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A new manufacturing technique utilizing Selective Laser Sintering (SLS) has been 
developed for fabrication of proton exchange membrane fuel cell (PEMFC) bipolar 
plates. The layer-based nature of SLS offers several advantages for bipolar plate 
development and manufacturing. This additive process provides the ability to 
manufacture complex geometries that are otherwise difficult to obtain using conventional 
manufacturing techniques. SLS fabrication of bipolar plates will significantly benefit 
bipolar plate design research because prototypes can be produced and tested in a much 
shorter period of time and at a lower cost. In addition, fuel cell performance with plates 
having single serpentine, triple serpentine and interdigitated flow field designs were 
simulated using commercial Computational Fluid Dynamics (CFD) software package, 
FLUENT, which has a special PEMFC toolbox implemented for performance simulation. 
The PEMFC model in FLUENT is a multi-phase mixture model that is capable of 
predicting local current density distribution, temperature distribution and species 
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concentration, etc. To verify the simulation results and demonstrate the value of the SLS 
technique, real plates with abovementioned flow field configurations were constructed 
based on the established SLS fabrication routes. Experiments were then conducted using 
a newly assembled PEMFC test unit with a bubble humidifier installed. Improved design 
and prompt experimental validation of fuel cell bipolar plates became possible through 
the combination of CFD simulation and the established indirect SLS process. Other novel 
bipolar plate designs were also proposed.      
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Chapter 1: Introduction 
 

1.1 Selective Laser Sintering 
 Selective Laser Sintering (SLS) is a rapid manufacturing process in which a three 
dimensional object can be built from a Computer Aided Design (CAD) model through an 
additive process. It was originally developed at The University of Texas at Austin in the 
late 1980’s [1], and the SLS machines were made commercially available by DTM 
Corporation (now 3D Systems) in the early 1990’s. The success of the SLS process relies 
on the fact that very complex geometry designs that are hard to achieve by other 
fabrication techniques can be attainable without using any part-specific tooling, and a 
relatively small amount of human intervention is involved. The SLS process is one of the 
Solid Freeform Fabrication (SFF) techniques.  
 At the beginning of the Selective Laser Sintering approach, a three dimensional 
CAD model representing the part is decomposed into two dimensional thin layers called 
sintering planes which are stored as an STL file and subsequently transferred to the SLS 
machine. The SLS process begins with depositing a powdered material to form a uniform 
powder bed in the working space. A CO2 laser beam then selectively raster scans the first 
layer to form an area or contour defined by the geometry of the two dimensional cross-
section. After the first layer is sintered, the build chamber platform moves down with a 
specified layer thickness, and a new powder layer is spread out and leveled over it via a 
roller mechanism. The laser scans the new layer to fuse the previous layers together 
through a variety of fusing mechanisms including surface bonding and melting, etc. The 
procedure is repeated until the shape is completely built up [2]. During the sintering 
process, the un-fused loose powder remains in place and serves as the support for the next 
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layer of powder and part under fabrication. No additional support structure is required. 
The loose powder may be sifted in a sifter for reuse. Figure 1.1 shows a schematic of the 
SLS process. 
 

Figure 1.1 Schematic of the Selective Laser Sintering process 
 

The Selective Laser Sintering process, like many other rapid prototyping methods, 
may be further classified into two groups, direct SLS and indirect SLS. In the following, 
a brief discussion of their advantages and limitations will be addressed. 
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1.1.1 Direct SLS 
 Direct Selective Laser Sintering, as its name suggests, produces final parts directly 
from the SLS process without adding any post-processing steps. Direct SLS of 
thermoplastic powder, such as nylon-based materials, has shown success in obtaining 
fully dense parts. The laser power required to achieve a fully dense plastic part is usually 
below 20 Watts. As far as metals and ceramics are concerned, SLS of metallic materials 
has been researched since the early 1990’s [3, 4]. The major challenge in direct SLS of 
metal parts is that a much higher laser power, or energy density and more stringent 
processing atmosphere control is required compared to direct SLS of thermoplastic 
materials. This barrier was overcome in part by using a starting material that consists of a 
mixture of high melting point and low melting point metal powders. Material systems 
such as Cu-Pb/Sn [4], Ni-Sn [5] and Cu/Sn(Bronze)-Ni [6] were investigated at The 
University of Texas at Austin. However, parts made from these material systems were 
poor in surface smoothness due to the balling effect that occurred during processing. One 
critical feature to get successful direct SLS metal parts was to use an appropriate solid-
liquid ratio of the powder. Liquid phase viscosity and solid phase wetting behavior also 
play a role in the process. Insufficient atmosphere control can result in poor wetting 
between the molten liquid phase and solid phase of metal powder that normally has an 
oxide layer in as-received form [7]. More recently, an iron-graphite powder mixture for 
direct SLS was investigated [8, 9] to produce higher strength parts. Due to the presence 
of porosity and low percentage of carbon content, however, the mechanical strength of 
these parts was limited, and they did not appear to have significant commercial use as 
structural materials up to this point. 
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1.1.2 Indirect SLS 
 Although the Selective Laser Sintering process has now reached a state of maturity, 
direct SLS of metallic and ceramic materials for functional prototypes is still in a slow 
pace of development. On the other hand, indirect SLS processes seem to gain more 
attention in producing functional parts because of their capability of producing highly 
dense objects, even though the overall manufacturing process is more time-consuming 
and costly compared to the direct SLS procedure. Generally, the fabrication route for 
most indirect SFF techniques involves the production of a porous green part held together 
by a certain polymer binder, followed by some post-processing steps to remove the 
binder without destroying part structural integrity. It is also possible to create a fully 
dense part to improve mechanical strength upon the completion of post-processing 
treatment. Currently, two of the most widely used post-processing steps are conventional 
pressureless sintering and an infiltration process. 
 DTM’s RapidToolTM process is an example of indirect SLS process to make 
prototype metal mold parts from steel powder. The steel powder used in this case is 
coated with a certain commercial thermoplastic binder. The steel preform made using the 
SLS process is post-processed in a furnace where the binder is burned out while the steel 
powder bonds together through traditional sintering mechanics. This is followed by an 
infiltration process using a bronze alloy as the infiltrant to form fully dense injection 
molding tooling. A similar process developed at The University of Texas at Austin [10-
12] used metal-copolymer powder mixtures to create a SLS preform, the copolymer was 
gradually burned out as the metal matrix was oxidized in the air furnace. The porous 
oxidized metal part was subsequently infiltrated with an epoxy resin and cured. The 
finished indirect SLS metal injection mold was reported to have a reasonable strength 
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that was able to make small scale production runs. This mold-production process has 
been called Rapid Mold by the inventors. Some of the features of this fabrication process 
are fast manufacturing, low-cost post-processing in a simple air oven, and parts produced 
with good thermal conductivity, high hardness and low thermal expansion compared to 
filled-epoxy tooling.  
 Another post-processing step called Hot Isostatic Pressing (HIP) has also been 
investigated [13, 14] to produce fully dense parts via the application of external pressure. 
During the HIPping process, the part is usually compacted by an external pressure from a 
compressed argon gas at elevated temperature. Because of the source of the applied 
pressure, a uniform force can normally be exerted on the part being HIPped. Ideally, this 
can result in uniform shrinkage of the part without any distortion if the initial porosity is 
uniformly distributed. One of the advantages of the HIPping process is that full 
densification of the part can be accomplished in a relative short period of time compared 
to conventional furnace sintering techniques; for the former, the driving force for 
densification is only the reduction of surface area. On the contrary, the primary 
disadvantage of HIPping process is its high cost. In HIPping SLS parts, encapsulation of 
the part is often required because of the existence of surface connected and 
interconnected pores. Presence of high pressure gas inside the interconnected pores may 
significantly retard densification during the HIPping process.  
 More recently, an indirect SLS process developed at The University of Texas at 
Austin involved construction of an SiC preform from the SLS process followed by binder 
carbonization and reactive infiltration of liquid silicon to produce silicon wafer handling 
components. More detailed explanation about this process can be found in Wang’s 
dissertation [15]. 
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1.2 Proton Exchange Membrane Fuel Cell Bipolar Plates 
 Fuel cells are electrochemical devices that convert the chemical energy of a 
reaction to electrical energy. They offer advantages in efficiency, cleanliness, economy 
and reliability, etc. There are several types of fuel cells that operate at different 
temperatures. Their classification based on the electrolyte used is summarized in Table 
1.1. 
 

Table 1.1 Classification of fuel cells 
 Direct 

Methanol 
Fuel Cell 
(DMFC) 

Proton 
Exchange 
Membrane 
Fuel Cell 
(PEMFC) 

Alkaline 
Fuel 
Cell 

(AFC) 

Phosphoric 
Acid 

Fuel Cell 
(PAFC) 

Molten 
Carbonate 
Fuel Cell 
(MCFC) 

Solid 
Oxide 

Fuel Cell 
(SOFC) 

Operating 
Temperature 
( ºC) 

20-80 30-100 50-200 ~200 ~650 600-1000 

Electrolyte 
Ion 

H+ H+ OH- H+ CO32- O2- 

Applications Portable 
electronic 
devices 

Vehicles 
and mobile 
applications

Space 
vehicles 

Small size 
stationary 

power 
systems 

Medium 
to large 

size 
stationary 

power 
systems 

All sizes 
of 

stationary 
power 

systems 

1.2.1 PEMFC 
 Proton exchange membrane fuel cells (PEMFC), also known as solid polymer fuel 
cells (SPFC), have gained a lot of attention because of their high power density and low 
operating temperature. First developed by the General Electric Company and used in 
NASA Gemini space flights in the 1960’s, a typical PEMFC stack is composed of several 
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bipolar plates that are pressed against the membrane electrode assembly (MEA). The 
MEA is actually a very thin membrane ( 500µm) which consists of an anode electrode, 
electrolyte and a cathode electrode. The electrodes are generally made of porous carbon 
cloth or carbon paper, known as a gas diffusion layer, and are attached to a layer of ion-
conducting polymer electrolyte with a layer of platinum catalyst in between. The half cell 
reactions and net reaction are written as follows: 
Anode reaction: −+ +→ eHH 442 2 (1.1) 

Cathode reaction: OHeHO 22 244 →++ −+ (1.2) 
Net reaction: OHOH 222 22 →+ (1.3) 
 During operation, hydrogen gas is supplied to the anode and, upon contacting the 
catalyst, is decomposed into hydrogen ions (protons) and free electrons. The mobile 
protons move from anode side through the polymer electrolyte to the cathode side where 
they are combined with the externally supplied oxygen (or air) and free electrons from 
the anode. The basic PEM fuel cell stack components are shown in Figure 1.2. 
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Figure 1.2 Major components in PEM fuel cell stack. 

 
As can be seen from the net cell reaction, the only chemical byproduct is water. No 

