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Abstract

In this study, the fracture method is used to numerically and experimentally 
investigate the bending load of graphite-based composite bipolar plates of polymer 
electrolyte membrane fuel cells. First, simple and perforated composite bipolar 
plates were tested and simulated to determine flexural stability under static load. 
Then, mechanical simulation using the finite element method and Abaqus software 
was used for the numerical analysis. Next, an experimental three-point bending 
test was performed on the manufactured samples to validate the simulation results. 
Finally, the results of the numerical and experimental analyzes of the flexural 
behavior of composite bipolar plates were compared. The results demonstrated that 
the numerical results acceptably agreed with the experimental data. In addition, the 
presence of a high percentage of graphite and high fragility weakened the body due 
to the molecular bond of graphite, which caused the graphite to slip.
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1. Introduction

As an energy generator, a polymer electrolyte mem-
brane fuel cell (PEMFC) converts the chemical energy 

of the fuel directly into electrical energy. The bipo-
lar plates (BPPs) are a critical component of PEM-
FC; they are responsible for the distribution of fuel 
and oxidants, facilitating water management inside 
the cell, and transmitting electric current. The bipo-
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lar plates collect the anode and cathode output current 
into the fuel cell. They are also a device for distribut-
ing fuel flow to the anode side and oxygen or air to the 
cathode side [1].
BPPs account for 60-80 % of the total weight of a 
polymer electrolyte membrane (PEM) fuel cell stack 
and 20-30 % of its manufacturing cost. Therefore, 
PEMFC stack cost and performance could be consid-
erably enhanced by determining the mechanical prop-
erties of bipolar plates [2].
Metallic BPPs are preferred for commercial mass ap-
plications due to their excellent mechanical strength, 
as well as high electrical and thermal conductivity. 
However, their insufficient chemical stability in the 
PEMFC environment is a major limitation. Corrosion 
products that form on the surface of the BPP, specifi-
cally metal ions, poison the fuel cell membrane and 
anode, resulting in the degradation of stack efficiency 
[3, 4]. Barzegari et al. [5]  investigated the morphol-
ogy and electrical and electrochemical properties of 
gold plating on metal bipolar plates of polymer fuel 
cells. The properties and morphology of gold coating 
on copper and stainless-steel substrates were studied 
using electroplating and spattering methods. Their 
results showed that the use of the electrical plating 
method causes many holes increasing the surface po-
rosity of the specimens. Belali et al. [6] experimen-
tally and numerically examined stainless steel bipolar 
plates with a pin pattern using a convex hydroforming 
process. They changed various parameters such as ap-
plied pressure level, pin geometry, and depth to width 
ratio and compared results such as formed profiles, 
filling percentage, thickness distribution, and thinning 
percentage of formed profiles.
In general, the results showed that polymer-carbon 
composites have a lower density than metallic plates 
but need to be thicker because of their lower mechan-
ical strength, which results in polymer-carbon BPPs 
stacks having a lower power density [7].
In recent years, extensive studies have been conduct-

