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� X-Ray computer tomography re-

veals the inner structure of com-

posite bipolar plates.

� Cracks, air bubbles and agglomer-

ations of foreign particles detected

inside BPP.

� Imperfections inside BPP have

minimal impact on the electric

properties.

� The flow field has a major impact

on the electrical resistance of

composite BPP.
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a b s t r a c t

With the increasing mass production, the quality control of bipolar plates (BPPs) becomes

more important. A classification and understanding of imperfections and defects is

necessary for the design of quality assurance measures within the manufacturing process.

In this paper, a combined X-Ray computer tomography (CT) and resistivity simulation

approach is used to investigate graphite composite BPPs. With this non-destructive

approach, the morphology and composition of a detailed BPP section, as well as an

entire flow field, can be analyzed for its characteristics and defects. The different detected

imperfections occurring in injection-molded and compression-molded BPP samples

include cracks, air bubbles and agglomerations of voids and foreign particles. The inves-

tigated flow field geometry has a major impact and increases the electrical resistance by

about 19% compared to a bulk material body. The investigated imperfections inside the BPP

material have a minimal impact on the electrical resistance of the BPP.
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Introduction

In order to achieve broad commercialization, the production

costs fuel cell systems must be reduced. In addition to the

membrane electrode assembly (MEA), including the gas

diffusion layer (GDL), the bipolar plate (BPP) is one of the fuel

cell components with the highest cost reduction potential.

Depending on the cost model and assumptions for produced

numbers and stack size, the costs of bipolar plates are calcu-

lated as amounting to 45% [1], 29% [2] or 28% [3] of the overall

fuel cell stack's costs. Despite the wide variation in cost as-

sumptions, BPPs are responsible for a significant portion of

fuel cell costs. Therefore, their cost-effective mass production

is necessary [4]. The main properties of a BPP are a high gas

impermeability, high electrical conductivity, high thermal

conductivity, good mechanical and chemical stability and low

production costs [5]. Target properties for BPPs in automotive

applications have been set out by the U.S. Department of En-

ergy (DOE) [6]. To meet all of the listed criteria for BPPs, com-

posite BPPs of high quality must be produced. Possible

materials for these in the purview of companies and re-

searchers are metals and carbon composite materials.

Metallic bipolar plates have superior electrical and thermal

properties but are prone to corrosion and therefore require a

protective coating [7]. More suitable for stationary applica-

tions with long lifetime requirements are carbon composite

materials, but achieving high electrical conductivity values is

an issue for those for BPPs [8]. In carbon composite materials,

electrons are conducted through a percolating network of

conductive filler materials, which Kreuz [9], for example, has

clearly demonstrated. Dawson et al. [10] assume that the

electrical resistance in composites with carbon black is

dominated by the charge transfer across the insulating gaps

between adjacent carbon black particles for low filler contents

but that in highly loaded materials, the intra-particle pro-

cesses becomes more dominant. Conductive filler materials

that have been investigated for BPPs include natural and

synthetic graphite, expanded graphite, carbon fibers, carbon

black, carbon nanotubes and graphene [5,11e13]. In general,

the electrical resistance decreases with the increase in

conductive filler content. To meet the conductivity re-

quirements, BPPs are highly loaded composites. Antunes et al.

[14] list the results of different research groups that met the

target property for the electrical conductivity of 100 S/cm in

the in-plane direction, but not in the through-plane direction,

whereas virtually only the in-plane conductivitywas reported.

Increasing graphite filler contents decrease the flowability of

bulk-molding compounds and, for easy manufacturing, a

specific amount of resinmaterial is needed, as stated by Hsiao

et al. [15]. Heo et al. [16] observed non-conducting regions

made of resin material in their composites to block the

connection of electrical conductive paths, increasing the
overall resistance of the material. Antunes et al. [14]

concluded that the percolation network can be reduced

through the agglomeration of particles due to poor dispersion,

leading to lower bulk conductivity of the BPP. Other possible

non-conducting regions inside BPPs are voids, cracks and

other foreign non-conductive particles. A better understand-

ing of the influence of the defects and imperfections that can

occur during the production process will help control and

maintain the production of BPPs at a high level of quality.