airborne pollutants are created as in the internal combustion engine. PEM fuel cells are 
thus very suitable for automobile applications due to their clean and quiet characteristics. 
Unlike batteries, energy storage devices, PEM fuel cells are energy conversion devices 
that are guaranteed to provide electric energy as long as fuel and oxidant are continuously 
supplied. However, the cost for the PEM fuel cell, mainly from bipolar plate and MEA, is 
still too high to make the world-wide commercialization successful. Bar-On, et al. [16] 
reported that material cost contributes most to the total cost of PEMFC, and cost 
reduction could be achieved through novel fuel cell system design as well as the 
application of high volume production techniques. 
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1.2.2 Functions of Bipolar Plates 
 Typically, a single PEM fuel cell provides a voltage of only about 0.6 to 0.7 Volts, 
depending on the load and polarization losses. With such a low output voltage, there are 
few applications unless many individual fuel cells are connected in series to multiply the 
voltage, and hence, increase the capacity. The collection of multiple single cells forms a 
fuel cell stack. Bipolar plates are introduced in between successive MEAs in a fuel cell 
stack. They play an important role that is critical to the fuel cell performance.  
 The primary function of bipolar plate is to provide an electrical contact between 
two adjacent MEAs. During the cell operation, electrons are taken out from anode side of 
a MEA to the bipolar plate, and are subsequently passed to the cathode side of the 
neighboring MEA. Generally, the more direct contact area, called land area, between 
bipolar plate and electrode, the easier electrons are able to be drawn out from the 
electrode, supposing that there is no passive film formed on the surface of bipolar plate. 
The bipolar plate is thus like a current collector in many other electrochemical devices. 
 One unique feature of bipolar plates is to uniformly distribute hydrogen gas and 
air/oxygen gas to the anode and cathode of the MEA, respectively. To make this happen, 
a flow field pattern is required on the surfaces of bipolar plate. The flow field pattern 
guides the reactant gases to flow over the active area on each side of the bipolar plate in 
direct contact with the electrode. Currently, most of the groove-like flow fields are 
fabricated onto graphite bipolar plates via machining, a time-consuming and costly 
process. This makes the bipolar plate quite expensive and impacts market acceptance. On 
the other hand, the electrochemical reaction would be more efficient if there were a 
higher percentage of groove-like channels on the surfaces of bipolar plate. Thus, 
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compromise needs to be made in designing the land area to flow channel area ratio to 
optimize the fuel cell performance.  
 Bipolar plates also serve as a platform to support the soft MEA, thus preventing 
undesired distortion and bending of the membrane. Bipolar plates and MEA are often 
stacked up by a set of tie rods. The pre-compaction force induced by the tie rods can 
influence the fuel cell performance. It has been shown that the higher the compression 
force, the lower the contact resistance between the MEA and metallic bipolar plate [17]. 
The contact resistance is the main source of ohmic polarization in overall fuel cell 
performance. On the contrary, bipolar plate may suffer from cracking or crushing if too 
high compressive force is applied, especially when the flexural strength of the bipolar 
plates is low. 
 Lastly, bipolar plates also provide a mechanism for the removal of heat and water 
vapor generated from the net reaction. To dissipate the heat, drilled internal cooling 
channels parallel to the surface may be created in the middle of the plate. A variety of 
heat exchange fluids in the form of liquid or gas can be used as the media for heat 
transfer. In many cases, either pure water or air is used for simplicity. Drilling of internal 
cooling channels into thin bipolar plate further adds to the already high cost, especially 
for bipolar plates made of pure graphite which is very brittle in nature. Heat removal is 
particularly important for fuel cell operating in the higher temperature regions. Failures 
of removal of heat causes overheat of the fuel cell stack and results in malfunction of the 
entire fuel cell system. 
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1.2.3 Requirements for Bipolar Plates 
 An optimized bipolar plate must possess several features to perform its function 
well. From the material point of view, having a high electric conductivity can minimize 
the ohmic loss, which means that the voltage drop across the bipolar plate can be reduced. 
Even though it is desirable to obtain a plate material with low bulk resistivity that reduces 
the voltage loss, it has been shown that the potential drop across the plate/electrode 
interface is many orders of magnitude higher than that across the bipolar plate itself. 
Therefore, searching for a plate material which is more electrically compatible with the 
electrode plays a larger role in minimizing the overall potential loss.  
 Bipolar plates also require very low gas permeability for reactant gases. Since 
hydrogen and air/oxygen circulate in the flow field on opposite sides of the bipolar plate, 
it is important to make sure that both gases do not mix. High gas tightness in bipolar 
plates not only prevents the cross-leaking of reactant gases, but also avoids dangerous gas 
leakage into the exterior fuel cell environment. As far as safety is concerned, bipolar 
plates with high gas impermeability is the top priority.  
 Both heat and water vapor are the byproduct from PEM fuel cell net reaction. 
Bipolar plates having a high thermal conductivity are advantageous in making the best 
use of the produced heat. The overall fuel cell efficiency can be boosted up to 70% if 
most of the heat is recycled. With high thermal conductivity, the bipolar plate is able to 
transfer heat efficiently to the designated heat exchange unit as well as maintain the 
system temperature in the operating range. This is especially important for automobile 
applications since the produced heat can be used as the heat source to heat the interior of 
the vehicle. Additionally, bipolar plates with a high thermal conductivity also ensure low 
temperature gradients and eliminate potential thermal strains and stresses in the stack. 
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Corrosion resistance, or chemical stability, is another key property in selecting 
bipolar plate material. PEM fuel cell bipolar plates are generally in contact with an acidic 
MEA under a hot and humid operating environment. Without high corrosion resistance, 
bipolar plates would become oxidized and corroded easily during their long-term lifetime. 
Corroded bipolar plates can no longer provide satisfactory mechanical strength and may 
induce contamination in the MEA, resulting in degradation of fuel cell performance.  
 All of the abovementioned requirements are based on a material perspective. 
Further consideration focuses on the requirements from the manufacturing point of view. 
Physically, bipolar plates need to be slim and light to keep the entire stack volume and 
weight low. Low-density plate materials are appealing in satisfying these requirements. 
Many electrochemical variables such as volumetric power, volumetric energy, 
gravimetric capacity, etc. can be increased dramatically if a low-density plate material is 
used. Finally, bipolar plate materials need to be friendly to the plate fabrication technique. 
Searching for an inexpensive bipolar plate material that is cost-effective for high-volume 
fabrication has become one of the major tasks for industries that are trying to 
commercialize PEMFC. 
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1.2.4 Material Selection and Comparison 
 Pure graphite has traditionally been chosen for bipolar plate fabrication due to its 
high chemical stability and its ability to give high electrochemical power output. 
However, its poor machinability and low mechanical strength have imposed a physical 
constraint on the plate. Bipolar plates made of pure graphite normally cannot be formed 
into thin configurations. Materials that have been developed for bipolar plate fabrication 
can be classified into three categories: pure graphite, carbon-polymer composites and 
metallic materials. Most of the interest is currently focused on the processing of carbon-
polymer composite material as well as developing new manufacturing techniques to meet 
the requirements. 
 The benefits of using metallic bipolar plates in PEMFC are reduced plate thickness, 
improved electrical conductivity and good mechanical strength, etc. compared to pure 
graphite bipolar plates. One of the most investigated metallic materials for bipolar plates 
is stainless steel (e.g. SS316) [18, 19]. Stainless steel is mainly composed of iron, 
chromium, nickel along with a trace amount of molybdenum and manganese. It is a low 
cost material that is easy to shape. Stainless steel sheets as thin as 0.5 mm can be made to 
build a low volume fuel cell stack. The capability of being made thin is usually used to 
compensate for its higher density compared to other carbon-based material. Stainless 
steel is more ductile than pure graphite, making it a good candidate for machining. 
However, its low chemical stability under the PEMFC operation environment poses a 
threat for PEMFC bipolar plate application. Low chemical stability has made stainless 
steel susceptible to form a passive film on its surface. It has been identified that 
chromium oxides such as Cr2O3 along with a small amount of iron oxide compose most 
of the passive films. Although surface passive film protects stainless steel plates from 
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corrosion attack in some respects, it also acts as an electrical insulator that increases the 
polarization losses, thus reducing the fuel cell performance [20]. Corrosion in stainless 
steel bipolar plates can result in the dissolution of stainless steel constituents as well as 
the releasing of multivalent cations into MEA. This leads to poisoning of the electrode 
catalysts and contamination of the electrolyte, especially when the stainless steel is in 
direct contact with the membrane. It has also been reported that the source of 
contamination is mainly on the anode side rather than on the cathode side of the MEA, 
which is attributed to the fact that there is less protective oxide film formed on the anode 
side due to the hydrogen-containing atmosphere. The contaminants in the MEA are 
mainly nickel, with almost no chromium or iron present [21, 22]. 
 One popular way to avoid corrosion attack in stainless steel bipolar plates is 
surface coating. Application of low resistance thin surface coating (e.g. gold, titanium 
nitride) [23] reduces the contact resistance between the bipolar plate and the MEA. It also 
lessens the degree of contamination in the membrane. However, the coating process is 
usually very costly which often outweighs its benefits. It is thus more favorable to 
develop uncoated stainless steel plates that are free from degradation due to corrosion 
under PEMFC environment. It has been reported that the interfacial resistance of stainless 
steel decreases as chromium or nickel content increases [24, 25]. It would thus be 
possible to create uncoated stainless steel bipolar plates for PEMFC by optimizing the 
chemical composition of the alloy. 
 In some cases, titanium bipolar plates may be considered for PEMFC application 
because of its lightweight compared to stainless steel plates [26, 27]. Like stainless steel, 
titanium is both electrically conductive and ductile, making for easy machining. Pure 
titanium is, however, too expensive to be used extensively. It also forms a passivating 
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layer on the surface that increases the contact resistance and deteriorates the fuel cell 
performance. Similar strategies such as surface coating (e.g. nitride) could be 
implemented to prevent corrosion attack, but little information regarding this issue is 
available. Less attention on titanium bipolar plates is probably due primarily to the 
economic concerns. Titanium plate is more suitable for aerospace applications rather than 
for automotive uses where cost is a major factor. 
 Aluminum is another metallic material that has gained attention for bipolar plate 
fabrication. It is lightweight and inexpensive compared to many other metals. 
Nevertheless, aluminum is more susceptible to corrosion attack since no passive film is 
formed on its surface. Table 1.2 [28, 29] lists the corrosion rates of various metallic 
materials under PEMFC operating conditions. 
 

Table 1.2 Corrosion rates of some metallic materials [28, 29] 

 

Material Corrosion Rate (µm/year) 
Aluminum 250 
Graphite < 15 
Titanium <100 

Stainless Steel 316L <100 
Gold < 15 

Copper > 500 
Nickel > 1000 
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Application of a thin gold coating, typically around 5 µm, on aluminum plates can 
initially ease the degree of corrosion attack, but degradation of fuel cell performance 
occurs quickly because of the formation of micro-cracks in the gold coating. This is 
mainly due to the large coefficient of thermal expansion mismatch between the aluminum 
substrate and gold coating. One way to alleviate this is to deposit multiple coating layers. 
Adding intermediate copper or nickel coating layers with intermediate coefficient of 
thermal expansion between aluminum and gold coatings was demonstrated with 
encouraging results [29]. However, long-term thermal cycle testing would be required to 
judge the degree of layer separation and reliability in multiple-layer coating. 
 Other than single-phase material, multiple-phase material systems that can be 
classified as carbon-based and metal-based offer a wide variety of fabrication choices. 
Many research and industrial organizations have been developing new composite 
materials with corresponding fabrication techniques to fulfill the mass volume production 
goal. Figure 1.3 shows the classification of materials [30] that have been investigated for 
the fabrication of PEMFC bipolar plates. As can be seen, most of the composite bipolar 
plates are carbon-based [31] and normally take some hydrocarbon polymer as the matrix 
material. Standard composite mixture consists of either a thermoplastic or a thermoset 
binder and carbon-based compounds. Additional additives/fibers may also be added to 
increase the final conductivity. Most of the multiple-phase material systems are well-
suited for PEMFC bipolar plate fabrication using techniques other than machining. They 
are thus able to significantly reduce the fabrication cost. 
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Figure 1.3 Classification of materials for PEMFC bipolar plate [30]. 
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1.2.5 Manufacturing Method 
 Pure, nonporous graphite bipolar plates are traditionally manufactured by 
machining. The flow field machining process is both costly and time-consuming because 
of the brittleness of graphite. Alternatives such as compression molding and injection 
molding, etc. have been investigated to replace the machining process. Meissner, et al. 
[32] demonstrated a novel compression molding technique by which a graphite mixture 
was compression molded at temperature from 10 ºC to 100 ºC with compression force 
varying from 5 to 100 KN. The graphite mixture was composed of crystalline graphite 
powder, additives and binders. The part was preferably subjected to a heat treatment at 
temperature from 300 ºC to 800 ºC in the absence of oxygen. A similar approach [33] 
patented by the Los Alamos National Laboratory showed a great improvement in the 
mass production of compression molded bipolar plates. The material system was a 
mixture of thermosetting vinyl ester resin and graphite powder. Reinforcement fibers 
consisting of carbon, glass cotton and some polymer were also included in the material 
system. Meanwhile, Bulk Molding Compounds, Inc., the exclusive licensee of the Los 
Alamos National Laboratory’s patent, claimed that bipolar plates have been successfully 
compression molded with cure times less than 30 seconds. The electrical conductivity of 
the graphite-filled vinyl ester composite bipolar plate was reported to be 50 S/m [34].   
 Heinzel, et al. [35] explored the feasibility of injection molding for PEMFC bipolar 
plate fabrication. In their experiments, granulated compounds were first made by 
extrusion of a mixture composed of carbon compounds and certain thermoplastic 
materials. The granules were then heated and reshaped by the injection molding process 
to form a PEMFC bipolar plate. Injection molding has the advantage of reducing cycle 
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times to fulfill mass volume production. It was claimed that a cycle time of as low as 30 
to 60 seconds was enough to fabricate a bipolar plate.  
 There is not much information regarding the manufacturing of metal-based 
composite bipolar plate. One unique metal-based composite bipolar plate developed by 
ElectroChem Inc., the contractor of the U.S. Department of Energy’s fuel cell for 
transportation program [36], incorporated stainless steel, porous graphite and molded 
polycarbonate to form the layered plate. During the process, the impermeable stainless 
steel layer was first hot pressed with a molded porous graphite plate on each side. The 
stainless steel/graphite assembly was then bonded to an injection molded polycarbonate 
plate on each side by cold pressing. Conductive adhesives and sealant were used for cold 
pressing. The overall process was reported to be cost-effective in producing metal-based 
composite bipolar plates. 
 More recently, Kumar, et al. [37] suggested using metal foam to replace the gas 
flow field in bipolar plates. Potentially, this could reduce the weight of fuel cell stack and 
simplify the stack design if the metal foam could act as a gas flow field, electrode and 
catalyst support. Moreover, it was found that both Ni-Cr metal foam and 316 stainless 
steel metal foam exhibit better polarization performance than conventional multiple-
parallel flow field designs. However, metal foam may suffer from corrosion attack as 
encountered in most metallic bipolar plates. Figure 1.4 shows the classification of fuel 
cell bipolar plate fabrication techniques [30].  
 At this point, both injection molding and compression molding are considered two 
of the most promising methods for PEMFC bipolar plate fabrication [38]. Mass volume 
production for these two techniques is relatively easy to be realized compared to others. 
As far as material is concerned, carbon-based composite materials are getting popular 
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because of their low cost compared to metals and pure graphite. However, there is no 
clear consensus as to which combination of material and fabrication technique is the best, 
since they all have their own advantages and disadvantages. One thing generally agreed 
on is that the most established fabrication technique, machining of pure graphite, needs to 
be replaced before PEM fuel cells can realize world-wide commercialization. 
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Figure 1.4 Classification of PEMFC bipolar plate fabrication techniques [30]. 
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1.3 SLS for PEM Fuel Cell Bipolar Plate Fabrication 
 
1.3.1 Research Objectives 
 The primary goal of this dissertation research is to develop a novel manufacturing 
process for proton exchange membrane fuel cell bipolar plates using one of the Solid 
Freeform Fabrication techniques, Selective Laser Sintering (SLS). The establishment of 
this process is expected to significantly benefit PEMFC bipolar plate designers since 
prototype bipolar plates can thus be constructed and tested without spending an extended 
period of time. To demonstrate the capability of the established SLS process for 
improved plate design, bipolar plates with unique flow field patterns were simulated 
followed by experimental verification. The coupling of computer simulation with SLS 
fabrication leads design of PEMFC bipolar plate to a new era with tremendous cost and 
time saving. A new PEMFC test apparatus was also constructed to facilitate the 
experimentation. 
 The dissertation is organized as follows: Chapter 2 describes the fundamental 
material selection and processing parameters for the SLS technique. Chapter 3 focuses on 
post-processing steps and measurement of various plate properties. Chapter 4 serves as 
the background introduction to the modeling of PEMFC using Computational Fluid 
Dynamics (CFD) technique. In Chapter 5, simulation of several types of flow field 
designs using the selected CFD package, FLUENT, is presented. The setup of a new 
PEMFC test platform and experimental validations are addressed in Chapter 6. Finally, 
the conclusion of the research is delivered in Chapter 7.  
 