ed to investigate the behavior and enhance the char-
acteristics of graphite-based composite bipolar plates. 
Chen et al. [8] conducted a study to prepare bipolar 
plates based on graphite/resin for a fuel cell. They 
found that composite plates that used epoxy resin as 
a receiver had better electrical conductivity, flexural 
strength, and overall properties than those using sin-
gle-phenolic resin. Okhawilai et al. [9] studied the ef-
fect of graphite and graphene on a bipolar plate filled 
with polybasoboxazine in the fuel cell. They tried to 
find ways to improve the characteristics of this type of 
page by expressing the disadvantages and advantages. 
They concluded that using pure graphite dipole plates 
was restrictive due to poor mechanical properties and 
high production costs.  Kang et al. [10] achieved an 
acceptable bending strength by designing and manu-
facturing a bipolar plate made of composite materi-
al with carbon fibers produced by pressure casting. 
Khaerudini et al. [11] investigated the effect of adding 
graphite on rolled shells waste to produce a materi-
al for making bipolar plates. They studied the use of 
rolled shells (a by-product of iron and steel produced 
during the hot rolling of steel) to make bipolar plates 
in the proton exchange membrane fuel cell. Hardness 
evaluation showed that much purer specimens than 
graphites should be added to achieve acceptable me-
chanical strength.
Radzuan et al. [12] studied the effect of fiber orienta-
tion on shredded polypropylene/carbon fiber compos-
ites in the presence of carbon or graphene nanotubes 
as a secondary filler in a bipolar plate. They performed 
studies using X-ray analysis methods to determine the 
effect of filler conductivity on electrical conductivity 
and the effect of filler orientation on mechanical prop-
erties. The results showed that the higher aspect ratio 
of carbon nanotubes was able to bring the filler up to 
90% closer to the separation orientation, improving 
and enhancing the electrical conductivity at the sur-
face and in the direction of thickness. Liang et al. [13] 
investigated the structural optimization of graphite for 
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a high-performance fluorinated ethylene/propylene 
composite bipolar plate. They presented a new meth-
od for structural optimization using graphite particles 
with sizes of 35 to 500 mm to make conductive fluo-
rinated ethylene propylene composites for high-tem-
perature bipolar plates. Their proposed method for 
producing graphite composite bipolar plates could 
also be used in the preparation of high-temperature 
bipolar plates for fuel cells and cooling components 
in electronic devices and automobile-related devices.
According to studies, the mechanical properties of the 
bipolar plates have a significant effect on the failure 
of these plates. In this study,  bipolar plates with and 
without grooves under loading and bending have been 
studied numerically and experimentally. Moreover, 
the results of the numerical and experimental analyzes 
of the flexural behavior of composite bipolar plates 
were compared.

2.  Method of analysis

The beam was considered in accordance with the 
AStM D790 standard. Rectangular geometry with di-
mensions of 3 × 10 × 100 mm was considered. The 
diameter of the bending pins used in this test was 20 
mm and the distance between the supports was 29 
mm. The physical and mechanical properties of the 
composite material are shown in Table1 and Table 2.

Table 1. Name and percentage of materials BMC 940-8649 [14].
Material Percent

Graphite 20-25

Styrene 5-10

Carbon 1-5

Methylene Diphenyl Diisocyate 1-5

Divinylbenzene 0.1-1

Benzene 0.1-1

Table 2. Mechanical properties of BMC 940-8649 [14].
Mechanical properties Value Unit

Young’s modulus 11 GPa

Poisson’s ratio 0.32 --

Ultimate tensile strength 30 MPa

Flexural strength 10.35 GPa

Flexural strength 40 MPa

Compressive strength 75 MPa

Density 1.84 g/cm3

2.1. Finite-element modeling

For static load analysis, static and quasi-static analy-
sis have been used in finite-element modeling in Ab-
aqus software. In this analysis, the maximum bending 
force of the beam is investigated using a three-point 
bending test carried out with a static load. In order to 
simulate the three-point bending test, the parts were 
created and placed in the correct geometric position 
in relation to the system of unit coordinates. The el-
ement used is a C3D8R cube, representing an eight-
node three-dimensional cube element (Fig. 1).

Fig. 1. Numerical Model meshing.
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2.2. Experimental tests

In this section, the tested specimens were prepared 
according to the dimensions specified in the standard 
and related operations, i.e., the production of grooves 
using a CNC milling machine. Fig. 2 illustrates the 
fabricated component.

Specimens with a rectangular cross-section were used 
as beams. First, the specimens were placed on two 
supports at a specified distance. Then, using a mandrel 
from above and in the middle of these two supports, a 
force was applied to the center of the beam at a speed 
of 0.5 mm/min. The amount of flexural strength and 
modulus can be determined by measuring the deflec-
tion of the beam and the force applied to it.
After completing the numerical simulation using finite 
element software, the numerical method was com-
pared and validated with the experimental test meth-
od via a bending machine with a capacity of 2000 kg 
(Fig. 3).

According to the AStM D790 standard, the following 
equations can be used to determine the flexural mod-
ulus and strength.

2

3
2f

Pl
bd

σ = (1)

3

34B
L mE
bd

= (2)

Where fσ  is the flexural strength, E is the flexural 
modulus, P is the maximum force obtained from the 
force-displacement diagram, L is the distance between 
two supports, b is the width of the test specimen, d is 
the thickness of the specimen,  and m is the slope of 
the tangent line to the linear part of the force-displace-
ment diagram. Fig. 4 shows the dimensional charac-
teristics of the tested specimens.