Anett et al. [17] used SEM on cryogen fracture surfaces of

injection-molded and compression-molded BPP materials

with differentmaterial compositions. They described core and

skin regions in injection-molded samples in which width de-

pends on the matrix material used and flow velocities. By

removing the insulating skin region, the electrical conduc-

tivity could be increased. The effect of the production method

on the internal BPP structure has also been reported in the

literature [18,19]. Simaafrookhteh et al. [20] report on different

defects that can occur during the compression molding of

composite BPPs and how tomitigate these during the molding

process. The investigated defects contain porosities inside the

resin caused by volatiles and gases generated during the

curing process, such as the bonding of materials due to poor

material choices, delamination and crack formation and also

the formation of patterns due to pre-curing. The influence of

those defects on the electrical properties has not been re-

ported in the literature. Using a special measurement cell,

Baumann et al. [21] investigated different defect sites on the

surface of a graphitic compound BPP between BPPs and GDLs,

respectively, by evaluating the current distribution and

transverse conductivity of the bulk materials. By increasing

the defect area, the current below the defect decreases line-

arly. Müller et al. [22] used metal plates to detect cross-

conductivities inside bipolar plates and used these as an in-

dicator of defects in the MEA or other malfunctions in the fuel

cell but did not link the transverse conductivities to defects

inside the BPP.

This paper investigates the occurrence, dimensions and

distribution of defects and imperfections inside composite

BPPs by means of an X-Ray computer tomography (CT)

approach and simulates the effect on electrical conductivity

using a finite element method (FEM) simulation model. FEM

simulation models have been used to predict the contact

resistance between BPPs and GDLs under homogeneous and

inhomogeneous contact pressure distributions [23e25] and to

simulate the optimal flow field rib width and rib shapes, but

the potential losses throughout the entire BPP and GDL were

not investigated. Qiu, Peng [26] considered the material

properties and used an analytical model to show the influence

of BPP surface morphology and GDL compression on the

contact resistance. Nevertheless, the internal structure of the

BPP was not in the focus of their study. X-Ray CT is a non-

destructive measuring method to investigate the inner
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structure of materials and components [27,28]. Compared to

scanning electron microscopy (SEM), X-Ray CT has the

advantage that the sample requires no special preparation

before measuring. In addition, 3D tomograms with higher

information contents can be generated instead of 2D images

[29]. Features like delamination, voids or matrix cracks can be

visualized in 3D, avoiding possible misinterpretation from 2D

characterization methods [30]. The X-Ray CT is widely used to

detect defects and failure modes in polymers with carbon fi-

bers, as they have a wide range of applications. Furthermore,

the numerical reconstruction of the X-Ray CT data of fiber-

reinforced polymer composites finds broad application in

different simulation models [30e32]. To our knowledge, there

has been little use of X-Ray CT in the investigation of com-

posite materials for bipolar plates presented in the literature,

especially including the numerical reconstruction of the data.

Pilinski et al. [33] employed X-Ray tomography to show the

surface changes of a BPP under fuel cell conditions. However,

the inside of it was not investigated.

This paper first describes the X-ray computer tomography

setup and segmentationmethods undertaken, followed by the

setups for the electrical resistivity measurements and re-

sistivity simulations. The electrical resistivity measurements

are used to obtain input data for the resistivity simulation. To

measure the specific through plane resistivity of a graphite

BPP, Kakati, Sathiyamoorthy [34] applied the four-probe

technique commonly used for in-plane measurements to a

through-plane measurement. With their setup, Kakati,

Sathiyamoorthy [34] showed the increasing conductivity with

increasing filler content. They were also able to identify an

optimum amount for a second filler. Dhakate, Sharma [35]

used a sandwich setup of GDL and BPP undermechanical force

tomeasure and compare the through-plane resistances of BPP

with different filler content. To obtain the specific through-

plane resistivity of the BPP, BPP samples with different

thickness have to be measured and compared as shown by

Cunningham, Lef�evre [36] and Sadeghifar [37]. Imperfections

detectable with the X-Ray CT approach are presented and

analyzed. BPP with artificial imperfections are then investi-

gated with a simulation model generated from X-Ray CT data

to reveal the change in the potential distribution within the

BPP due to imperfections. The simulation results show the

influence of BPP geometry and imperfections inside the BPP on

overall electrical resistivity.
Experiments and simulation setup

X-ray computer tomography

For our investigations, we use a high-resolution CT Xradia

410 Versa from Carl Zeiss AG. This CT uses a two-stage

magnification architecture with geometric and optical

magnification. The geometric magnification is achieved via

adjustable distances between the source, sample and de-

tector. For the optical magnification, lenses between a 0.4x

and 40x zoom are available. With this CT we have, on the one

hand, the opportunity to investigate the entire flow field of
an example BPP with a dimension of 42 mm � 42 mm and a

resolution of 30 mme40 mm per pixel. At lower magnification,

the entire active area can be scanned for larger defects. On

the other hand, at higher magnification it is possible to

obtain a resolution at the nanometer scale, making the

morphology of the BPP visible. Using the high magnification,

a region of only a fewmillimeters can be investigated. The CT

software generates a grey level tomogram of the sample,

depending on the transmission of the X-Rays. The evaluation

software used for the grey scale tomograms was DragonFly

by ORS. In the evaluation software, strongly absorbing ma-

terials are shown in brighter grey levels and less absorbing

materials in darker grey ones. The X-Ray absorption of ma-

terials can be expressed with the absorption coefficient m,

which depends on the elements of thematerial, expressed by

the atomic number Z, the density of the material r, the en-

ergy of the photons produced by the X-Ray source E and a

constant K [30]:

m¼K$r$
Z4

E3
(1)