23

Chapter 2: Indirect SLS of PEM Fuel Cell Bipolar Plates 
 

2.1 Introduction 
 In this chapter, establishment of the SLS fabrication procedure beginning from SLS 
material selection, pre-processing of the selected powder mixture to SLS process 
parameter evaluation is discussed. The effect of process parameters on the properties of 
SLS parts is also addressed. 
 
2.2 Selection of Material System for SLS of Bipolar Plates 
 Selection of material system for PEMFC bipolar plate fabrication by SLS is mainly 
subjected to two concerns. (1) The material needs to meet bipolar plate property 
requirements. (2) The material needs to be compatible with the corresponding plate 
fabrication technique. 
 Selective Laser Sintering is a solid freeform fabrication technique that is based on a 
powder layer deposition process. As mentioned in Chapter 1, three groups of material 
including pure graphite, metallic material and carbon-based composite material can be 
used to make PEMFC bipolar plates. More importantly, most of the materials can be 
obtained in powdered form. However, when considering the capability of the SLS 
machine, constructing a pure graphite bipolar plate using direct SLS process does not 
seem very practical. The melting point of graphite is above 3000 ºC. This high melting 
point indicates that a high laser power output from the heating source is required to fuse 
the graphite powder. This is not possible to achieve since the maximum power output is 
50 Watts for the commercial SLS machine currently in use. A greater challenge is use of 
metallic material applied to direct SLS of fuel cell bipolar plate. Balling phenomenon, 
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which often occurs in direct SLS of metal, is expected to result in a rough surface finish 
on a bipolar plate. This would eventually lead to a geometric inaccuracy on the SLS 
bipolar plate. Reasons for not choosing metallic material for the application also include 
its poor corrosion resistance and susceptibility to surface oxide formation. It is 
anticipated that except for some costly noble metal, direct SLS of metallic material for 
PEMFC bipolar plate without adding post-processing steps for surface coating would be 
very difficult in meeting the basic plate requirements. 
 Instead of direct SLS process, indirect SLS of carbon-based composite material 
accommodates the material selection criteria. Potentially, materials such as ceramics, 
conductive polymer and their mixtures in the form of powder are able to substitute for 
pure graphite and metals for bipolar plate fabrication by SLS. Based on previous 
evaluation, the SLS fabrication process for PEMFC bipolar plates follows an indirect 
route. The manufacturing frame is expected to first create a carbon-based SLS green part 
followed by some post-processing steps like polymer binder burn-out and infiltration. 
The primary concern in selecting the material system for indirect SLS process is twofold. 
(1) The material system needs to provide good electrical conductivity to the part. (2) The 
green part strength should be high enough for hand handling during part break-out. Based 
on these criteria, a carbon-based material system composed of graphite powder and 
thermosetting polymer, phenolic resin, is identified as the starting material. In the next 
few sections, more detailed discussion of the constituents in this material system is 
presented. 
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2.2.1 Conducting Matrix Constituent  
 Composite PEM fuel cell bipolar plates are generally constructed from a mixture of 
graphite powder and resin binder either by injection molding or by compression molding. 
Graphite is the key constituent in most inorganic-organic mixtures to provide good 
electrical conductivity to the parts. It is thus preferably chosen as the major conducting 
constituent for the SLS material system. Graphite is largely produced from petroleum 
coke or pitch during a graphitization process. The temperature to convert amorphous 
carbon into graphite was reported to at approximately 3000 ºC [39]. Graphitization 
involves rearrangement and displacement of layer planes to form three dimensional 
ordering of crystalline structures. Carbon is formed in a planar hexagon arrangement with 
oscillating single and double covalent bonds. Each plane is linked to adjacent planes by 
weak Van der Waals forces. The fact that the weak Van der Waals forces govern the 
bonding between individual layers allows the layers to slide over one another easily, 
making graphite an ideal lubricant. The electrical conductivity of graphite mainly comes 
from delocalizing of π electrons across the hexagonal atomic sheets of carbon, and the 
conductivity parallel to these sheets is greater than that perpendicular to the sheets. The 
electrical conductivity of pure graphite was reported to be 31044.1 × S/cm [40]. Figure 
2.1 depicts the layered crystal structure of graphite [41]. 
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Figure 2.1 Crystal structure of graphite [41]. 

 
Graphite is well-known for its high thermal stability and chemical inertness, which 

renders it a good candidate for making refractory products. Graphite’s theoretical density 
is 2.25 g/cm3, which is relatively low compared to most metals. Its lightweight further 
makes it an attractive material for bipolar plate fabrication. As can be seen from Figure 
2.2, the morphology of graphite particulate reveals that it is very flaky in shape, rough 
and irregular in geometry. These surface characteristics actually make graphite powder 
difficult to process using powder metallurgy, especially when a dense powder compact is 
desired.  
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Figure 2.2 SEM micrograph of graphite powder showing its morphology.

2.2.2 Selection of Binder 
 Another ingredient required in the SLS material system is a lower melting point, 
high bonding strength polymer binder. Initially, the binder serves as the connecting media 
in the green part to maintain its geometric integrity for subsequent post processing. Thus, 
binders capable of offering strong bonding mechanisms within powder matrices are of 
primary interest. Organic binders such as wax, nylon, phenolic resin, etc. have been 
investigated for binding ceramic parts [42]. Modified organic binders such as glass-filled 
nylon are also commercially available for specific SLS applications. 
 For this study, there is one more concern in selecting the most appropriate binder 
for PEMFC bipolar plate fabrication by indirect SLS. The binder should be able to 
provide high level carbon residue. According to the roadmap of indirect SLS processing, 
the laser sintered preform is subjected to a curing process to burn off the binder during 
post processing. The carbonized binder is expected to form carbon residue inside the part, 
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thereby boosting the electrical conductivity and mechanical strength. The final target is to 
identify a binder that offers good green part strength as well as producing abundant 
carbon residue after thermal decomposition.  
 In general, polymeric binders are divided into two groups, thermoplastics and 
thermosets. Thermosetting polymers are essentially one large molecule connected to 
various subunit molecules by very strong chemical bonds. Examples are phenolic resins 
used in making clutch linings/grinding wheels and epoxy resins used for adhesives. 
Unlike thermoplastics such as polyethylene and polystyrene etc., thermosettings cannot 
be easily un-polymerized to form their molecular building blocks. Thermosetting 
polymers are also more chemically resistant, thermally stable and creep resistant 
compared to thermoplastics. Binders with high creep resistance are especially important 
for parts subjected to high temperature thermal treatment in preventing geometric 
distortion. Therefore, the selection of an SLS binder has been limited to thermosetting 
polymers.  
 Thermosetting binders such as furan resin, phenolic resin, epoxy resin, melamine 
resin, unsaturated polyester, etc. are commonly used in various industrial applications, 
especially for the molding industry. Among these, phenolic resins are superior to many 
other resins because of their outstanding thermal stability and flame resistance. Phenolic 
resins are also widely used as carbon donors in pyrolytic applications [43]. Table 2.1 
shows a comparison of carbon yields from pyrolysis of binders including phenolic resins, 
furan resins, epoxy resins and unsaturated polyesters [44]. It can be seen that up to 70% 
of carbon residue can be obtained from phenolic resin after thermal treatment. For these 
reasons, phenolic resin was selected as the binder constituent in the starting material 
system for making SLS PEMFC bipolar plates.                     
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Table 2.1 Carbon content and carbon yield of selected thermosetting binders [44] 
 

Material Theoretical 
Carbon 

Content (%) 

Carbon Yield 
after Pyrolysis 

(%) 
Phenolic resin <80 55-70 

Furan resin <75 50-60 
Epoxy resin <75 20-30 

Unsaturated polyester 
resin 

<60 15-25 

2.2.2.1 Phenolic Resins 
 Phenolic resins, commercialized initially as Bakelite, are usually made from 
condensation polymerization of phenol (P) and formaldehyde (F), which gives them 
another name: phenol formaldehyde resins. Based on the phenol-formaldehyde mole ratio 
(P/F) and the catalyst used during the preparation process, phenolic reins can be classified 
into two categories, resol and novolac. Resol resins are made from phenol and 
formaldehyde with a P/F ratio less than one using an alkaline catalyst. In the synthesis 
process, the excess formaldehyde is converted to methylol (-CH2OH) groups among resol 
molecules, which allows them to form a cross-linked structure upon curing. Novolac 
resins are synthesized from the condensation reaction of phenol and formaldehyde with a 
P/F ratio greater than one under acidic catalyst conditions. No methylol groups are 
formed in novolac resins since there is no excess formaldehyde. They are unable to form 
a cross-linked structure upon heating unless a certain type of methylene-containing (-
CH2-) curing agent is added. Hexamethylenetetramine is one of the most common curing 
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agents used in curing novolac resins [45]. Figure 2.3 and 2.4 shows the synthesis route 
and molecular structure of resol and novolac resins, respectively. 
 

Figure 2.3 Synthesis routes of resol and novolac resins. 

 

Figure 2.4 Molecular structures of resol and novolac resins. 
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In summary, two types of phenolic resins, resol and novolac, can be produced 
depending on the original phenol and formaldehyde formulation. Under inert atmosphere 
with high temperature treatment, phenolic resins can provide high vitreous carbon yield, 
which contributes to the structural integrity and conductivity in a wide range of 
applications. Their ability to offer strong bonding strength and flame-retardance makes 
them the most popular bonding agent in plywood/wooden panel industries. The use of 
novolac resins as the binder in SLS material system leads to strong green part strength as 
well as elevated electrical conductivity after binder removal.  
 
2.2.3 Identification of a Material System Composition 
 One of the most critical steps in applying the layer-based SLS technique in PEMFC 
bipolar plate fabrication is to identify an appropriate material system composition. 
Material system composition is optimized primarily based on particle wetting 
characteristics, particle size distribution, particle shape, particle surface roughness, 
flowability, etc. Composition of the SLS material system directly influences the powder 
bed density for the process. More compacted powder bed density results in higher green 
part strength. Nevertheless, particle sizes of graphite and phenolic resin need to be 
identified before the composition of material system can be ascertained. 
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2.2.3.1 Graphite Particle Size and Morphology 
 The particle size and morphology of graphite impose a significant impact on 
powder flowability and powder packing density in the SLS process. The flowability of 
the powder mixture is critical in successfully distributing uniform powder layers for SLS 
processing. Material systems with poor flowability can create voids inside the powder 
bed which subsequently become defects inside the parts. As far as particle shape is 
concerned, it can be classified into types such as spherical, flaky, angular, dendritic, etc. 
Granular and spherical particles are the most favorable in forming a dense powder 
mixture [46]. The graphite particle morphology is, unfortunately, quite flaky in nature 
due to its layered crystal structure as mentioned in Section 2.2.1. The weak Van der 
Waals bonding between parallel graphene layers allows cleavage to occur along the 
planes easily, resulting in graphite’s uneven, brittle and flaky particle features. Since no 
actions can be taken to modify graphite’s particle shape, attention was turned to 
identifying an appropriate particle size for better powder compacting. 
 At the very beginning, the objective to make a SLS bipolar plate with smooth 
surface finish led us to use very fine graphite powder since smaller particle size is 
beneficial in minimizing surface roughness. This would be advantageous to induce close 
contact between the MEA and bipolar plate that could improve fuel cell performance. 
However, difficulties arise during the SLS process if graphite particulate is made too fine, 
among which is powder agglomeration. As the graphite powder becomes finer, the 
powder surface area increases, leading to an increase in friction in a powder mass. 
Increased interparticle friction gives rise to a loose packing density and poor powder 
flowability. Figure 2.5 shows SEM micrographs of coarse and fine graphite particles for 
packing behavior comparison. As can be observed from the photos, collection of fine 
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graphite particles tends to agglomerate forming chunks of coarser, irregular graphite 
particles. Identification of graphite particle size was performed by a couple of screening 
tests described in the next section.   
 

Figure 2.5 Coarse graphite particles (Left) and fine graphite particles (Right). 
 
2.2.3.2 Screening Tests           
 Graphite particles labeled GP44R, GS150E and AA43816 originally purchased 
from GrafTech International Ltd. and Alfa-Aesar Company were further processed to 
form a set of graphite groups. Each group had graphite with a distinct particle size. 
Graphite particles were sieved and collected by following ASTM E-11 specifications. 
Sieves with mesh number 170, 230, 325 and 400 were used to obtain four graphite 
particle groups. The four groups along with three groups of originally purchased graphite 
provide seven groups of graphite particle in total. Table 2.2 lists some of the physical 
properties of the graphite for each group. 
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Table 2.2 Properties of graphite in different groups for particle size screening test 
Source of 
graphite 
powder 

Theoretical 
Density 
( g/cm3)

Apparent 
Density 
( g/cm3)

Particle Size 
Distribution 

BET Surface 
Area ( m2/g) 

Group A 2.25 0.31 170 mesh  
(90 µm) 

3.72 

Group B 2.25 0.292 230 mesh  
(63 µm) 

6.48 

Group C 2.25 0.275 325 mesh  
(45 µm) 

8.93 

Group D 2.25 0.261 400 mesh  
(38 µm) 

10.27 

Group E 
GrafTech 
(GP44R) 

2.25 0.254 90% < 41 µm
50% < 18 µm
(by number) 

11.35 

Group F 
GrafTech 
(GS150E) 

2.25 0.35 90% < 100 µm
50% < 55 µm
(by number) 

4.03 

Group G 
Alfa-Aesar 
(AA43816) 

2.25 0.868 -50 140 mesh 
( 105 297 µm) 

1.25 

The surface area of graphite particles in each group was measured using the BET 
method. A Micromeritics ASAP2010 Surface Area Analyzer shown in Figure 2.6 was 
used to measure the specific surface area. The BET method is the most widely used 
technique to determine the surface area of solid materials. It involves adsorbing a 
monolayer of liquid nitrogen onto the surface of a mass of particles, followed by the 
measurement of the amount of nitrogen that is released when that monolayer is vaporized. 
Based on the adsorption and desorption of nitrogen molecules, specific surface area of the 
sample can be calculated. The BET equation can be written as Equation 2.1[47]:  

 )/]()1([1)]1/([1 00
PPCV

C
CVPPV mm

−+=− (2.1)  
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where V is the volume of gas adsorbed at a relative pressure 0/ PP , mV is the volume of 

adsorbate constituting a monolayer of surface coverage and C is the BET constant 
relating to the energy of adsorption in the first adsorbed layer. A typical BET plot for 
GrafTech GS150E graphite particle is shown in Figure 2.7. The slope and the y-intercept 
of the straight line in Figure 2.7 are used to calculate mV and the BET constant C .
Specific surface area aS can be calculated using Equation 2.2.  