Due to the specificity of the type of material and the 
presence of grooves, the Marciniak-Kuczynski (M-
K) criterion has been used to predict the damage ini-
tiation. This approach can be used with Mises and 
Johnson-Cook plasticity models, including kinematic 
hardening. In M-K analysis, virtual thickness imper-
fections are introduced as grooves to simulate pre-
existing defects in otherwise uniform sheet material. 
The deformation field is computed inside each groove 
as a result of the applied loading outside the groove. 
Necking is considered to occur when the ratio of the 

Fig.2. Grooved beam.

Fig. 3. Experimental setup for the three-point bending test.

Fig. 4. Test of specimens.
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deformation in the groove relative to the nominal de-
formation (outside the groove) is greater than a critical 
value.
Abaqus/Explicit analysis allows the specification of 
an anisotropic distribution of thickness imperfections 
as a function of angle with respect to the local mate-
rial orientation, 0 ( )f θ  . Abaqus/Explicit first solves for 
the stress-strain field in the nominal area, ignoring the 
presence of imperfections; then, it considers the effect 
of each groove alone. Then, the deformation field in-
side each groove is computed by enforcing the strain 
compatibility condition:

b a
tt ttε ε= (3)

and the force equilibrium equations:

b a
nn nnF F=

(4)

b a
nt ntF F= (5)

The subscripts n and t refer to the directions normal 
and tangential to the groove. In the above equilibrium 
equations nnF  and ntF  are forces per unit width in the 
t-direction.
The onset of necking instability is assumed to oc-
cur when the ratio of the rate of deformation inside a 
groove relative to the rate of deformation if no groove 
were present is greater than a critical value. However, 
finding a solution that satisfies equilibrium and com-
patibility conditions may not be possible once local-
ization initiates at a particular groove; consequently, 
failure to find a converged solution is also an indica-
tor of the onset of localized necking. To evaluate the 
damage initiation criterion, Abaqus/Explicit uses the 
following measures of deformation severity:

b
nt

nt a
nt

f ε
ε

−

−
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(7)

These deformation severity factors are evaluated in 
each of the specified groove directions and compared 
with the critical values. It should be noted that the 
evaluation is performed only if the incremental defor-
mation is primarily plastic; the M-K criterion will not 
predict damage initiation if the deformation increment 
is elastic. The most unfavorable groove direction is 
used for the evaluation of the damage initiation crite-
rion, which is given as:

max , ,eq ntnn
MK crit crit crit

eq nn nt

f ffW
f f f
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(8)

where crit
eqf , crit

nnf   , and crit
ntf  are the critical values 

of the deformation severity indices. Damage initiation 
occurs when 1MKW =  or when a converged solution 
to the equilibrium and compatibility equations can-
not be found. By default, Abaqus/Explicit assumes 

10crit crit crit
eq nn ntf f f= = =  ; different values can be speci-

fied. If one of these parameters is set equal to zero, 
its corresponding deformation severity factor is not 
included in the evaluation of the damage initiation cri-
terion [15].

3. Results and discussion

The groove creates a geometric discontinuity in the 
beam and reduces the strength of the beam. In this re-
search, the effect of creating grooves on the surface 
of the beam with different depths and dimensions has 
been investigated. Due to the material’s specificity 
and grooves’ presence, the M-K Damage failure crite-
rion has been used.
This criterion is calculated using equations of defor-
mation compatibility and the equations of force equi-

(6)
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librium. The determining factors of this criterion are:
-  Groove size (which is calculated from the ratio of 
groove thickness to total thickness)
-  Groove angle (groove angle is 90 degrees here)
-  Failure energy
-  The exact amount of plastic

3.1. Comparison of the numerical and experimen-
tal analysis of a simple beam

In order to obtain the best numerical resolution re-
sults, this analysis was carried out with a number of 
different elements. The results reached convergence 
when the number of considered elements increased to 
15,000. Fig. 5 shows the mesh convergence diagram.

This section compared the experimental analysis and 
numerical results of flexural loading. Fig. 6 compares 
the force-displacement diagram of a simple beam’s 
numerical and experimental results with a relatively 
good difference percentage. A comparison of a sim-
ple bean’s numerical and experimental analysis results 
indicates that the maximum tolerable force in the nu-
merical model is 126 N and 120 N in the experimental 
specimens. With a difference of 9%, it shows almost 
good convergence.