Material assignment with X-Ray computer tomography

The absorption coefficient for X-Rays is proportional to the

atomic number to the power of four and to the density of the

material (Eq. (1)). This can be used to differentiate materials

inside the BPP. Graphite is composed of carbon atoms and the

polymer binder, used in BPP, also consists mainly of carbon

atoms, making it challenging to differentiate between the two

materials based on the absorption coefficient. The investigated

BPP material samples use different polymer binders, i.e., poly-

propylene (PP), polyvinylidene fluoride (PVDF) or poly-

phenylene sulfide (PPS). The difference in the density of PPS

binder materials and graphite is sufficient to see a slight dif-

ference in the greyscale image of a tomogram. Fig. 1 shows a

higher magnification resolution for the greyscale image of a

samplewith a knownmaterial composition, as listed inTable 1.

For the better calibration of the material segmentation, a total

of 10% magnesium oxide is added to the BPP material sample.

Based on greyscale threshold values, the sample is segmented

into areas assigned to thematerials: graphite particles, polymer

binder material, foreign particles and voids. The threshold

values are set by comparing the intensity values of different

particles at different locations in the tomogram. The intensity

values range from aminimum of 1563 to amaximumof 65,314.

The voids or air bubbles inside the sample absorb the X-Rays

the least, and therefore an intensity range from the minimum

of 1563 to a value of 4500 is assigned to them. The polymer

material (marked in green) slightly absorbs less X-Rays than the

graphite particles (red), and so this material is represented by

the intensity values of 4501e8000 and 8001 to 11,000, respec-

tively. The foreign particles absorb the X-Rays the best, leading

to their assignment to the intensity values from 11,001 to the

maximum of 65,314 (blue).

Table 1 lists the greyscale ranges and shows the com-

parison between the volume shares of original material

composition and the material composition based on grey-

scale interpretation. Due to the slightly inaccurate setting of
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Fig. 1 e Material assignment of graphite particles (red), polymer binders (green), foreign particles (blue) and voids (yellow)

based on their intensity values. (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)

Table 1 e Composition of example BPP material with
added MgO particles.

Segment Intensity value Volume
share

(CT) in %

Volume share
(manufacturer

information) in %

Graphite 8001e11,000 57.7 60

Polymer

binder

4501e8000 32.7 30

Particles

(MgO)

11,000e65,314 (max) 9.5 10

Air

bubbles

1563 (min) - 4500 0.1 0
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thresholds and only investigating details of the produced

sample, the shares of the CT-based interpretation vary

somewhat from the original material composition. This

evaluation method for composite BPP material shows only

trends; nevertheless it can be applied to BPP to locally

determine the shares of graphite particles and polymer

binder material.

Electrical resistivity simulation

To simulate the influence of the defects on the electrical

resistance, a 2 cm � 2 cm section from a larger composite BPP

was investigated. The BPP samples have a thickness of 4 mm

and the flow field consists of 1 mm-wide and 1 mm-deep

channels, as well as 1 mm-wide ribs. An accurate CAD model

of the section was developed using the 3D X-ray tomography

data. With the software Dragonfly by ORS, surface meshes of

the characteristics of the inner structure of the graphite

composite bipolar plate could be generated. All voxels

belonging to the BPP bulk material were marked and the im-

perfections spared out. Then, a surface mesh of the outline of

the marked voxels was automatically generated by the soft-

ware. The graphite particles could not be separated from their

surroundings with the resolution used for the X-ray investi-

gation of a 4 cm2 area. For the simulations, the bulk material

was assumed to be homogeneous. The imperfections were

simulated as non-conductive particles.

For the electrical resistivity simulation carried out for this

study, an ANSYS Mechanical solver was used. The DragonFly
surface mesh could not be used directly for the simulation,

because of the additional bodies for the current contact body

and the GDL that were added on top of and below the inves-

tigated BPP according to the experimental investigation and

validation for the simulation. Therefore, the software Space-

Claim was used to transform the mesh into a solid body again

and revise its geometry. The edited geometry was meshed

with the ANSYSmeshing tool. A hexagonal meshwas used for

the GDL and the gold stamps, which represent the current

contact bodies, and a tetrahedral mesh was used for the BPP.