)( 0aVSVNS mAa = (2.2)   
where AN is the Avogadro’s number, S is the cross section of adsorbed gas molecule 
(1.62×10-19 m2 for N2), 0V is the molar volume of gas at STP (22400 cm3/mol), and a is 

the weight of sample. More detailed explanation of the technique can be found elsewhere 
[47]. From Table 2.2, it is also evident to see that the specific surface area gets larger as 
particle size gets finer. The increased interparticle friction leads to a lower apparent 
density as well as a poor packing density. 
 

Figure 2.6 Micromeritics ASAP 2010 Surface Area Analyzer.



36

y = 1.0638x + 0.0158

0

0.05

0.1

0.15

0.2

0.25

0 0.05 0.1 0.15 0.2 0.25
Relative Pressure (P/Po)

1/[
V(

Po
/P

-1)
]

Figure 2.7 BET plot of GrafTech GS150E graphite particles. 

Seven bar-shaped samples were made for surface roughness evaluation. Each of the 
seven samples was composed of 40 weight percent (40 w%) phenolic resin and 60 weight 
percent (60 w%) graphite particle. the graphite particle size differed in each sample 
according to Table 2.2. The composition (40 w% phenolic and 60 w% graphite) was 
arbitrarily chosen. Each group of powder mixture was well mixed before loading into an 
aluminum crucible. Powder mixture in the crucible was slightly finger pressed before 
heat treatment to mimic the roller mechanism during actual SLS processing. The seven 
samples were sintered in a tube furnace, shown in Figure 2.8, from room temperature to 
800 ºC under inert environment by filling the silica tube with nitrogen gas. The heating 
ramp rate was 1 ºC/min.       



37

Figure 2.8 A silica tube furnace used to make samples for 
 surface roughness tests. 

 
A Veeco Dektak3 Surface Profile Measuring System was used to measure the 

surface roughness. The results are summarized in Table 2.3. Due to the fact that the 
strength of each test sample was too low to mount onto the MTS test machine, 
mechanical strength for each sample was estimated from a bending test performed by 
hand. From Table 2.3, it is clear that Sample C has a better surface finish since its 
graphite particles are relatively fine. Sample G, on the contrary, exhibits a rough surface 
finish due to its coarser particles. Mechanical strength, however, exhibited an opposite 
trend to surface finish, indicating that strength decreased as the particle size decreased. 
This can be explained by the argument that more binder is required to interconnect finer 
graphite particles since their overall surface area is larger. Surface roughness of Sample 
D and E were not obtained due to their extremely weak strength that caused difficulty in 
measurement even under careful handling. 
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Table 2.3 Surface roughness and strength of test samples. 
 Graphite Particle Size Roughness Ra Mechanical Strength

Sample A 90 µm 60.3 µm Medium good 
Sample B 63 µm 42.8 µm Weak  
Sample C 45 µm 35.7 µm Weak  
Sample D 38 µm Not available Bad 
Sample E 90% < 41 µm

50% < 18 µm
Not available Bad 

Sample F 90% < 100 µm
50% < 55 µm

56.4 µm Medium good 
 

Sample G -50 ~ 140 mesh 
(105 ~297 µm) 

72.7 µm Good 

In summary, coarser graphite particles reduce part surface smoothness but are 
capable of providing competitive strength with a relatively smaller amount of phenolic. 
Lower binder level is favorable in increasing the electrical conductivity of the carbon-
based composite SLS parts. As a result, there is a trade-off between reducing graphite 
particle size and lowering the binder level. GrafTech GS150E graphite particle (Group F) 
was selected as the major conducting constituent for the SLS material system when 
considering plate surface roughness, mechanical strength and powder availability. 
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Having identified the graphite particle size, the next step was to identify an 
optimum binder level to offer appropriate green part strength. Instead of physically 
testing the green part strength, it was quantified by measuring the SLS powder bed 
density. This is justifiable since a dense powder compaction results in a strong particle 
bonding. Nine powder mixtures made of GS150E graphite and phenolic were prepared. 
The phenolic binder level for these mixtures was 10, 15, 20, 25, 30, 35, 40, 45 and 50 
w%, respectively. To measure the powder bed density, a very shallow cylindrical 
container with a thin wall was fabricated from each powder mixture by the SLS machine. 
The powder bed density was calculated by dividing the weight of loose powder inside the 
container by the volume of the container. Table 2.4 summaries the results of powder bed 
density. Normalized powder bed density, defined as the real powder bed density divided 
by its theoretical density, was used to determine a suitable binder level. The density 
values of phenolic resin and graphite particle used to calculate the theoretical density of 
each powder mixture were 1.2 g/cm3 [44] and 2.25 g/cm3, respectively. Powder mixtures 
made up of 10 w% and 15 w% phenolic were not processable. Thin-walled containers 
could not be constructed due to their low binder levels. 
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Table 2.4 Nine powder mixtures for binder level determination 
Material System

Composition 
Powder Bed  

Density (g/cm3)
Theoretical Density

(g/cm3)
Normalized Powder 

Bed Density 
10 w% phenolic 
90 w% graphite 

Not available 2.145 Not available 

15 w% phenolic 
85 w% graphite 

Not available 2.0925 Not available 

20 w% phenolic 
80 w% graphite 

0.415843 2.04 20.38% 

25 w% phenolic 
75 w% graphite 

0.537536 1.9875 27.05% 

30 w% phenolic 
70 w% graphite 

0.639744 1.935 33.06% 

35 w% phenolic 
65 w% graphite 

0.676932 1.8825 35.96% 

40 w% phenolic 
60 w% graphite 

0.649678 1.83 35.50% 

45 w% phenolic 
55 w% graphite 

0.646121 1.7775 36.35% 

50 w% phenolic 
50 w% graphite 

0.653829 1.725 37.90% 

Figure 2.9 shows a plot demonstrating the relationship between phenolic binder 
level and normalized powder bed density. The normalized powder bed density indicates 
the efficiency of powder packing for each powder mixture. At a lower binder level, the 
curve climbs up more quickly since the phenolic resin serves as a lubricant to reduce the 
graphite interparticle friction, thus improving the packing efficiency. The curve then 
starts to level off starting at a binder level of approximately 30 w%. Further increase in 
binder level does not seem to place a huge influence on powder packing efficiency. Too 
high a binder level can inversely cause more shrinkage to the parts during subsequent 
thermal treatment. Accordingly, a phenolic binder level of 30 w% was chosen for the 
SLS material system.     
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Figure 2.9 Relationship between normalized powder bed density and binder level.

2.2.3.3 Effect of Binder Size  
 Up to this point, we have identified an SLS material system (graphite and phenolic), 
its composition and particle size of graphite for PEMFC bipolar plate fabrication. In this 
section, identification of phenolic powder size and its effect are presented. 
 The phenolic resins (labeled GP5546) used as the binder was obtained from 
Georgia Pacific Resins, Inc. Its average powder size was 31 µm. To investigate the size 
effect of phenolic on the effectiveness of sintering, two types of powder mixtures were 
compared. Type I was made of large graphite particles with relatively small phenolic 
resin while Type II was composed of smaller graphite particle with relatively larger 
phenolic. Both powder mixtures were prepared and loaded into the SLS machine for 
single-layer laser scanning. The bonding behaviors were examined by using a JEOL 
JSM5610 scanning electron microscope (SEM). Figure 2.10 shows the schematics and 
SEM micrographs of bonding behaviors of Type I and II powder mixtures.  
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In Type I powder mixture, the fine powdered phenolic resin was scattered more 
uniformly all over the surfaces of the relatively coarser graphite particles. Phenolic resin 
was thus able to convert into a larger number of bridges between graphite particles upon 
sintering. As evidenced from the SEM photo on the bottom left of Figure 2.10, a network 
of binder melt resembling a two-dimensional hexagonal honeycomb was formed by 
single layer laser scanning, providing a large quantity of opportunities for bridging.  
 In Type II powder mixture, on the contrary, the relatively larger phenolic powder 
could only form a small number of bridges among the smaller graphite matrix upon 
sintering. This can be attributed to the low wettability of graphite that prevents binder 
melt to flow along its surface. The SEM micrograph on the bottom right of Figure 2.10 
shows two graphite particles are connected to each other by a small number of bridges.  
 Based on the study, a material system composed of coarse graphite particulate and 
fine phenolic resin offered a favorable bonding mechanism in the construction of SLS 
bipolar plates. The widely distributed bridging is helpful to create more uniform 
shrinkage to the parts. However, agglomeration of phenolic powder occurs as its powder 
size becomes too fine, below about 10 µm.  
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Type I: Large graphite particle (~100 
µm)with relatively fine phenolic 

resin (~10 µm).                                                         

Type II: Small graphite particle (~20 
µm)with relatively large 
phenolic resin (~30 µm).                                        

Figure 2.10 Schematics and SEM micrographs of two bonding behaviors.  
 
2.2.3.4 Summary 
 A material system composed of graphite particulate (GrafTech GS150E) and 
phenolic resin (GP5546) was identified for the fabrication of PEMFC bipolar plates by 
SLS. The average graphite particle size was 80 µm based on statistical analysis of particle 
size from SEM photos. The average phenolic powder size was originally 31 µm, but was 
ground by the HJE Company, Inc. to produce a final size of 11 µm. The optimum 
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composition of the material system was 30 w% phenolic resin and 70 w% graphite 
particles. The relatively high level of phenolic binder is mainly attributed to the 
extremely low wettability of graphite compared to many other ceramics such as silicon 
carbide, in which case less than 10 w% of phenolic binder is required to get competitive 
strength [48].  
 
2.2.4 Powder Preparation 
 Powder mixing is essential in determining the quality of SLS parts. Non-uniform 
powder mixture often leads to defects or voids inside the part, especially in liquid phase 
sintering. Uniform powder mixture not only minimizes the extent of anisotropic 
shrinkage but also promotes bonding strength distribution within the parts. The most 
common powder mixing equipment is the double cone mixer, as shown on the left of 
Figure 2.11. Special attention needs to be paid that the powder does not fall freely 
through the air in the mixer during powder mixing, since this may cause particle 
segregation when particles strike against the chamber walls. This is particularly crucial 
for mixtures containing brittle graphite particles.  
 Instead of using a double cone mixer, a roller, shown on the right of Figure 2.11, 
was used for mixing. The material system was blended in jar-like containers without 
using any media. Each container was loaded half-full to ensure that complete mixing 
could be fulfilled. The RPM for the roller was adjusted to a moderate value such that 
segregation of graphite particle would be minimized. Figure 2.12 shows that finer 
phenolic resins are distributed uniformly all over the coarser graphite particles after 
mixing. 
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Figure 2.11 Double cone blender (Left) and roller for powder mixing (Right). 

 

Figure 2.12 SEM micrograph of graphite/phenolic powder mixture.
Graphite is the dark contrasting phase. Phenolic is the light  

contrasting phase.  
 
2.3 Selective Laser Sintering of Bipolar Plates 
 Having identified the material system, the following sections focus on the process 
aspects of SLS of PEMFC bipolar plates. Influences of process parameters on mechanical 
properties, surface finish, geometry accuracy, etc. of the parts were explored. Major 
process parameters including laser power, scan speed, scan spacing, layer thickness, etc. 
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were investigated by using single-layer and multilayer scanning tests prior to the 
fabrication of bipolar plates. A Sinterstation 2000 SLS machine was used throughout the 
studies as well as in building the bipolar plates. 
 
2.3.1 Single Layer Sintering 
 The major purpose of running the single-layer sintering test was to see if an upper 
layer can effectively bond to the powder substrate underneath. Each time before running 
the single-layer test, a thick layer of powder mixture was deposited and spread onto a 
shallow disc tray manually. The layer was distributed uniformly to mimic the real SLS 
leveling mechanism. No preheating of the thick powder layer was applied. A piece of 
square specimen was made from each test for process parameter evaluation. The default 
laser scan speed 60 in/s and scan spacing 0.003 inches were used throughout the tests. 
From previous experience [49], laser power affects the sintering depth much more than 
other process parameters such as scanning speed, etc. Laser power was chosen as the 
variable in a set of single-layer tests. Laser power was varied from 6 Watts to 40 Watts in 
2 Watt increments. 
 It was found that there is a range for laser power during which proper bonding 
takes place. When the laser power was below 10 Watts, no bonding was observed 
between the specimen and the loose powder underneath. The square specimen was also 
too weak to maintain its original shape during handling. This may be attributed to the fact 
that the heat supplied by the laser power was too low to completely melt the phenolic 
binder. On the other hand, when the laser power was above 20 Watts, loose powder 
started to glue onto the specimen while distortion and shrinkage in the specimen became 
discernable. 
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2.3.2 Multilayer Sintering 
Multilayer scanning tests were conducted to understand the effects of other process 

parameters on interlayer bonding. The process variables studied in the tests were laser 
scan spacing and powder layer thickness. The laser scan speed was again set to the 
default value 60 in/s, which is specific to the Sinterstation 2000 SLS machine. Table 2.5 
summaries the process parameters for a set of multilayer scanning tests. A 2×2×0.1 inch3

specimen was made from each test for process parameter evaluations. 
 