The comparison of the flexural properties of a simple 
beam is shown in Table 3.Fig. 5. Mesh convergence.

Fig. 6. Comparison of numerical and experimental results of 
a simple beam.

Table 3. Comparison of flexural properties of a simple beam.

Geometry Deflection (mm) Bending modulus 
(GPa)

Ultimate strength 
(MPa)

Error (%)

Simple beam 
100×10×3 mm

Numerical 0.22 14.452 58.567

9
Experimental 0.29 14.600 56.600

Fig. 7 shows the contours of stress and strain result-
ing from the simulation of the three-point bending 

test for a perforated beam with a hole width of 2 and 
different lengths.
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Fig. 7. Stress and strain contours of the perforated beam with a hole width of 2 and (a) 4, (b) 12, and (c) 20 mm.

3.2. Comparison of the numerical and experimen-
tal analysis of grooved beams

Figs. 8, 9, and 10 compare the numerical and exper-
imental analysis of the beam with the groove at the 
bottom at a depth of 0.45 mm, at the top at a depth of 
0.9, and in the two levels at a depth of 0.9 and 0.45, 
respectively. As can be seen, increasing the fracture 
force is directly related to increasing the flexural mod-
ulus and flexural strength, but the beam deformation 
decreases. Fig. 8. Beam with a groove with a width of 4.7 and a depth of 

0.45 mm at the bottom of the piece.
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Fig. 9. Beam with a groove 4.7 in width and 0.9 mm deep in 
the top of the piece. Fig. 10. Beam with a groove with a width of 4.7 and depth of 

0.45 mm below the piece and a groove with a width of 4.7 and 
depth 0.9 mm above the piece.

Comparison of  Figs. 8-10 shows a significant agree-
ment in the numerical and experimental models 
and indicates the high accuracy of the numerical 

simulation.
The comparison of the flexural properties of the 
grooved beam is illustrated in Table 4.

Table 4. Comparison of flexural properties of the grooved beam.

Geometry Deflection (mm) Bending modulus (GPa) Ultimate strength 
(MPa)

Error (%)

Beam A Numerical 0.183 12.08 42.208 8.09
Experimental 0.180 11.968 41.541

Beam B Numerical 0.231 9.281 48.061 8
Experimental 0.236 9.552 49.347

Beam C Numerical 0.202 7.880 32.324 6
Experimental 0.210 7.428 35.814

Beam A: Beam with a groove with a width of 4.7 and a depth of 0.45 mm at the bottom of the piece.
Beam B: Beam with groove 4.7 in width and 0.9 mm deep in the top of the piece.
Beam C: Beam with a groove with a width of 4.7 and depth of 0.45 mm below the piece and a groove with a width of 4.7 and depth of 0.9 
mm above the piece.

Figs. 11 and 12 show the different positions of the 
groove on the beam with a width of 4.7 and 5.5, re-
spectively. The three-point bending test of grooved 
beams in the upper grooves of the beam is subjected 
to compressive force, and the lower grooves are sub-
jected to tensile force. Regardless of the groove depth, 
numerical and experimental results indicate that the 
tensile strength of the beams will be greatly reduced. 

The reasons for the similarity of numerical and ex-
perimental results can be divided into the following 
categories:
•	 The high number of elements in the numerical 
simulation significantly helps converge the results.
•	 Another significant cause is the material, 
which is very brittle and lacks plastic behavior.
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4. Conclusion

In this research, composite bipolar plates have been in-
vestigated. For the flexural analysis, these plates were 
studied in composite beams with and without grooves 
using the flexural stability approach and determining 
the fracture strength. The obtained numerical and ex-
perimental results were compared in terms of flexural 
behavior. The investigated beams in the bending test 
were more vulnerable in the lower part because they 
were under tension, and as expected, the investigated 
beam was more resistant in the compression state than 
in the tensile state. Also, numerical and experimental 
analysis of these beams with this type of material had 
a higher deflection due to the greater percentage of 
graphics and were also more fragile, weakening the 
body. This problem only occurs due to the molecular 

bond of the graphic, which causes the graphic to slip. 
Also, the beam with the upper groove was observed 
to have more strength than the beam with the lower 
groove
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