In total, the computational mesh consists of about 500,000

elements.

For the calculation of the electrical potential distribution,

an equation for the steady-state conductionwas usedwith the

potential V and electrical conductivity matrix ½s�:

�V $ ð½s�VVÞ¼ 0 (2)

The electrical conductivity matrix ½s� consists of two in-

plane resistances and the through-plane resistance. The po-

tential dropDV at an electric contact surface is calculatedwith

the electric contact conductivity ecc and the current density J:

DV ¼ J
ecc

(3)

Contact models for the contact areas of the GDL are

substituted by an empirical value ecc depending on the contact

pressure in the system.

The simulation results of the electric potential simulation

are evaluated along a line through the model. For ANSYS, to

calculate the local electric potentials along a line through the

model, surfaces for the evaluation have to be defined. There-

fore, small cuboids are implemented into the simulation

model. Fig. 2 is showing a section of the simulation model

with the cuboids in it. In each regime the cuboids have the

same properties as the GDL, the BPP and the stamp without

contact resistances to their neighboring bodies within their

regimes. As boundary conditions a current density of 1 A/cm2

was applied to the top surface of the current contact bodies,

while a potential of 0 V was applied to the bottom surface of

the other current contact bodies. The golden stamps were

simulated as 200 mm-thick bulk bodies and the GDL as 150 mm

thick bulk bodies in this model. The specific electrical

https://doi.org/10.1016/j.ijhydene.2021.05.078
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Fig. 2 e Section through simulation model with representation of the additional cuboids for evaluation.

Table 2 e Through-plane resistivities, in-plane resistivities and contact conductivities.

MaterialyCompression Pressure Through-plane resistivity In-plane resistivity

1 MPa 5 MPa

BPP 22.84 mUcm 22.17 mUcm 8.90 mUcm

GDL 186.6 mUcm 57.27 mUcm 9.57 mUcm

Contact conductivity

Contact GDL-Stamp 9.32 S/mm2 11.43 S/mm2

Contact BPP-GDL 5.79 S/mm2 14.65 S/mm2
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resistances of the golden stamps were set to 0,017 mUcm. The

specific through-plane resistivity, in-plane resistivity and the

contact resistances of the materials for the BPP and GDL were

determined experimentally and their values are listed in Table

2 in the result section. The contact type between GDL and

golden stamp and between BPP and GDL were set to ‘bonded’

with a manually given value for the electric conductivity as

listed in Table 2.

Four different simulations were carried out:

� Simulation of a bulk material body without a flow-field

� Simulation of an ideal BPP samplewith a flow-field, serving

as the reference model

� Simulation of a BPP sample where only separated and

randomly placed foreign particles with a diameter of a few

mm and a volume share of 0.04% were considered as

imperfections

� Simulation where only intentionally-placed wooden par-

ticles inside the BPP with dimensions of up to several

hundred mm and a volume share of 1.6% were taken into

account as imperfections.

For the three simulations of the BPP, the same X-Ray

tomogram was considered, therefore the outer shape is equal

for those simulations. The voxels representing the imperfec-

tions in the X-Ray tomogram accounted for the bulk of the

material for the referencemodel and the simulation of the BPP

with imperfections, where they were treated as non-

conductive particles.

Resistivity experiments

The in-plane and through-plane resistivity of the bulk BPP

material are needed for the electric simulation to determine

changes in ohmic losses due to imperfections and defects in the

BPP.
For the in-plane resistivity measurement, a four-point

probe technique is used. The BPP material samples are con-

nected with a copper plate on each side along the entire

length. A current is then applied to the BPP via copper con-

tacts. The potential is measured at different distances on a

straight line that was placed vertical to the copper plates. The

specific in-plane resistivity ripcan be calculated with Eq. (4),

where U is the measured potential, I the current,A the surface

connected to the current source and Lthe distance between

the needles thatmeasure the potential difference. The specific

through-plane resistivity rtp is calculated with the thickness d

of the sample (Eq. (5)):

rip ¼
U
I
$
A
L

(4)

rtp ¼
U
I
$
A
d

(5)

Fig. 3 shows a schematic representation of the experi-

mental setup for the in-plane measurements and the experi-

mental setups for the through-plane measurements. The

current for the in-plane and through-plane experiments was

applied through a Gossen Konstanter and measured with a

Fluke 45 dual display multimeter. The potential was also

measured in all experiments with a Fluke 45 dual display

multimeter. For the through-plane resistivity and contact

resistance measurements, BPP material samples with di-

mensions of 2 cm � 2 cm were cut out of a larger BPP. A PWV

2 EH-Servo hydraulic presswas used to apply the compression

force and different experimental setups were investigated.