Table 2.5 Process parameters for a set of multilayer scanning tests 
Laser Power 

(Watts) 
Powder Layer 

Thickness (inch) 
Laser Scan 

Spacing (inch) 
Powder Bed 

Temperature (ºC) 
18 0.002 0.003 25 
18 0.002 0.004 25 
18 0.002 0.005 25 
18 0.002 0.006 25 
18 0.003 0.003 25 
18 0.003 0.004 25 
18 0.003 0.005 25 
18 0.003 0.006 25 
18 0.004 0.003 25 
18 0.004 0.004 25 
18 0.004 0.005 25 
18 0.004 0.006 25 
18 0.005 0.003 25 
18 0.005 0.004 25 
18 0.005 0.005 25 
18 0.005 0.006 25 
18 0.006 0.003 25 
18 0.006 0.004 25 
18 0.006 0.005 25 
18 0.006 0.006  25 



48

Powder layer thickness was determined as the distance each time the build-
chamber piston was lowered after one layer was scanned. A small powder layer thickness 
leads to strong interlayer bonding, but the overall construction time was increased since 
more layers are needed to complete a part. Test results suggested that a layer thickness of 
0.004 inch was the most appropriate for the material system as far as part accuracy was 
concerned. When layer thickness was less than 0.004 inch, the roller tended to displace 
the previously scanned layers when distributing a new layer. The back-and-forth shifting 
of the partially built part caused distortion of the shape and loss of part accuracy.  
 Laser scan spacing is defined as the distance between two consecutive laser beam 
scans. The CO2 laser beam size used was 0.016 inch in diameter, which means that every 
spot in the part was scanned for four times if a laser scan spacing of 0.004 inch was used. 
According to the test results, a laser scan spacing of 0.003 inch can create the sturdiest 
green parts. This is because that there is more repetition of heating from adjacent scans 
that result in more thorough bindings between graphite particles. Small laser scan spacing, 
however, increases the total time required to complete the construction of one part since 
there are more scan lines required for each layer.  
 These process parameters can be combined to form a new parameter [50] called the 
Andrew Number ( NA ), also known as energy density, and is given by: 
 )( SCSPSS

PAN ×= (2.3) 

where P is laser power, SS is laser scan speed and SCSP is laser scan spacing. Based on 
previous single-layer and multilayer scanning tests, favorable energy density for the study 
ranged from 6.5 to 12.9 J/cm2 if SCSP = 0.004 inch, SS = 60 in/cm, and a P value 
between 10 to 20 Watts was taken. Since the Andrew Number represents the energy 
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density irradiating the powder bed [51, 52], maintaining a constant process condition is 
simplified if NA is held constant. Experimental results, however, indicated that an 

increase in laser power does not have the same effect as decrease in scan spacing on part 
accuracy. Increase in laser power transmits excess heat to the surrounding powder 
resulting in more attachment of unwanted powder to the part when neighboring binder 
melts, while reduction in laser scan spacing simply makes the laser scan over one spot for 
more times without significantly affecting the neighboring powder. 
 Both single-layer and multilayer scanning tests were performed. The tests provided 
useful information regarding working ranges of various SLS process parameters for the 
material system. Process parameters such as laser power, powder layer thickness, scan 
spacing and scan speed were discussed. Construction of SLS bipolar plates will be made 
using the process parameter values derived from these tests.  
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2.3.3 Control of Other Process Parameters 
 SLS process environment control including preheating of the powder bed and 
chamber atmosphere control is discussed. 
 
2.3.3.1 Powder Bed Preheating 
 Powder bed preheating is a strategy commonly used in SLS of polymers to 
minimize curling or warping of the parts. It is also used in sintering metallic material 
systems [53, 54] to improve sintering performance. With substrate preheating, more 
uniform and denser metallic SLS parts can be produced since, at higher temperatures, the 
contact angle between the solid and liquid phase is smaller, thus improving the wetting 
characteristics [55].    
 Curling occurs when internal thermal residual stress is formed inside the part. 
Thermal residual stress primarily comes from the differential expansion that imposes 
restraints to the part as it is heated or cooled. During SLS processing, huge temperature 
gradients in the powder mixture are generated under rapid heating during laser beam 
scanning. The powder being sintered at the spot right under the laser beam has a much 
higher temperature than powder surrounding it. Similarly, freshly sintered powder suffers 
from a rapid decrease in temperature as the laser beam moves away. The abrupt change in 
temperature cuases the part to contract by a distance L∆ [56, 57]:   
 TL

L ∆×=∆ α
0

(2.4)

where 0L is the initial dimension, α is thermal expansion coefficient and T∆ is the 

temperature change. A residual tensile stress is formed within the layers when the 
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surrounding powder resists this contraction force. Curling generally occurs in situations 
where the interlayer bonding strength is stronger than the residual stress. 
 In direct SLS processing, powder bed temperature is usually raised up to a point 
close to the fusing point of the sintering material to minimize the thermal gradients. In 
indirect SLS processing, however, this strategy is difficult to fulfill, especially for a 
material system containing high melting point graphite. In selecting the preheating 
temperature for the graphite/phenoic material system, one of the most important criteria 
is that the preheating temperature must not exceed the temperature at which crosslinking 
of the phenolic binder commences. 
 A Perkin Elmer DSC7 and Perkin Elmer TGA7 equipment were used to perform 
Differential Scanning Calorimetry (DSC) and Thermo Gravimetric Analyzer (TGA) 
analysis of phenolic, respectively. Figure 2.13 shows the DSC curve for phenolic resin. 
The first endothermic peak corresponds to melting of novolac resin while the second 
broad peak corresponds to heat of solution of hexamine in the molten resin [58]. The only 
exothermic peak in the graph represents the crosslinking mechanism of novolac resin and 
hexamine, which occurs at around 150 ºC. Figure 2.14 shows the TGA curve of phenolic 
resin from room temperature to 500 ºC. The test was conducted under nitrogen 
environment with a heating rate 10 ºC/min. As shown in Figure 2.14, no significant 
weight loss occurs prior to 80 ºC meaning that phenolic remains stable without serious 
degradation. Based on the DSC and TGA results, a powder bed temperature of 60 ºC was 
chosen for the material system. No critical thermodynamic events took place below this 
temperature during the irreversible curing process.  
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Figure 2.13 DSC curve of phenolic resin. 
 

Figure 2.14 TGA curve of phenolic resin under nitrogen gas. 
 
2.3.3.2 Atmosphere Control 
 The major purpose of implementing atmosphere control in SLS process was to 
prevent oxidation of materials due to the laser interaction, especially when working with 
metals or alloys. Surface oxides may lead to poor binding between particles since they 
reduce the wettability of fused binder on solid particles. Previous research at The 
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University of Texas at Austin has addressed the importance of atmosphere control for 
successful SLS of metals [59].          
 Atmosphere control for the carbon-based material system placed a significant 
influence on the quality of SLS bipolar plates. Figure 2.15 shows the TGA curve of 
phenolic resin cured from 50 ºC to 850 ºC at a heating rate of 30 ºC/min under air 
atmosphere. It is evident that the phenolic resin can easily be thermal decomposed in air, 
leading to a huge mass loss. This implies that a large amount of mass loss of binder 
occurs when the powder mixture is laser sintered without employing inert atmosphere 
control. To avoid deterioration of the bonding ability of phenolic, an inert atmosphere 
control was required for SLS processing of PEMFC bipolar plates.     
 

Figure 2.15 TGA curve of phenolic resin in air. 
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2.3.4 Plate Construction 
 Construction of the bipolar plates can then proceed after identifying the material 
system and its corresponding SLS process parameters. Table 2.6 summarizes the key 
parameters for SLS PEMFC bipolar plate fabrication. Notice that the value of laser power 
ranges from 10 to 20 Watts. Laser power depends strongly on the details of flow field 
pattern design, and thus varies for each individual bipolar plate. 
 

Table 2.6 Key parameters for the processing of SLS PEMFC bipolar plates 
 

Powder Constituents Graphite particle (GrafTech GS150E) and 
Phenolic resin (Georgia Pacific GP5546) 

Composition 70 w% graphite and 30 w% phenolic resin
Particle Size Graphite: 90% < 100 µm

50% < 55 µm
Phenolic resin = 11 µm

Powder Mixing  Roller mixed 
SLS Machine DTM Sinterstation 2000 
CO2 Laser Power 10 ~ 20 Watts 
Laser Scan Speed 60 in/s 
Laser Scan Spacing 0.003 inch 
Powder Layer Thickness 0.004 inch 
Andrew Number 6.5 ~ 12.9 J/cm2

Atmosphere Control Inert gas, N2
Powder Bed Preheating Temp. 60 ºC 

A bipolar plate with single path serpentine flow field was CAD modeled for the 
preliminary build. The flow field had a gas flow channel with 1×1 mm2 cross section. 
Since the flow field commonly features a detailed, mini-sized configuration, it is critical 
to create the pattern very precisely during SLS green part formation. It was reported [60] 
that there is a dependency of green part strength on laser scan direction and part build 
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orientation. In building the bipolar plates, results suggested that build direction parallel to 
plate thickness and laser scan orientation along the longest channel direction, as depicted 
in Figure 2.16, is the most favorable combination as far as green part strength, total build 
time and surface finish are concerned. An optimal laser power of 14 Watts was applied to 
the preliminary builds. 
 

Figure 2.16 Orientations in building SLS bipolar plates.
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Chapter 3: Post Processing, Plate Property Characterization and 
Improvement of Electrical Conductivity 

 
3.1 Introduction 
 This chapter continues to investigate required post-processing steps to form the 
final bipolar plate. Various properties of SLS PEMFC bipolar plate are measured using 
standard test methods. Efforts to improve some of the plate properties are also discussed.  
 
3.2 Post Processing 
 The graphite/phenolic bipolar plates produced from SLS process were quite weak, 
low in electrical conductivity and porous in structure. The part was generally referred to 
as a “green part” since it was fresh out of the SLS process. According to plate 
performance and property requirements, direct SLS process was not possible to produce 
functional bipolar plates unless post-processing steps were added. The main purpose of 
adding post-processing steps to the SLS process is twofold: to make the bipolar plates gas 
impermeable for safety consideration, and to increase the electrical conductivity of 
bipolar plates without using any metallic powders due to corrosion concern. 
 One of the most popular post-processing steps in sealing bipolar plates is chemical 
vapor infiltration (CVI). It is often used in the preparation of ceramic matrix composites 
where deposition of desired material into the preforms is achieved by using specific 
chemical vapor consisting of that element. Haack, et al. [61] and the Oak Ridge National 
Laboratory [62] demonstrated a technique to fabricate fuel cell bipolar plates from 
carbon/carbon composites followed by a chemical vapor infiltration post-processing 
procedure. During the CVI process, carbon is deposited from a hydrocarbon gaseous 
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precursor such that a hermetic skin can be formed on the surface of an originally porous 
bipolar plate. As shown in Figure 3.1, adding a very thin carbon layer of approximately 
20 µm is enough to make the bipolar plate gas impermeable even it is porous inside the 
part.     
 

Figure 3.1 Skin coating on C/C composite bipolar 
plates [61]. 

 
Figure 3.2 shows a schematic of the CVI process. The main advantage of this 

technique is that bipolar plates can be sealed to get a lower overall density while still 
meeting the corrosion resistance requirement. However, due to the fact that the 
inductively heated process gas, methane, is blown in from the bottom of the furnace, the 
cold reactant gas causes a temperature gradient in the furnace. Parts processed at cooler 
locations may thus not gain as much material deposit as those in warmer spots. This 
poses a challenge in obtaining uniform deposition of carbon layer over the entire plate 
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surface. One of the solutions to avoid non-uniform deposition is to use multiple CVI 
cycles. Using a furnace capable of being heated in separated zones may also help [63]. 
 

Figure 3.2 Schematic of CVI process for surface 
 coating of C/C composite bipolar plates [62]. 

 
For PEMFC bipolar plates made by the SLS process, two post-processing steps 

including binder carbonization and epoxy infiltration wiere first performed to meet basic 
plate requirements mentioned in Chapter 1. Both steps are necessary and an accurate 
process control is required to achieve satisfactory plate quality. 
 
3.2.1 Brown Part Formation 
 For the SLS process, a “brown part” is generally referred to a part that has received 
a thermal treatment during post-processing steps, especially through a high temperature 
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furnace treatment. In this study, brown part formation is very similar to the way 
carbon/carbon composite products are formed. In making carbon/carbon composite 
materials [64], high temperature heat treatment is carried out. The binder normally 
undergoes thermal decomposition and re-orientation to form polymeric carbon, thereby 
creating a homogeneous composition as the original carbon matrix and polymeric carbon 
are bonded together. In the fabrication of SLS bipolar plates, phenolic resin not only 
provides intermediate bonding during the green part formation but also forms the carbon-
based bonding in brown part formation during the pyrolytic post-processing stage. 
 In editing the curing temperature profile for brown part formation, one of the major 
concerns is that the brown part strength should be made strong enough for subsequent 
infiltration treatment. The infiltrant may distort part geometry when part strength is low 
during infiltrant curing. Lausevic, et al. [65] investigated various mechanical properties 
of cured phenolic resins during their carbonization process. The relationship between 
flexural strength of carbonized phenolic resins and curing temperature is shown in Figure 
3.3 [65]. It is evident from the graph that flexural strength decreases as curing 
temperature increases from 200 ºC to around 580 ºC, and increases as the temperature 
continues to rise to about 800 ºC. The behavior of the curve was related to the evolution 
rates of hydrogen and carbon dioxide during the pyrolysis process; they postulate that the 
minimum point in strength may correspond to the maximum evolution rates of hydrogen 
and carbon dioxide. 
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Figure 3.3 Relationship between flexural strength and  
curing temperature for phenolic resins [65]. 

 
Choe, et al. [66] proposed similar arguments to explain the variation of flexural 

strength of cured phenolic with temperature. It was claimed that the pore sizes in 
carbonized phenolic resins became larger due to the emission of a large amount of 
evolved gases in the temperature range of 300 ºC to 500 ºC, and the pore size decreased 
as curing temperature rose. Moreover, the heating rate may also affect the flexural 
strength of carbonized phenolic resin [67, 68]. Slower heating rate is advantageous in 
forming glassy carbon products with higher mechanical strength. Accordingly, a 
temperature profile, shown in Figure 3.4, was created for SLS bipolar plate brown part 
carbonization. The profile starts at room temperature and heats up to 200 ºC with a 
heating ramp rate of 60 ºC/hour, followed by  a slower ramp rate of 30 ºC/hour to 600 ºC, 
and then a 50 ºC/hour ramp rate cures the part to 800 ºC. The dwelling time at the peak 
temperature is 1 hour. The part is left to cool back to room temperature naturally. The 
reason for a slower heating ramp between 200 ºC and 600 ºC is to provide a sufficient 
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amount of time to allow the evolved gases to escape by diffusion through the pores. A 
slightly higher heating ramp between 600 ºC and 800 ºC is used since there is a smaller 
amount of evolved gases emitted in this stage. A peak temperature of 800 ºC is selected 
based on the mechanical behavior of cured phenolic resins. As shown in Figure 3.3, the 
highest flexural strength of carbonized phenolic occurs at this temperature.   
 

