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Abstract
Finite element analysis is an essential means for bipolar plate design and the optimization of the manufacturing process. However,
the accuracy of the finite element simulation is significantly affected by the constitutive model, especially the yield model. In
this paper, uniaxial and biaxial tensile tests were conducted to obtain the yield loci of an ultra-thin austenite stainless steel. The
Yld2000 yield model was calibrated using the yield loci under different equivalent plastic strains. The microchannel stamping
experiment and its finite element simulations were conducted to study the effect of yield model parameters on the finite element
simulation of bipolar plate stamping. The results show that the simulation with Yld2000 calibrated by 0.004 and 0.05 equivalent
plastic strain has the best prediction accuracy for the microchannel springback and thickness distribution, respectively.
Keywords: finite element analysis, bipolar plate, yield model, stamping

1. Introduction

under complex strain is obviously higher than other
yield models. For some materials, the yield surface
evolves with the equivalent plastic strain, such as
SS316L, and the yield model parameters calibrated
under different equivalent plastic strains differ remarkably. However, many scholars have not considered
the influence of different equivalent plastic strains on
parameter calibration and simulation accuracy when
calibrating Yld2000 yield model parameters. Therefore, it is of great importance to study the effects of the
Yld2000 yield model calibrated under different equivalent plastic strains on the simulation of bipolar plate
microchannel stamping.
A comprehensive review of anisotropic yield functions is summarised by Banabic et al. (2020) where the
recent advanced anisotropic criteria for polycrystalline
materials of various crystal structures and experimental

A proton exchange membrane fuel cell (PEMFC) is
regarded as one of the best candidates to replace traditional power systems due to its high energy density, high conversion rate and zero pollution (Hua et al.,
2022; Sim et al., 2018; Wang et al., 2019). The bipolar
plate is a critical part of PEMFC, and its forming quality directly affects the performance of the fuel cell. Finite element simulation is a critical step in the bipolar
plate design process. As a classical yield model, the
Yld2000 yield model (Barlat et al., 2003) has been integrated into the commercial LS-DYNA finite element
software, and has been widely used to simulate sheet
metal forming. Because more material parameters are
required by the Yld2000 yield model during calibration, the prediction accuracy of anisotropic materials
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methods for validating the anisotropic models, including the Biaxial stress test, were introduced. Yong et al.
(2017) compared the accuracy of Hill48 (Hill, 1948),
Barlat89 (Barlat & Lian, 1989) and Yld2000 (Barlat
et al., 2003) yield models in a springback simulation of
MP980 U-shaped parts, and the results showed that the
eight-parameter Yld2000 yield model had an obvious
improvement on the springback prediction accuracy of
U-shaped parts. Deng et al. (2017) comparatively studied the influence of a combination of three yield models
(Hill48, Barlat89, BBC2005 (Banabic et al., 2005)) and
four hardening models (Swift, Ghosh, Hockett–Sherby,
Combined S/H-S) on the simulation of AA6016 aluminium alloy forming. The results showed that the yield model was the key factor controlling the simulation accuracy,
and the BBC2005 yield model had the highest prediction
accuracy, which was in agreement with the experimental
value. Pham et al. (2019) modelled the evolution of the
Yld2000-2d function as a function of equivalent work,
and the material models were applied in finite element
simulations to analyse deformation behaviour in uniaxial
tension, hydraulic bulge, and punch-stretching tests. The
results showed that the model accurately described the
material response during these three tests.
In the simulation of bipolar plate stamping, the
thinning rate is one of the important indexes to evaluate
the formability of the plate under the structure size. The
springback determines whether it can meet the requirements of assembling accuracy and working efficiency of
the fuel cell stack. The purpose of this study is to investigate the effect of the calibration strategies of the Yld2000
yield model on the simulation accuracy of bipolar plate
stamping. An austenite stainless steel 316L with a thickness of 0.1 mm was used in this study. The yield loci of
SS316L were obtained through the uniaxial and biaxial tensile tests. A microchannel stamping finite element
model was established with the Yld2000 yield model calibrated by different yield loci. With the aid of the microchannel stamping test, the prediction accuracy of the finite
element simulation using different Yld2000 yield model
parameters was investigated in terms of the cross-section
thickness distribution and springback of the microchannel.

as well as the yield stress σb and Rb under the balanced
biaxial tension condition, respectively.
Its mathematical expression is:
     X       X    2 a
In the formula:

(1)
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   X    X 1'  X 2' 	(2)
a

a

   X    2 X 2''  X 1''  2 X 1''  X 2'' (3)
For face-centred cubic materials, a is 8, σ– is the
reference yield stress, X′ and X″ are the stress tensors
obtained after linear transformation of the partial stress
tensor. The elements in X′ and X″ can be obtained by
a linear transformation of Equation (4):
 X   L

 X   L

	

(4)

The matrix L′ and L″ contain eight coefficients α1 ~ α8
which are related to the anisotropy of the material. The
specific values are obtained by fitting R0, R45, R90, Rb, σ0,
σ45, σ90 and σb obtained by the biaxial tensile test.