To determine the bulk resistivity and contact resistances of

the GDL, the experimental method proposed by Sow et al. [38]

is adapted. A copper foil is placed between two 100 mm-thick

insulating foils and two BPP samples. This composition is

placed on a GDL and then connected with golden stamps from

both sides (see Fig. 3). The voltage difference between the

https://doi.org/10.1016/j.ijhydene.2021.05.078
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Fig. 3 e In-plane measurement setup (top left) and through-plane measurement setups: experiment 1 with one GDL and

contact through copper foil (top-right); experiment 2 with one GDL (bottom-left); experiments 3e5 for BPPs with different

thicknesses (bottom-right).
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copper foil and the bottom golden stamp is measured, which

yields a potential drop consisting of the contact resistance

between the golden stamp and GDL plus the bulk resistance of

the GDL. As Sow et al. [38] note, themeasured voltage dropwill

not be accurate due to the bending of equal potential lines

along the corners of the connecting BPPs. In a second experi-

mental setup, the GDL is placed between golden stamps and

the potential drop caused by two times the contact resistance

of the golden stamp and GDL, with the bulk resistance of the

GDL also being measured (see Fig. 3). The experimental setup

to evaluate the bulk resistivity of the BPP material is shown in

Fig. 3 at the bottom-right and consists of two golden stamps,
Fig. 4 e X-Ray CT cross-section of six material samples. Materi

Material B: injection-molded BPP with almost no imperfections

Material D: compression-molded BPP with large graphite partic

molded BPP with agglomerations of polymer binder or voids.
two GDLs and a BPP sample milled to a thickness of 2 mm and

one to a thickness of 3 mm, respectively. Finally, the original

BPPmaterial with a thickness of 4 mm is placed with a GDL on

each side between the golden stamps to measure the total

resistance of the reference BPP, because slightly different

surfaces compared to the original BPP are observed on the

down-milled material samples. This was performed to

compare the overall potential of a bulk material cutout with

cutouts of the BPP flow-field of the same material. The ex-

periments were repeated several times to determine an

average value for each of them. The different experimental

setups led to a linear system of equations in which the bulk
al A: injection-molded BPP material with a large crack;

; Material C: injection-molded BPP with large air bubbles;

les and foreign particles; materials E and F: compression-

https://doi.org/10.1016/j.ijhydene.2021.05.078
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resistivity of the BPP material, the GDL material and contact

resistances of the gold stamp-GDL and BPP-GDL, respectively,

could be calculated. The equations, with their measured

overall potential differences, are listed below:

Exp:1:U1 ¼ 1$UGDL þ 1$UContact GDL;Stamp þ 0$UContact GDL;BPP

þ 0$UBPP

(6)

Exp:2 : U2 ¼ 1$UGDL þ 2$UContact GDL;Stamp þ 0$UContact GDL;BPP

þ 0$UBPP

(7)

Exp:3 : U3 ¼ 2$UGDL þ 2$UContact GDL;Stamp þ 2$UContact GDL;BPP

þ 1$UBPP;2mm

(8)

Exp:4 : U4 ¼ 2$UGDL þ 2$UContact GDL;Stamp þ 2$UContact GDL;BPP

þ 1$UBPP;3mm

(9)

Exp:5 : U5 ¼ 2$UGDL þ 2$UContact GDL;Stamp þ 2$UContact GDL;BPP

þ 1$UBPP;4mm

(10)

The specific through-plane bulk resistances (compare Eq.

(5)) of the BPP and the GDL as well as the contact conductiv-

ities for the simulation model (compare Eq. (3)) can be calcu-

lated using Eqs. (6)e(10). The mean values of at least ten

measurements are used for calculating the simulation

parameters:

eccGDL;Stamp ¼ J$
1

U2 � U1
(11)

rtp;BPP ¼
U4 � U3

dBPP;3mm � dBPP;2mm
$
1
J

(12)

rtp;GDL ¼
1

J$dGDL
$

�
U1 � J $

1
eccGDL;Stamp

�
(13)

eccGDL;BPP ¼ J$
2

U5 � J$

�
2$rtp;GDL$dGDL þ 2

eccGDL;Stamp
þ rtp;BPP$dBPP;4mm

�

(14)