Figure 3.4 Temperature profile for SLS bipolar plate brown part formation.

A Yokogawa UP550 programmable high-temperature, vacuum furnace was used 
for the carbonization process. The furnace uses several graphite heating elements along 
with a digital controller to precisely supply the required heat into the chamber to maintain 
uniform temperature. It has a maximum heating capacity of up to 2000 ºC. The furnace 
chamber can be vacuumed and backfilled with various inert gases for atmosphere 
controls throughout the programmed temperature profile. Research grade argon gas was 
filled into the chamber during the carbonization process to prevent oxidation of 
carbonized phenolic resins. It is very important to maintain a reducing gas environment 
during pyrolysis since the presence of even a tiny amount of oxygen can reduce the 
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glassy carbon yields dramatically. Figure 3.5 demonstrates the XRD patterns of pure 
graphite particles and carbonized phenolic resin. The broad peaks observed in the 
carbonized phenolic resin indicate its amorphous crystal structure.  
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Figure 3.5(a) X-ray 
diffraction pattern of GS 
150E graphite powder. 
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Figure 3.6 shows a SEM micrograph taken from the fracture surface of brown part. 
More open and interconnected pores can be observed due to the burning-off of the 
phenolic binders, and part of the phenolic resin was converted into glassy carbon. The 
carbonization process at this stage is expected to boost the electrical conductivity as well 
as the mechanical strength to the parts. 

Figure 3.6 SEM micrograph of SLS bipolar plate brown part.

As mentioned in Chapter 2, curling/warping of the part takes place commonly 
when thermal treatment is involved. This is true for both green part and brown part 
formations [69]. To minimize curling, increase in the powder bed temperature was the 
strategy taken in fabricating SLS green parts. In brown part formation, it was noticed that 
warping gets more serious as the heating ramp becomes higher due to the larger thermal 
gradients inside the part. A slower heating ramp is thus favorable in minimizing the 
nonlinear geometric changes during high temperature furnace processing. In addition, the 
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bipolar plates were all sandwiched by two pieces of graphite slabs during carbonization 
to ensure flatness of the plates. 
 Shrinkage occurs during the carbonization process and contributes to dimensional 
inaccuracy to the parts. Shrinkage is directly related to mass loss in brown parts as the 
phenolic resin is burned off. Figure 3.7 presents a plot showing the variation of weight 
loss and shrinkage with curing temperature. The percentages of weight loss and shrinkage 
in brown parts were measured each time after heat treatment to a prescribed final 
temperature in the vacuum furnace. As can be seen, both curves become level as the 
curing temperature reaches approximately 800 ºC indicating the completion of 
carbonization process. 
 

Figure 3.7 Variations of shrinkage and mass loss with  
curing temperature during brown part formation. The 

x direction is the horizontal direction. 
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It may be observed that shrinkage in the z direction is consistently larger than those 
in the x and y directions. This suggests that gravity may play a role to geometric accuracy 
in brown part formation. The linear shrinkage in both x and y directions is around 4% 
while the dimensional reduction in the z direction is about 15%. One of the techniques to 
compensate for part shrinkage is to scale up the original CAD model by the anticipated 
amount of shrinkage. 
 
3.2.2 Epoxy Infiltration for Final Sealing 
 Upon the completion of brown part carbonization, the cured bipolar plate forms a 
skeleton of the plate geometry. The brown part strength is improved compared to green 
part even though its structure is still porous. To make the bipolar plate gas impermeable, 
epoxy resin is selected as the infiltrant to seal the porous structure. Epoxy resin is widely 
used as a sealant and coating material because of its chemical stability, superior 
mechanical strength and ability to wet most substrate materials. Success of infiltration is 
primarily governed by the wetting characteristics of liquid and solid materials involved. 
A brief introduction of its background and principal theories, Washburn and Young’s 
equations, will be presented first. 
 The Washburn equation, which is commonly used to obtain pore size distributions 
by the mercury porosimetry approach, provides the required pressure P to infiltrate a 
pore of certain radius r . It is expressed as  
 rP LV /)cos2( θγ= (3.1)                                                             
where LVγ is the surface tension of liquid-vapor interface, θ is the contact angle between 

liquid and solid interface and r is the capillary radius. Equation 3.1 can further be 
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modified to give a relationship between height of rising liquid front h and the 
corresponding time required t . [70]. 
 trh L

η
θγ

2
cos2 = (3.2) 

where η is the viscosity of the infiltrant. 
 In the case of pressureless and spontaneous infiltration of liquid phases into porous 
preforms (i.e., no externally applied pressure or vacuum), one of the most critical issues 
is the adhesion or wetting characteristics of the infiltrant and substrate. According to 
Young’s equation, the surface energies at the three phase contacts are related to the 
equilibrium contact angle through: 
 θγγγ cosLVSLSV += (3.3) 

where SVγ , SLγ and LVγ are the surface free energies between solid-vapor, solid-liquid 

and liquid-vapor phase, respectively. For spontaneous wetting to occur, therefore, one of 
the rules relevant to effective bonding low surface energy substrates is: 

 γ infiltrant < γ substrate (3.4) 
 Table 3.1 lists surface energies of some of the common adhesives, infiltrants and 
substrate materials at room temperature [71]. For obtaining best wetting behavior and 
strong adhesion forces, the condition: γ substrate>>γ infiltrant is always desirable. It is evident 
from Table 3.1 that the surface energy of liquid epoxy resin is less than that of graphite. 
Thus spontaneous infiltration of liquid epoxy resin into a porous SLS brown part is 
expected to occur. Lastly, the time required for a complete infiltration of porous SLS 
bipolar plate with epoxy resin can be estimated from rearranging Equation 3.2: 
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where mmh 3= is the thickness of the bipolar plate, scm
gpoisecps .10101000 ===η is 

the viscosity of epoxy resin used, mr µ50= is the estimated pore radius and contact 
angle is reasonably assumed to be 70º. The estimated time value more or less matches the 
observed data for a complete infiltration. 
 

Table 3.1 Surface energy of selected materials [71] 
Material Surface Energy (dynes/cm=10-3 J/m2)
Silicone Oil 21 
Liquid Epoxy Resin 47 
Graphite ~70 
Water 73 
Mercury 470 
Solid Aluminum ~500 
Solid Copper ~1000 

The epoxy resin used was Clear Coat Resin purchased from System Three Resins, 
Inc. It is a mixture of more than 70% diglycidyl ether of bisphenol A and less than 30% 
alkylglycidyl ether. A hardener composed of modified aliphatic amines and nonyl phenol 
was required to cure the epoxy rein. Solvents, such as toluene, xylene, etc., were required 
to dilute the as-received liquid epoxy resin since it is too viscous to penetrate into the 
cured pore structure. The epoxy resin, hardener and xylene were mixed in a ratio of 2:1:1 
for the first infiltration under room temperature. It was essential that an accurate epoxy to 
hardener ratio of 2:1 was used to ensure that complete curing of epoxy could be fulfilled. 
If epoxy resin and hardener are not mixed in the correct ratio, un-reacted epoxy resin or 
hardener remains within the matrix which can affect part final properties after it is cured. 
The brown part was partially immersed in a pool of the prepared infiltrant until its top 
surface became wet as wicking of the infiltrant was completed. During infiltration, gas 
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bubbles kept coming out of the part surfaces, indicating that the porous structures were 
being filled by epoxy resin due to the capillary forces. Importantly, the liquid epoxy resin 
intruded into open pores of the brown part without producing noticeable dimensional 
change to the part. Infiltration of at least two times was needed to create a completely gas 
tight plate surface. The infiltrated bipolar plate was subsequently oven dried at 60 ºC for 
several hours to remove the residual moisture.  
 Figure 3.8 shows an SEM micrograph of the infiltrated plate surface. It is clear that 
most of the pores were filled up, giving rise to a much more hermetic surface finish. 
Moreover, the infiltrated parts were not inferior to brown parts in electrical conductivity 
based on four point probe ohmic testing, indicating that the overall carbon phases, 
inclusive of graphite and converted phenolic resin, were interconnected to each other 
without interruption by the insulating epoxy resin.                
 

Figure 3.8 SEM micrograph of epoxy infiltrated part. 
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3.3 Plate Property Characterization 
 A thorough assessment of properties of SLS bipolar plate was required to judge if 
the plate can be competitive to those fabricated by other techniques. Several properties 
including flexural strength, electrical conductivity, chemical stability, gas tightness, 
interfacial contact resistance and specific weight, along with their standard test methods 
are discussed. 

3.3.1 Flexural Strength 
 The flexural strength is used to determine a material’s ability to resist flexure or 
bending under applied load. Since the bipolar plate is normally stacked up by 
compression forces in a fuel cell stack, its ability to endure deformation and maintain 
structural integrity is important. This is especially true for PEM fuel cell stacks installed 
in transportation vehicles operating in vibrating conditions due to unevenness of the road. 
The flexural strength is defined as the strength when the material starts to yield, typically 
measured at 5% strain on its outer surface. It is obtained when the ultimate flexibility of 
the material is achieved, often before its proportional limit. Several industrial standards 
are applicable to flexural strength measurements. Examples are ASTM D797 for 
elastomers, ASTM A438 for cast irons, ASTM D86 for glasses and ASTM D790 for 
plastics. For SLS bipolar plates made of graphite, carbon residue and cured epoxy, 
ASTM D790 specification, which is often used for composite materials, was selected.  
 The flexural strength test, also known as three point bend test, involves placing a 
test specimen over two points while initiating a load at the midpoint of the specimen. A 
setup of the experiment on a MTS test machine is shown in Figure 3.9. Depending on the 
material, a variety of specimen dimensions can be used for the test. SLS test specimen 
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with dimensions of 0.125"×0.5"×2.5" was used for the tests. Five test specimens were 
made by using the established SLS bipolar plate fabrication procedures reported earlier. 
The average flexural strength flxσ was 1730 psi (~20 MPa) obtained from Equation 3.5: 
 22

3
bt
FL

flx =σ (3.5) 

where F is the applied load at yield, L is the span length between two supports, b is the 
width of the specimen and t is the thickness of the specimen. Figure 3.10 shows the 
load/strain curve for one of the specimens. It is evident from the curve that the SLS 
bipolar plate is ductile since there is no abrupt fracture behavior and the yield strength 
almost matches its ultimate strength.   
 

Figure 3.9 Setup for the three point bend test. 
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Figure 3.10 Relationship of load and bending strain  
for SLS bipolar plate from three point bend test. 

 
Even though there are other criteria such as tensile strength and fatigue limit that 

may be used to describe the mechanical behavior of bipolar plates, flexural strength is 
used because it is more representative of the working conditions they are subjected to. 
Bipolar plates are more often bent than pulled along the axial directions. 
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3.3.2 Electrical Conductivity 
 The electrical conductivity, inverse of electrical resistivity, is a key property for 
bipolar plates because it is directly related to the ohmic losses in a fuel cell stack. 
Electrical conductivity measurement is generally conducted by a simple, nondestructive 
method called the four point probe test. One of the major features of this technique is that, 
unlike two point probe testing, the contact resistance between the probes and test 
specimen can be eliminated. Figure 3.11 shows an illustration of the setup for four point 
probe test. This method uses four needle-like probes to contact the surface of test 
specimen. A known current supplied by a current source is made to flow through two 
outer probes while the voltage drop across a prescribed distance between two inner 
probes is measured. ASTM C611 specifications were followed to measure the required 
data, and the electrical resistivity was calculated using Equation 3.6. 
 )(

))((
LI
wtV∆=ψ (3.6) 

where ψ is the electrical resistivity, V∆ is the voltage drop across a prescribed distance, 
t is specimen thickness, w is specimen width, L is the distance over which V∆ is 
measured and I is the applied constant current. A Keithley 224 Programmable Current 
Source and Keithley 181 Nanovoltmeter were used to perform the tests.  
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Figure 3.11 Setup for four point probe electrical conductivity test.

Five 2×2×20 mm3 test specimens were cut from a sample made by the established 
SLS procedures. Tests were performed on these specimens and the average value was 
calculated. Results showed that the electrical conductivity of SLS bipolar plates was 
approximately 80 S/cm, which is competitive compared to some of the carbon/plastic 
composite bipolar plates [72]. 
 
3.3.3 Specific Weight 
 A Quantachrome Corporation Ultrapycnometer-1000 was used for the specific 
weight measurements. This technique uses Archimedes’ principle of fluid displacement 
as well as ideal gas law to accurately determine the volume of a test specimen [73]. The 
test begins with expanding a quantity of helium gas at known pressure into an empty 
sample cell to establish a baseline. The test specimen is then loaded into the sample cell 
and the cell is resealed. The same amount of helium gas at the same pressure is again 
expanded into the sample cell with the test specimen in it, and the new equilibrium 
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pressure is measured. The difference between these two pressures combined with the 
volume of the empty sample cell allows us to calculate the volume of test specimen using 
Equation 3.7. 
 

211 PP
VVV H

CS −+= (3.7) 

where SV is the volume of test specimen, CV is the sealed sample cell volume, HV is the 
added volume of helium gas, 1P is the known pressure and 2P is new equilibrated 
pressure.  
 Density of the test specimen can subsequently be calculated once the specimen 
weight is measured using an electronic balance. The average density of SLS bipolar plate 
was 1.27 g/cm3 from 15 measurements. This density is relative low compared to either 
metallic plates or pure graphite plates. It is thus advantageous in increasing the fuel cell 
performance since the fuel cell stack net weight is reduced. 
 