2.2. Finite element model
and boundary conditions
The finite element model of microchannel stamping is
shown in Figure 1a, the die and punch were rigid, and
the blank was deformable. The finite element analysis
of the microchannel stamping includes two steps: the
stamping through the explicit analysis solver and the
springback through the implicit analysis solver. During
the springback analysis, the constrain points, as shown
in Figure 1b, were selected to eliminate rigid motion.
A shell element was used for both the mould and blank.
The element size was 0.05 mm × 0.05 mm for the blank
and 0.1 mm × 0.1 mm for the molds. A refined grid at the
corners and 5 integral points set were constructed in the
sheet thickness direction to improve the calculation efficiency while avoiding any loss of accuracy. The details
of the finite element analysis are summarised in Table 1.

2. Finite element simulation

a)

b)

2.1. Yld2000 yield model
Yld2000 yield function was proposed by Barlat et al.
(2003), which has eight anisotropy coefficients so that
it can accommodate eight mechanical measurements.
σ0, σ45, σ90, R0, R45, R90, σb and Rb are uniaxial tension
yield stresses and R values along the RD, DD and TD,
Computer Methods in Materials Science

Fig. 1. Finite element model (a) and constrain points selection
in springback analysis (b)
8

2022, vol. 22, no. 1

Finite element analysis of bipolar plate stamping based on a Yld2000 yield model
Table 1. Finite element boundary condition setting
Software

LSDYNA 9.71
explicit algorithm for stamping;
implicit algorithm for springback

Element type

shell for both blank and moulds

Number of through-thickness integration points

5
0.05 mm by 0.05 mm for blank; 0.1 mm by 0.1 mm for moulds
(refine grid at the corners)

Element size
Drawing velocity

250 mm/s (Trapezoid)

Friction coefficient

0.1

Contact type

AUTOMATIC_ONE_WAY_SURFACE_TO_SURFACE

Material type

MAT133_BARLAT_YLD2000

The RD and TD direction of the cruciform specimen
is along the x-axis and y-axis, respectively. The load
ratio (Fx : Fy) was set as 1 : 1. Meanwhile, DIC was
applied to obtain the strain on the specimen.

3. Experiment
3.1. Uniaxial tensile test
The uniaxial tensile tests were conducted on a MTS
E45.105 universal material machine with the digital
image correlation (DIC) to obtain the mechanical
properties of SS316L. The geometry of specimens
was according to the ISO 6892:2016 standard. The
specimens were cut along the rolling direction (RD),
transverse direction (TD), and diagonal direction
(DD) by the electrical discharge machining. Three
tests were conducted in each direction to obtain good
repeatability results. The loading rate was 3 mm/min
for all the tests.

3.3. Microchannel stamping experiment
As shown in Figure 3, the microchannel stamping experiment platform contains the YKP 400 knuckle precision
press, microchannel mould, and fixture. In the microchannel stamping tests, the stamping force was set as 400 kN.

3.2. Biaxial tensile test
The biaxial tensile tests were conducted on a planar
biaxial test system MTS BIA5105 to obtain the yield
loci of SS316L, which is used to calibrate the Yld2000
model, as shown in Figure 2. The design of the cruciform specimen in this study is based on the standard
ISO 16842:2014.
Fig. 3. Microchannel stamping experiment platform

4. Results and discussion
4.1. Experimental results
4.1.1. Uniaxial tensile test results
The mechanical properties obtained from the engineering stress-strain curves are listed in Table 2 and the true
stress-strain curves of SS316L along RD, DD, and TD
are shown in Figure 4.

Fig. 2. Biaxial tensile test system
2022, vol. 22, no. 1
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Table 2. Mechanical properties of SS316L
Yield stress σ0 [MPa]

Tensile strength σb [MPa]

Young’s modulus E [GPa]

R

688.0

178.1

0.901

DD

319.4

668.5

183.2

1.043

TD

324.6

665.5

181.7

0.930

Direction
RD

326.2

4.1.2. Experimental results of biaxial tension

Fig. 4. Uniaxial flow curves of SS316L at three directions

In this paper, the Hockett–Sherby model was used
to fit and extend the true stress-plastic strain curve of
SS316L. The Hockett–Sherby model expression is
shown in Equation (5):
  A  B(1  exp(C   p D ))

(5)



The model parameters A, B, C, and D are 311,
943.47, 3.77, and 1.12, respectively, for SS316L, and
the determination coefficient R2 = 0.99989. Figure 5
exhibits the comparison of the experimental true stress-
-plastic strain curve along RD and the Hockett–Sherby
fitted curve.

