minor strains, respectively.

g1 = —1.04er, +1.24 (7)

During the simulation process, the fracture occurred in an element when its FLDCRT
value, which is defined by the ratio of the major calculated strains (e1.,;) and the FLCF
values (e1r1cr) at the same point for the minor strains (e;), reached the unit value.

In both simulations, if the FLDCRT value for elements in the center area was over
the unit first, the elements were deleted (Figure 10a). However, the FEM model with the
best-fitted trial stress—trial strain curve predicted the fracture at the 21st depth increment
(forming depth is 5.25 mm), while the FEM model with the Voce hardening equation
showed the fracture at the 20th depth increment (forming depth is 5 mm). Thus, the FEM
model with the best-fitted trial stress—trial strain provided the correct prediction of fracture
depth and the FEM model with the Voce hardening equation predicted the fracture earlier
than the experiment.

The forming force prediction by both FEM models for each forming depth increment
was compared to the experimental measurement and are shown in Figure 10b. As shown
in the magnified view for the 15th and 20th depth increments, the results of the FEM model
with the best-fitted trial stress—trial strain curve matched the experiment’s result, while
the FEM model using the Voce hardening equation underestimated the forming force. The
measured maximum forming force at 15th and 20th increments for the experiment, FEM
using the fitted curve, and FEM using Voce are organized in Table 3. It can be clearly seen
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FLDCRT

+9.745e-01
+8.933e-01
+8.121e-01
+7.309e-01
+6.497e-01
+5.685e-01
+4.873e-01
+4.061e-01
+3.249e-01
+2.437e-01
+1.625e-01
+8.130e-02
+1.036e-04

that at the 15th and 20th increments, the errors between the FEM model with the best-fitted
trial stress—trial strain curve and experiment are 1.4% and 0.76%, while the errors between
the FEM model using the Voce hardening equation and experiment are 8.9% and 30.1%.

2000
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1600 700
1400 F 500
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%\» -~ FZ-EXP n
= 1000 Ff Fz-FEM(Kim-tuan)
§ ——FZz-FEM (fitted curve)
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0 .
0 200 400 600 800
Time (s)
(a) (b)

Figure 10. (a) Fracture prediction by FEM with the best-fitted trial stress—trial strain curve. (b) Com-
parison of the experimental force and force prediction by FEM with different hardening equations.

Table 3. Measured maximum forming force at 15th and 20th increments.

. FEM Using the FEM Using Voce
Increment Experimental (N) Fitted Curve (N) Curve (N)
15th 1050.3 1065.73 956.39
20th 1095.97 1104.38 766.37

4. Conclusions

The inverse method using the ISF process coupled with FEM simulation was used in
this study which gives a new strategy to define the stress—strain curve up to a large strain
range. First, the experiment to measure the forming force in ISF was performed. Then, the
FEM simulation by ABAQUS/Explicit was performed using the incremental stress—strain
curve, accompanied by Hill’s 1948 yield behavior. The incremental stress—strain curve was
selected at each strain increment of 0.05 to simulate the forming process. Each corrected
trial stress was selected for each trial strain value when the force prediction was in good
agreement with the experiment. Using this method, the best-fitted trial stress—trial strain
curve was calibrated up to large strain ranges, compared to the tensile test or conventional
press forming process.

At the same time, it is worth noting that the Kim-Tuan hardening equation has a good
ability of prediction for stress—strain in a large strain range because the hardening rate at
the point of maximum tensile force is considered.

Without loss of generality, the hardening behavior of sheet metals correlates well to
the forming force required to deform the sheet during ISF processes. This work draws
an early step on the calibration material model by using the ISF process. Future works
should be conducted to identify material models for different automotive sheet metals to
verify the robustness of the proposed method. At the same time, the effects of process
parameters, such as tool diameter, tool speed rate, and so on, on the calibrated results
should be investigated in the forthcoming paper.
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