3.3.4 Corrosion Resistance 
 A PEM fuel cell normally operates in an acidic environment containing acid ions 
such as F¯, SO42¯, SO3¯, HSO4¯ and HCO3¯ etc. [74]. It is consequently necessary for 
bipolar plates to have good corrosion resistance to maintain long-term structural 
durability. Many electrochemical techniques can be used to measure the corrosion rate, 
among which are electrochemical impedance spectroscopy (EIS), zero resistance 
ammetry (ZRA), linear polarization resistance measurement, Tafel extrapolation method, 
etc. Direct corrosion rate measurement through weight loss is straightforward but seems 
impractical due to the fact that a significant amount of time is required to achieve 
measurable corrosion. 
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The Tafel extrapolation method was selected for corrosion resistance measurement 
due to its simplicity and quickness. This technique is also used by many other authors [28, 
29] in investigating the corrosion behavior of metallic bipolar plates. In the experiment, a 
conventional three-electrode system composed of a saturated calomel electrode served as 
the reference electrode, a counter electrode made of platinum plate and a working 
electrode containing the test specimen was built. The test was conducted by applying a 
potential to an electrode in the electrolyte while measuring the electrical current produced. 
An EG&G PAR Potentiostat/Galvanostat Model 273 equipment was used for the test. To 
simulate the PEMFC operating environment, a solution made up of 0.01M HCl and 
0.01M Na2SO4 was prepared for this study. F¯ ions were not introduced into the solution 
because of their trivial effect on corrosion when the concentration is low [23, 75]. The 
solution was heated to 80 ºC and bubbled with hydrogen gas for two hours prior to the 
test. More detailed information for the experiment can be found in ASTM G5 standards. 
 Figure 3.12 shows the polarization curve of Tafel extrapolation corrosion rate 
measurement for SLS bipolar plates. The corrosion current density is determined on the 
Tafel plot from the point of intersection which is identified by extrapolating two straight 
lines tangent to the anodic and catholic branches. The corrosion rate can subsequently be 
calculated using Equation 3.8 derived from Faraday’s Law [76].    
 nD

aIr corr27.3= (3.8) 

where r is the corrosion rate in µm/year, a is the atomic weight of test specimen, n is 
the number of exchanged equivalents, D is specimen density in g/cm3 and corrI is the 

corrosion current density in µA/cm2.
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Figure 3.12 Polarization curve from Tafel extrapolation corrosion test.

From the plot, corrosion current density 6 µA/cm2 was obtained for the SLS 
bipolar plates. Instead of converting this value to corrosion rate (µm/year), corrosion 
current density is commonly used as the substitution to compare corrosion resistance of 
bipolar plates. This is because of the fact that for many composite bipolar plates, both 
atomic weight and equivalent number in Equation 3.8 are hard to be specified. The 
corrosion current density of SLS bipolar plates is relatively low compared to metallic 
plates. This is not surprising since the plates are mainly composed of graphite, which is a 
material intrinsically resistant to corrosion. 
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3.3.5 Gas Permeability 
 For safety reasons, bipolar plates need to be gas impermeable to prevent the loss of 
reactant gases. Gas impermeability is not a particularly significant issue for bipolar plates 
made of metals or pure graphite since they are normally formed densely. It is, however, 
of great concern for carbon-based composite bipolar plates due to their unique fabrication 
routes. As is discussed earlier, it is possible to modify plate tightness by adding post-
processing steps such as chemical vapor deposition, impregnation process, etc.    
 Information regarding techniques for PEMFC bipolar plate gas permeation 
measurement is rarely found in the literature. Besmann, et al. [77] from the Oak Ridge 
National Laboratory constructed an apparatus consisting of two metal plates between 
which a test bipolar plate is sandwiched. The periphery of the test plate is sealed with 
silicon rubber gasket. An inlet line is connected to one of the metal plates for filling in 
hydrogen while an outlet line is connected to the other metal plate for collecting 
hydrogen flow. The measurement of hydrogen flow is based on water displacement 
method. The test plate is considered gas impermeable if no hydrogen is collected. Despite 
its simplicity, this technique does not seem to be able to quantify the results effectively.     
 Instead, a Varian Portatest 936-40 Mass Spectrometer Leak Detector, shown in 
Figure 3.13, was used for the gas permeability test. Helium gas was used as the tracer 
media for the test. The leak detector uses a spectrometer tube to identify and sort helium 
in the presence of other gases by ionization. A magnetic field is generated by two metal 
plates to magnetically separate the helium ions from others. The helium ions are then 
translated into an electrical signal by a preamplifier assembly. The leak rate can be read 
directly from a leak rate meter on the front panel of the equipment. The leak detector is 
capable of detecting leaks as small as 10-10 cm3/sec. Disk-like test specimens were 
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prepared for the test. Epoxy resin and silicone vacuum grease were used to mount the 
specimens onto the test port. Detailed setup information can be found in the operating 
manual [78].  
 

Figure 3.13 The leak detector for gas permeability test.

The average leak rate measured for SLS bipolar plate was around 5×10-6 cm3/cm2.s. 
The result is promising and is expected to improve if multiple epoxy infiltrations are 
performed. Other leak test methods such as water immersion/air bubble observation, dye 
penetration and ultrasonic sound testing are also viable but do not offer as high sensitivity 
as the helium leak detecting method does. ASTM D1434 standard provides an alternative 
for gas permeability measurement but is not applicable to this case since it is mainly 
suited for materials like plastic thin films. Apparatus capable of measuring gas 
permeability using hydrogen instead of helium is suggested to obtain more representative 
results that mimic real PEMFC operating environments.  
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3.3.6 Interfacial Contact Resistance 
 Interfacial contact resistance between bipolar plates and the gas diffusion layer 
(GDL) was reported to be the dominant contributor to the overall resistance in a fuel cell 
system [35]. It was also demonstrated that interfacial contact resistance is generally 
higher for metallic bipolar plates than for pure graphite plates [27]. To assemble a fuel 
cell stack with optimum performance, it is essential to understand the relationship 
between externally applied compaction force and interfacial contact resistance. Many 
techniques for interfacial contact resistance measurement are available and most of them 
are similar with slight modification [24, 79]. The contact resistance test technique 
described by Wang, et al. [24] was followed in this study. An illustration of the setup is 
shown in Figure 3.14. 
 

Figure 3.14 Illustration of interfacial contact resistance test assembly. 
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Essentially, the test method involves measuring the voltage drop between two 
copper plates while supplying a constant current across them. The total contact resistance 
can be calculated using Equation 3.9. 
 I

VAR = (3.9) 

where R is the total electrical contact resistance, V is the voltage drop across two 
copper plates, I is the constant current applied and A is the surface area. Tests were 
carried out under different compression loadings supplied by a hydraulic press. Test 
samples were thoroughly cleaned and dried using isopropyl alcohol before the tests. A 
constant current of 5 Amp was supplied for the tests. As can be seen from Figure 3.14, 
the total measured resistance is the sum of two contact resistances from copper/carbon 
paper interface and two contact resistances from test sample/carbon paper interface. To 
obtain the test sample/carbon paper contact resistance, a baseline test was done first to 
obtain the copper/carbon paper contact resistance. Only one piece of carbon paper 
sandwiched by two copper plates was used in the baseline measurement. The baseline 
value was then subtracted from the overall contact resistance for correction. 
 Figure 3.15 shows the relationship between measured interfacial contact resistance 
and compaction force for SLS bipolar plates. The result is in agreement with what was 
expected. Higher compression force resulted in lower contact resistance. This is 
justifiable since the two components become closer as compaction force is increased. 
Nevertheless, too high a compression force may damage the soft MEA in a stack, leading 
to a degraded fuel cell performance. From Figure 3.15, it is clear that an interfacial 
contact resistance less than 200 mΩ.cm2 is achievable for SLS bipolar plates under a 
typical compaction force of 1.6 MPa.  
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Figure 3.15 Relationship between interfacial contact resistance and
compaction force for SLS bipolar plates. 

 
3.4 Strategy for Electrical Conductivity Improvement 
 Feasibility of fabrication of PEMFC bipolar plates by an indirect SLS route has 
been demonstrated. Properties of the SLS bipolar plate, such as flexural strength, 
corrosion resistance and gas impermeability, etc. are quite promising and satisfactory. 
However, initial results suggested that there was still room for the improvement in 
electrical conductivity. Some strategies were investigated in an effort to increase the 
electrical conductivity, among which are: (1) infiltration of brown parts with conductive 
polymer, (2) addition of a liquid phenolic infiltration/re-curing step prior to final sealing, 
and (3) reduction of glassy carbon resistivity by curing process parameter control. 
Detailed exploration of these strategies is given in the following. 
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3.4.1 Infiltration of Conductive Polymer 
 Infiltration of epoxy resin is one of the steps in the previous fabrication route. This 
necessary step was taken simply to make the porous brown part gas impermeable. It 
showed that with an adequate viscosity, epoxy resin was able to penetrate into the pore 
channels inside the part to make it gas tight upon curing. However, attention at this point 
is focused on searching for an infiltrant capable of sealing the porous part as well as 
improving the electrical conductivity simultaneously. Based on an extensive literature 
survey, it was realized that epoxy resin containing carbon black made up the greater 
portion of conductive epoxy resins available since this additive is the most cost effective; 
even though some other fillers such as copper, silver and carbon fibril are available. 
 Electrically conductive compounds made of an insulating polymer matrix and 
conducting particles have been extensively used in antistatic materials, electromagnetic 
shielding and liquid crystal display (LCD) assembly industries. The electrical 
conductivity of such composites depends significantly on the concentration of the 
conducting phase and the extent of its continuity. Various mechanisms have been 
proposed to describe the electrically conducting behavior in polymeric composite 
materials [80, 81], among which percolation theory and the quantum mechanical 
tunneling effect are two popular models to illustrate the electron transport process [82]. 
The law of percolation theory states that a critical concentration or volume fraction, 
referred to as percolation threshold, of conductive filler is necessary to initiate significant 
electrical conductivity in polymeric composite materials. The material behaves as an 
insulator when the filler concentration is too low to form a connecting network of 
conductive sites. On the other hand, the material undergoes a sharp transition from 
nonconductor to conductor when the filler concentration is above the percolation 
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threshold, normally around 7% [83], allowing electrons to tunnel through or jump 
between closely distributed filler sites. Figure 3.16 [82] demonstrates an example of the 
experimental results of the relationship between electrical resistivity and carbon black 
(CB) fraction for CB filled high-density polyethylene (HDPE) compound.   
 

Figure 3.16 Relationship of electrical resistivity and CB content
for HDPE/CB compound [82]. 

 
To assess the feasibility of electrical conductivity improvement on SLS bipolar 

plate by using conducting epoxy resin infiltration, it is appropriate to first know the 
maximum achievable electrical conductivity value a cured conducting epoxy resin can 
have. A commercially available epoxy resin and hardener obtained from System Three 
Resins, Inc. was mixed with carbon black powder purchased from Alfa Aesar Company. 
The carbon black powder had an average particle size of 0.042 µm and a specific surface 
area of 75 m2/g. Ten cups of carbon black loaded epoxy resins were prepared and cured 
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overnight in an oven to form ten solid samples. The carbon black loading level for each 
sample was 1, 2, 3, 5, 7, 10, 12, 15, 20 and 25 volume percent (v%), respectively. Each 
cured solid sample was then cut into four 3 × 3 × 30 mm3 test specimens, making a total 
of 40 specimens, for electrical resistivity testing according to ASTM D257 specifications. 
Figure 3.17 shows the average resistivity value for cured conducting epoxy resin versus 
its carbon black loading. 
 

Figure 3.17 Resistivity of CB-filled epoxy resin versus CB content.
The first two circle points are predicted values. 

 
As can be noticed from the plot, the electrical resistivity curve is expected to drop 

dramatically from nonconductive to conductive behavior over a narrow range of carbon 
black loading due to the development of a network of closely-seated CB particles. The 
predicted very high electrical resistivity for 1 and 2 v% CB specimens was not obtained 
due to the limits of the equipment. More importantly, the minimum resistivity achieved 
was around 105 Ω-cm, which is equivalent to a maximum electrical conductivity value of 
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10-5 S/cm when CB loading is roughly above 8 v%. The result is very similar to what is 
reported elsewhere [84, 85]. However, the outcome was not promising for SLS bipolar 
plate application since it is far below the current conductivity design requirement (100 
S/cm). Even more disappointing was that the fine CB powder tended to agglomerate 
easily in the CB-filled epoxy resins which increased the resin viscosity. High resin 
viscosity and CB agglomeration blocked CB powders from flowing into pores of the 
porous plates and limited the performance of infiltration. It is apparent, at this point, that 
infiltration of conducting epoxy resin was not workable for conductivity improvement of 
the SLS plates. Even many commercially available conducting epoxy resins exhibit much 
higher values of conductivity; most of them are in the form of “paste” instead of what is 
required here, a low viscosity infiltrant. 
 
3.4.2 Liquid Phenolic Infiltration and Re-Curing 
 The electrical conductivity of powder metallurgy parts is affected by many 
variables, such as impurity, pore shape, and connectivity, and one of the most significant 
factors is the porosity present in the solid. Many models for thermal and electrical 
conductivity, based on theoretical or semi-empirical results, have been reported [86-89]. 
From these models, it is obvious that electrical conductivity increases as the percentage 
of porosity is reduced while the part becomes denser. This trend brought up the concept 
for improving electrical conductivity of SLS bipolar plate by increasing the glassy carbon 
residue level so as to replace a portion of the porosity space that is occupied by the non-
conducting epoxy resin when final epoxy sealing is completed. 
 Phenolic resin was previously chosen as one of the constituents along with graphite 
particles to make up the material system for the requirements of this application. It is 



86

selected here as the intermediate infiltrant to elevate the carbon residue level when a re-
curing process is executed. Liquid phenolic resin was prepared by dissolving powdered 
phenolic resin in acetone at a temperature of 50 ºC by using a magnetic stirrer for 30 
minutes. The phenolic infiltrant was made of 60 v% powdered phenolic resin and 40 v% 
acetone for the first infiltration and the phenolic infiltrated brown part was placed back in 
the high temperature furnace for recuring. The recuring process was performed under 
inert gas atmosphere. The temperature profile for the recuring cycle started at room 
temperature and went up to 800 ºC with a 1 ºC/min heating ramp rate, and the part was 
held for 1 hour before cooling back to room temperature naturally. The recured brown 
part was less porous compared to brown parts that did not receive such treatment. 
Electrical conductivity was improved to an average value of 108 S/cm. Following the 
same strategy, a second phenolic infiltration/recuring step was performed in an attempt to 
further increase the conductivity. The phenolic infiltrant was modified to a composition 
of 45 v% powdered phenolic resin and 55 v% acetone for reduced viscosity. The same 
temperature profile was implemented for the second time recuring process and the final 
electrical conductivity was increased to an average value of 117 S/cm. 