Fig. 5. Fitting curve of Hockett–Sherby hardening model
and experimental curve

The experimental yield loci of SS316L associated with
different plastic work per unit volume were obtained, and
with increasing plastic work per unit volume, the yield
loci of SS316L expanded. The experimental plastic work
contours are obtained according to the plastic work equivalent theorem. Figure 6 shows the normalized yield loci
of SS316L at 0.002, 0.004, 0.05 and 0.1 equivalent plastic strain. ε–p = 0.002 represents the experimental value at
an equivalent plastic strain of 0.002, and Yld2000-0.002
represents the yield loci fitted by the Yld2000 yield model at an equivalent plastic strain of 0.002, the rest are
similar. With the increase of equivalent plastic strain, the
anisotropy of the yield surface becomes stronger, and
the shape of the yield surface tends to be stable when
the equivalent plastic strain reaches 0.05. Therefore, the
equivalent plastic strain parameters of SS316L yield
surface in the initial evolution stage (ε–p = 0.002), the
middle evolution stage (ε–p = 0.004) and the stable evolution stage (ε–p = 0.05) were selected for calibration in
this paper. Table 3 lists Yld2000 yield model parameters
calibrated by R0, R45, R90, Rb, σ0, σ45, σ90 and σb at 0.002,
0.004, and 0.05 equivalent plastic strains.

Fig. 6. Yield loci and Yld2000 yield surface of SS316L
at various equivalent plastic strains

Table 3. Yld2000 yield model parameters under different equivalent plastic strains (exponent a = 8)
Equivalent plastic strain

α1

α2

α3

α4

α5

α6

α7

α8

0.002

0.984

1.021

1.084

1.025

1.022

1.076

1.025

0.983

0.004

0.992

1.002

1.056

1.014

1.013

1.037

1.015

0.985

0.5

0.950

1.060

0.959

1.015

1.005

0.985

1.023

1.050
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4.2. Finite element simulation results

springback. The simulation results are compared with
the experimental results in Figure 9. Yld2000-0.002
predicts the maximum springback amount of microchannel, and the maximum displacement in Z direction reaches
0.470 mm, which is much higher than the experimental value of 0.338 mm. The simulation result of Yld2000-0.05
is smaller than the experimental value, while the
Yld2000-0.004 provides the most accurate prediction.
In conclusion, the Yld2000 yield model calibrated with
0.004 equivalent plastic strain has a higher prediction
accuracy for the springback of the microchannel.

4.2.1. Thickness distribution of
microchannel cross-section
The thickness distribution on the cross-section of the
stamped microchannel was measured using a Keens
VHX-5000 Digital Microscope, as shown in Figure 7. The
thickness distribution was also extracted from the finite
element simulation and compared with the experiment
values, as shown in Figure 8. In both the experiment and
the finite element simulation, the largest thinning always
occurs at the corner of the channel, because the friction
force at the corner restricts the material flow. For the thickness of corners 4 and 6, the Yld2000-0.05 provides the
most accurate prediction, and the Yld2000-0.002’s forecast deviates from the experimental value obviously. In
addition, the material deformation at other positions is
relatively small, so the simulation is in general agreement with the experiment. In conclusion, the Yld2000
yield model calibrated with 0.05 equivalent plastic strain
has a higher prediction accuracy for the thickness distribution of the microchannel.

Fig. 9. Comparison between the predicted value and experimental
value of microchannel springback under different equivalent
plastic strains

5. Conclusion

Fig. 8. Thickness distribution of microchannel section

In this paper, the yield loci of an austenite stainless
steel 316L were obtained from the uniaxial and biaxial
tensile tests. The Yld2000 yield model was calibrated
via the yield loci at different equivalent plastic strains.
The effect of Yld2000 model parameters on the accuracy of microchannel stamping finite element simulation
was investigated in terms of the cross-section thickness
distribution and springback, and the following conclusions can be drawn here:
– The yield surface of SS316L evolves with the
increase of the equivalent plastic strain, and the
shape of the yield surface tends to be stable when
the equivalent plastic strain reaches 0.05.
– The material model parameters have a significant
influence on FE simulation. Yld2000-0.05 provide
the most accurate result for the thickness distribution, and Yld2000-0.004 provide the most accurate result for the springback of the microchannel.

4.2.2. Springback of microchannel
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