Results and discussion

Detectable imperfections

As described by Simaafrookhteh et al. [20], during the pro-

duction of composite materials for BPPs, different problems

can occur, such as delamination or trapped gases. To

enhance the detectability of those defects with the X-Ray

tomography approach, six different material samples made

of different polymer binder and graphite filler combinations

were investigated. The material samples were provided by

two different suppliers; their exact material composition will

not be stated in this paper. 2D sections from X-Ray tomo-

grams belonging to the six different samples are shown in
Fig. 4. Samples A-C were produced by an injection molding

process while samples D-F were produced by a compression

molding process. In the grey level tomogram, the BPP mate-

rials clearly differ from the surrounding air because their

carbon content absorbs more of the X-Ray radiation. The six

2D sections show different failure modes that can occur in-

side a graphite composite BPP. A direct comparison of the

samples is difficult because of the different grey level

changes due to different sample sizes, X-Ray CT settings and

post processing with the evaluation software. Sample A

shows a large crack in the middle of the object. This crack

absorbs fewer X-Rays and therefore it is shown in darker

colors than the surrounding carbon and binder materials.

Foreign particles that do not belong to the graphite com-

posite are shown aswhite particles and can be seen in almost

every investigated sample. These particles consist of ele-

ments that absorb the X-Rays even better than the graphite

or polymer binder material. Sample B has no larger defects

visible in the presented section. The material seems to be

fairly homogeneous and only has a few foreign particles.

Large air bubbles can also occur during the injection molding

process, as detected in sample C. The air bubble has a

diameter larger than 1 mm, which is more than one third the

thickness of the material sample. Sample D is made of larger

graphite particles, and so the entire inner structure with the

composition of the particles can be made visible at lower

magnification. Larger foreign particles can interrupt the

connection between two or more adjacent graphite particles.

This will reduce the number of conductivity pathways if the

foreign particles are non-conductive. Therefore, foreign

particles can lead to an increase in the electric resistivity.

Samples E and F show agglomerations of voids and small air

bubbles inside the BPP materials and a small number of

foreign particles. The agglomerations of voids are distributed

randomly across the entire sample.

EDX analysis of the different samples indicated that the

foreign particles were primarily aluminum silicates and cal-

cium silicates, prompting the assumption that the particles

enter the manufacturing process with the raw materials. In

some material samples, foreign particles with a high iron

content could also be observed.

Distribution of imperfections

The material assignment is applied to the six material sam-

ples shown in the previous section. With this approach, a

statistical evaluation of the size and number of imperfections

can be generated. The distribution of the imperfection sizes in

the six investigated material samples is shown in Fig. 5. The

results show that in those samples there are many small

foreign particles and a few larger imperfections. For a better

comparison and visualization, the imperfections are treated

as spherical volumes and the equivalent diameter based on

the shape of a sphere is calculated. The only defects or im-

perfections considered are those that have an equivalent

diameter larger than 10 mm and which can be clearly differ-

entiated from the surrounding matrix by the evaluation soft-

ware. In a sample volume of 13.6 mm3, there can be up to

10,000 micro-sized imperfections such as foreign particles,

voids or air bubbles with an equivalent diameter of less than
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Fig. 5 e Particle size distribution of material samples (left); spatial distribution of foreign particles in a sample BPP (right).
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20 mm. Larger imperfections like cracks or large air bubbles

only occur in small numbers and can only be seen in some of

the investigated material samples.

For the spatial distribution inside a BPP, an entire flow-field

with the dimensions of 42� 42mm2was investigated. The BPP

is a compression-molded sample with a thickness of 4 mm

while the channels of the flow-field have a width and depth of

1 mm. The resolution of the CT scan is about 35 mm per voxel.

To show the inner properties of the right-hand picture in

Fig. 5, the transparency of the greyscale image was increased.

The foreign particles inside the BPPmaterial become visible in

large numbers in the transparent BPP image. They are

randomly distributed across the entire BPP. This leads to the

assumption that they are added to the BPP material with the

rawmaterial or at themixing stage of the polymer binder with

the graphite particles.

Resistivity measurements

The measurement results for the area-specific in-plane and

through-plane resistances of the BPP material and of the

GDL used are shown in Fig. 6. The potential differences

increase linearly with the increasing distance between the

measurement points, and therefore the specific in-plane

resistivity as shown in Eq. (4) can be directly calculated

from the slope of the graphs. The through-plane re-

sistivities and contact conductivities can be calculated ac-

cording Eq. (11)e(14). The results for the specific resistances

used in the simulations are listed in Table 2. Fig. 6 also

shows the measurement results of BPP with and without

defects for comparison with the simulation results, pre-

sented in section Simulation results.

In accordance with Qiu et al. [39], the through-plane re-

sistivity experiments show that the change in the total resis-

tance of the GDL and BPP with increasing pressure is

becoming minimal, reducing the deviation in the simulation

parameters for higher compression pressures.

The measured resistance for experiment 1 is only an

approximation for the GDL bulk resistance and the contact

resistance due to the gap between the current-conducting BPP

and measurement foil. A detailed explanation of this inaccu-

racy is provided by Sow et al. [38], who used thinner mea-

surement tips and insulating foils, leading to an inaccuracy of

less than 11%. The specific resistances were calculated for a
compression pressure of 1 MPa and 5 MPa from the mea-

surement data and used as the simulation parameters. The

inaccuracy of the measurement results for 1 MPa can play a

role, as the simulation parameter can change rapidly with

deviations in the measurement results. For the calculation of

the GDL bulk resistance, a thickness of 150 mm is assumed for

all compression pressures. The simulation input parameter

for the electrical through-plane resistances of the GDL de-

creases with increasing compression pressure. The through-

plane resistances for the BPP only changed slightly due to

measurement uncertainties, and therefore are assumed to be

constant in the simulation for all compression pressures. The

contact resistance between the golden stamps and GDL, as

well as the contact resistance between the GDL and BPP, also

decrease with increasing compression pressure.

X-Ray investigation of BPP with artificial imperfections

With a high resolution of the X-Ray CT, only a small section of

a BPP can be investigated. A BPP with artificial imperfections

at a known location can be produced by a supplier to reduce

the X-Ray CT scanning time and the search time for defects.

Intentionally implemented wood particles are used to simu-

late imperfections such as cracks or large foreign particles.

The wood particles were added to the composite material

before compression-molding at the mixing stage so that they

could distribute in the material. The wood particles are only

implemented on one side of the BPP, allowing a comparison

with the imperfection-free symmetrical other half of the same

BPP. In the X-Ray CT images, the implemented wood particles

can be clearly seen and extracted by themethods described in

the previous sections. Thewood particles absorb fewer X-Rays

than the graphite or polymer matrix present in the BPP ma-

terial sample. The interpretation of the grey scale image and

marking of the wood particles in blue is shown in Fig. 7A and

B. The wood particles are distributed across the entire height

of the sample, differ in size and orientation and the volume

share of the BPP material in the investigated area is about

1.6%. The investigated area of the BPP was about 4 cm2,

allowing a resolution with the CT to detect all wood particles.

Fig. 7CeE show the outlines of the referencemodel, the model

with randomly-placed foreign particles and that with wood

particles that are generated from the X-Ray data of a real BPP

sample.
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Fig. 6 e In-plane specific resistances for GDLs and BPPsmeasured with respect to the distance betweenmeasurement points

(left) and through-plane-specific resistances measured for different experimental setups with respect to compression

pressure (right).
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Simulation results

Fig. 8 shows a section of the simulation results and the loca-

tion of the evaluation line for the potential drop in the model

on the right.

Fig. 8 shows the voltage losses through the simulation

model of a BPP bulkmaterial sample, an ideal BPP samplewith

a flow field and one with artificial imperfections for a

compression pressure of 1 MPa and 5 MPa, respectively. The

losses due to contact resistance are represented through

horizontal lines in the potential curve. In the contact body

there is no voltage loss due to the high electrical conductivity

of the golden stamp. The upper GDL, which is in contact with

the flow-field side of the BPP and the contact resistances on

this side are responsible for a voltage loss of 3.73 mV,
Fig. 7 e Interpretation of the grey scale image and marking of wo

from X-Ray data: ideal sample without imperfections (Image C);

sample with wood particles marked in blue (Image E). (For interp

reader is referred to the Web version of this article.)
assuming a compression pressure of 5 MPa. This is equivalent

to 22.6% of the total voltage loss in the simulation model for

the ideal BPP. The contact loss between the upper GDL and BPP

is overestimated in the simulation model with the flow-field

because it only considers the smaller contact surface due to

the flow field structure, but not the better conductivity inside

the GDL and at the contact surface due to higher contact

pressure on the flow-field ribs. The contact loss of the bottom

GDL with the BPP is lower in the simulation model compared

to the upper contact surface with respect to a larger contact

area. At a compression pressure of 5 MPa, the main share of

the voltage loss is due to the bulk losses inside the BPP, with a

voltage drop of 10.5 mV, which means a loss of 63.6% of the

total voltage loss. The bulk losses inside the BPP can be divided

into three sections, two of which are linear, as well as a
od particles in blue (Images A and B). 3D models generated

sample with foreign particles marked in red (Image D); and

retation of the references to color in this figure legend, the
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Fig. 8 e Potential distribution inside the simulation model

along the evaluation line for ideal BPP samples and BPP

samples with artificial wood particles at 1 MPa and 5 MPa

compression pressures, respectively (left); and cross-

section with evaluation line (right).
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transition section. The first linear sectionwith the larger slope

starting around the position 0.35 mm represents the potential

drop in the bulk body regime while the second linear section

represents the potential drop in the flow field regime of the

BPP. The bulkmaterial sample is simulated as a homogeneous

material and has the same slope all over the sample. The flow

field also affects the potential drop at the contact surface to

the GDL, the potential distribution and potential drop in the

GDL itself. Related to a full bulk material sample, the BPP with

the flow-field has a 19.0% higher potential drop at the same

current density.

In the ideal sample, a voltage drop of 10.5 mV over the BPP

and of 16.5 mV over the entire simulation model at a current

density of 1 A/cm2 was simulated. In the simulation model

withwood particles, the voltage drop over the BPP increases to

10.91 mV and through the entire model to 16.81 mV. This is an

increase of 0.41 mV (þ3.9%) and 0.31 mV (þ1.9%), respectively.

The sample with small foreign particles shows nearly no in-

crease in the simulated voltage drop over the BPP body model

nor the entire model, increasing it by 0.02 mV (þ0.2%) and

0.07 mV (þ0.4%), respectively. For better clarity of the graphs,

this sample is not shown in Fig. 8.

Considering the measurement uncertainties presented in

Fig. 6 and the rapid decrease in contact resistances with

increasing compression pressure, the effect of the artificial

imperfections plays an even more subordinate role. A simu-

lation of 1 MPa compression pressure, a more common pres-

sure in the context of PEM Fuel cells, shows the declining

effect. At a pressure of 1 MPa, the potential losses due to

contact resistances and the bulk resistance of GDL on the

flowfield side of the BPP are responsible for 8.29 mV (34.4%).

The share of the BPP at the total potential losses decreases to

43.5% and the potential increase due to the artificial imper-

fection decreases to 1.4%.

In addition to the simulation results, Fig. 8 also shows the

measurement results of the simulated setup for compression

pressures of 1 MPa and 5 MPa. With the measurement setups,
only the total potential loss can be measured. The measure-

ment results are in good agreement with the simulation re-

sults for the BPP bulk body. At a current density of 1 A/cm2 and

a compression pressure of 5 MPa, implemented with the hy-

draulic press, the measured potential drop for the through-

plane measurement setup on a bulk material sample is

13.72 mV. The deviation between the measurement and

simulation result is 0.6%. For the BPP with a flow field and

without defects, a potential drop of 15.18 mV is measured

while for the BPP sample with implemented wood particles, a

potential drop of 15.19 mV is measured. The deviation be-

tween simulation and measurement is larger for a BPP with

flow field than for a bulk body due to the above mentioned

overestimation of the contact resistance. Nevertheless, the

results show the small influence of imperfections in the BPP.

The measurement results in Fig. 6 also show that the influ-

ence of the separate investigated imperfections is negligible

and cannot be accurately measured.
Conclusion

With the X-Ray computer tomography approach, the

morphology of the graphite composite bipolar plates can be

made visible and imperfections smaller than a few micro-

meters can be detected without destroying the sample. As the

CT scan takes several hours to complete, this device can only

be used for quality control in random samples. The develop-

ment of a CAD model from the CT data with subsequent

electrical resistivity simulation determines the component

properties. This approach can be a useful tool in the devel-

opment of future quality measurement instruments, or of

composite BPPs, by showing the influence of imperfections on

the material. Single and distributed foreign non-conductive

particles a few micrometers in size and volume shares of

around 0.04 vol.-% of the BPP volume do not affect the elec-

trical resistivity of the BPP material. The in-plane resistivity of

the BPP compensates possible blocked through-plane re-

sistivity pathways. Larger amounts of imperfections of around

1.6 vol.-% with imperfections of several hundredmicrometers

in size can have a negative impact on the electrical resistivity

of the carbon composite BPP. As simulated, they can increase

the electrical resistance by almost 4%, for a compression

pressure of 5 MPa, whereas in validation experiments they

show no influence. Furthermore, the influence of defects in

BPP decreases for lower compression pressures, as the contact

resistances of the GDL and BPP increase. The flow field

structure itself plays an overriding role compared to the in-

fluence of imperfections in the BPP, as the flow field increases

the electrical resistance by almost 20% for the graphite com-

posite BPP geometry investigated.
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