In Figure 3.18, a bar chart for electrical conductivity with respect to each 
fabrication step is demonstrated. As can be seen, there is a 35% boost in electrical 
conductivity when the first phenolic infiltration/recuring step is employed and another 
8.3% increase when the second phenolic infiltration/recuring step is done. The reduced 
rate in electrical conductivity improvement implies that less glassy carbon residues are 
deposited each time inside the brown part since the corresponding amount of porosity is 
lessened. 
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Figure 3.18. Electrical conductivity improvement of SLS bipolar
plate with respect to corresponding fabrication step. 

 
3.4.3 Curing Process Parameter Control 
 The brown part is composed of graphite particles and glassy carbon produced from 
carbonization of phenolic resin, and both ingredients contribute to its final conductivity. 
If the conductivity of glassy carbon were able to be significantly improved, it might be 
able to benefit the overall conductivity of brown part supposing that the conductivity of 
graphite particles is constant. Bhatia, et al. [90] explored the variation of some physical 
properties of carbonized phenolic resin when increasing the curing temperature, one of 
which gives the relationship between its electrical resistivity and curing temperature as 
shown in Figure 3.19. It is evident from the curve that the electrical conductivity of 
pyrolyzed phenolic falls drastically in the range of 600 ºC to 800 ºC, beyond which the 
rate of fall in resistivity decreases gradually. 
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Figure 3.19. Variation of electrical resistivity of 
cured phenolic resin vs. temperature [90]. 

 
To examine the extent of the effect of conductivity increase from glassy carbon, the 

peak dwell temperature for brown part formation was raised from the original 800 ºC to 
1000 ºC and electrical conductivity values were measured by using the four point probe 
technique described previously. Results showed, unfortunately, that the electrical 
conductivity of brown part does not exhibit significant improvement from the increase in 
final curing temperature. This may be attributed to the fact that only a relatively small 
portion of glassy carbon exists in the composition and the most critical factor dominating 
the electrical conductivity in powder sintered parts is its porosity level. Electrical 
conductivity of powder sintered parts normally follows a power law and is a strong 
function of porosity level inside the part [88, 89]. 
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3.4.4 Summary 
 Three potential strategies were examined to ascertain the most appropriate method 
for improving the electrical conductivity of SLS bipolar plates. Inclusion of liquid 
phenolic infiltration/recuring steps to the fabrication route proved to be the most effective 
solution among others. This method is very similar to the way carbon/carbon or 
carbon/graphite composite materials were made, where multiple cycles of thermosetting 
resin impregnation and curing were performed to form a gas-tight matrix. For the special 
application of fabrication of SLS PEM fuel cell bipolar plates, however, simply one or 
two times of liquid phenolic infiltration/recuring step are necessary to meet the electrical 
conductivity target value, especially when considering the lengthy and costly polymer 
pyrolysis process. The treated part is subsequently infiltrated with liquid epoxy resin to 
seal its surfaces. One other possible way to improve the electrical conductivity is 
chemical vapor infiltration (CVI) of carbon from hydrocarbon gaseous precursors into 
porous SLS brown parts. This technique is potentially capable of creating a hermetic skin 
on the plate surfaces as well as improving electrical conductivity due to the addition of 
elemental carbon. 
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3.5 Summary and Conclusion 
 Post-processing steps for SLS fabricated PEMFC bipolar plates are necessary to 
meet plate functional requirements. These steps combine to make the plates mechanically 
stronger, denser and more electrically conductive. Figure 3.20 is the flow chart for SLS 
PEM fuel cell bipolar plate fabrication with added phenolic infiltration/recuring steps. 
Table 3.2 is the summary of the key properties of SLS PEMFC bipolar plates. Lastly, 
Figure 3.21 shows a photo of finished SLS bipolar plates. 
 

Figure 3.20. Flow chart for bipolar plate manufacturing using SLS. 
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Table 3.2 Properties of final SLS PEMFC bipolar plate 
 

Type 
 

Property 

 
Department 
of Energy 

(DOE)Target 
Value 

 
SLS 

Bipolar 
Plate 

Flexural 
Strength(psi) 

> 600 >1730 
 

Electrical 
Conductivity(S/cm)

>100 ~117 

Specific Weight 
(g/cm3)

--- 1.27  

Corrosion Rate 
(µA/cm2)

< 16 < 6 

Gas Permeability 
(cm3/cm2-s) 

<16×10-6 5×10-6 

Figure 3.21. Two 97×97×3 mm3 SLS bipolar 
plates with 8.5 cm2 active area each. 
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Chapter 4: Modeling of PEM Fuel Cells 
 

4.1 Introduction 
 With the ability to rapidly fabricate PEMFC bipolar plates by the established 
indirect SLS process, the flow field pattern design for bipolar plates will benefit 
significantly since the performance of unique bipolar plates can then not only be 
predicted numerically but also experimentally verified in a prompt manner. Design of 
fuel cell bipolar plates normally begins with computer simulations followed by a series of 
experimental verifications. Computer simulation of PEMFC is a powerful means to 
provide some ideas as to what types of flow field pattern design result in improved fuel 
cell performance, especially when the cost and time to make a machined graphite bipolar 
plate prototype are prohibitively high and long. However, computer simulation is not 
intended to completely replace the experiments due to the accompanying simulation 
errors. Computer simulation and experimentation are supposed to compliment each other 
to facilitate and obtain the optimum design.  
 To demonstrate the value and the unique capability of the SLS process for bipolar 
plate flow field design, a complete design procedure starting from computer simulation 
followed by prototype bipolar plate fabrication using indirect SLS process and final 
experimental confirmation will be demonstrated. In this chapter, the background of PEM 
fuel cell modeling will be addressed. The modeling of PEMFC involves using several 
mathematical equations, mostly partial differential equations, to represent real physical 
phenomena occurring inside a fuel cell stack. These modeling equations are generally 
written as auxiliary computer codes and are implemented along with the basic 
Computational Fluid Dynamics (CFD) codes to perform special simulation tasks. Prior to 
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the simulation, it is helpful to understand how the model is constructed as well as what 
mathematical equations it is based on since these equations are the backbone of 
simulation. It would be difficult to perform the PEMFC simulation effectively without 
understanding these fundamentals equations. 
 
4.2 Model Assumptions 
 Early work in modeling of PEMFC using CFD methods mainly focused on two 
dimensional flow specifications and only parts of the fuel cell components were 
considered. More recently, modeling of PEMFC has advanced to include multiple 
components, multiple phases and three dimensional fluid flows in the problem domain. It 
is also able to develop more realistic computational models which account for species 
transports, water phase changes and electrochemical reactions to mimic real PEMFC 
operating conditions [91-94].  
 Modeling of PEMFC typically requires some simplifications to alleviate the 
complicated computational calculations. Some of the primary simplifying assumptions 
for most of the PEMFC models are listed below. 

1. The fuel cell operates under steady-state conditions and gravitational force is 
neglected. 

2. Since the reactant gases in the flow channels flow at low velocities (low 
Reynolds number), laminar flow behavior is assumed. 

3. The pore distributions in porous zones are considered homogeneous, thus the 
diffusivity and permeability of various gases are assumed to be isotropic. 

4. The membrane is considered impermeable to the gases so that crossover of 
reactants can be ignored. 
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5. The reactants are assumed to exhibit compressible ideal gas behavior since a 
pressure gradient exists, and the density of the gaseous mixture varies from 
location to location. 

6. The membrane is usually assumed to be fully humidified and the protonic 
conductivity is taken as a constant. 

 
4.3 Governing Equations 
 The governing equations corresponding to different regions in a PEM fuel cell are 
discussed below. Principal governing equations are derived from the principles of 
conservation of mass, linear momentum and energy. Detailed derivations of these 
principal equations can be found in most Fluid Mechanics or CFD textbooks. 
 
4.3.1 Flow Channel 
 Three fundamental governing equations in fluid dynamics, the continuity equation, 
momentum (Navier-Stokes) equation and energy equation, along with species transport 
equations are used to model the fluid behavior in gas flow channels of bipolar plate. The 
continuity equation is given by Equation 4.1: 
 mass
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where ρ is the density of fluid, massS is the mass source term and xv , yv and zv are the 

velocity component in x, y and z directions, respectively. The mass source term is set to 
zero for fluid flow in gas flow channels. 
 The momentum equations in x, y and z directions can be written as: 
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where µ is the viscosity of fluid, momxS , momyS and momzS are source terms for 

momentum equation in x, y and z directions, respectively. All of the momentum source 
terms in gas flow channels are zero. 
 The species mass transport equations are generally written in the following forms 
[91-94]: 

222
)( HHH SJmv +⋅−∇=⋅∇ rrρ (4.5) 

waterwaterwater SJmv +⋅−∇=⋅∇ vv )(ρ (4.6) 
 

222
)( OOO SJmv +⋅−∇=⋅∇ vvρ (4.7) 

222
)( NNN SJmv +⋅−∇=⋅∇ vvρ (4.8) 

where vv is the velocity vector, im is the mass fraction of species i , iJ
v is the diffusive 

mass flux vector and iS is the source term for corresponding species i . The diffusion 

flux is given by Maxwell relationship: 
 ∑−

=
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jiji mDJ ρv (4.9) 
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where ijD is the binary diffusion coefficient of species i in species j . It can be 

calculated either by an empirical relation given by Cussler, et al. [95] or by using the 
kinetic theory of gases described in the FLUENT User’s Guide [96]. In the gas flow 
channel domain, the source term for each species in its corresponding mass transport 
equation is set to zero since there are no reactions taking place to either create or 
consume the reactant gases. Species mass transport equation for oxygen, nitrogen and 
water vapor are applied in the cathode side gas flow channels while only the hydrogen 
and water vapor species mass transport equations are implemented in the anode side gas 
flow channels.   
 The energy conservation equation is written as follows: 

 energySTkpvvE +∇⋅∇+⋅−∇=⋅∇ )()()( vvρ (4.10) 
where E is the total energy, p is the pressure, k is the thermal conductivity and energyS is 

the heat source term from ohmic heating, phase change, activation loss and chemical 
reaction. energyS is set to zero in the gas flow channel zone. 

 
4.3.2 Gas Diffusion Layer 
 The gas diffusion layer (GDL) is often made of carbon paper or carbon cloth that is 
considered to be porous. Thus, transport in the gas diffusion layer is normally treated as 
transport in a porous medium. Mathematical modeling of the porous regions in PEMFC 
has recently included a two phase water transport formula [97-100] to account for the 
effect of water formation on fuel cell performance. Water removal is an essential issue in 
operating PEM fuel cell since excessive water generated in the cathode may result in 
clogging of the electrodes. On the other hand, an adequate amount of liquid water is 
required to maintain a high protonic conductivity in the membrane. Water phase change 
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in the PEM fuel cell is modeled as fluid transport under the influence of electro-osmotic 
drag and the flow is expressed as a formula derived from Darcy’s law. 
 The most common way to model the porous gas diffusion layer is by applying an 
additional porosity parameter ε to the original governing equations [91, 94]. The mass 
conservation equation in the gas diffusion layer is modified from Equation 4.1 and is 
written as: 

 massSv =⋅∇ )( vρε  (4.11) 
where ε is the porosity and massS is the source term, which is set to zero. 

 The momentum equation in gas diffusion layer is modified by adding of a non-zero 
momentum source term imomS , to standard momentum equations, Equation 4.2, 4.3 and 

4.4. A typical momentum source term in GDL is composed of a viscous loss term and an 
inertial loss term [96], and is expressed as: 
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where ijC and ijD are prescribed matrices and µ is the viscosity. For homogenous 

porous media, the first term on the right hand side of Equation 4.12 is reduced to Darcy’s 
law and the second term, representing the inertial loss, is often neglected since it is trivial 
for low flow velocities. The momentum source term in GDL is thus simplified to: 

 iimom vS α
µ−=, (4.13) 

where α is the permeability of the media. From Equation 4.13, it is clear that the 
momentum source term, which is proportional to the fluid velocity in the gas diffusion 
layer, contributes to the pressure gradient in the porous domain of the fuel cell. 
Combining Equation 4.2, 4.3, 4.4 and 4.13, the momentum equations in GDL can be 
concisely expressed as: 
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 The species mass transport equation in the gas diffusion layer generally takes the 
form: 
 )()( i

eff
iii mDvmmv ∇⋅∇=⋅∇+∇⋅ ρεερρε vv (4.15) 

where eff
iD is the effective diffusion coefficient which takes into account the effects of 

drag force induced by the porous media and geometric constraints. eff
iD is related to the 

diffusion coefficient iD by the Bruggemann correction formula [91]. 
 5.1ε⋅= i

eff
i DD (4.16) 

 Based on Equation 4.10, the energy conservation equation in GDL is modified and 
rewritten as: 
 energy

eff STkpvvE εεερε +∇⋅∇+⋅−∇=⋅∇ )()()( vv (4.17) 

where effk is the effective thermal conductivity that can be calculated if the 
conductivities of the solid and fluid phases are known [94, 101]. It is commonly 
expressed in two forms: 
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where sk and fk are the thermal conductivity of solid and fluid phases, respectively. 
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4.3.3 Catalyst Layer 
 Although the catalyst layer is relatively thin, it is the place where major 
electrochemical reactions occur to generate electricity. The governing equations in the 
catalyst layer are very similar to those in the GDL. The main difference is that non-zero 
source/sink terms exist in the species transport equations and continuity equation to 
account for the generation/consumption of reactant gases in the catalyst layer. 
 Since hydrogen is consumed on the anode side of the catalyst layer, the 
consumption of hydrogen is modeled as a sink term in the species transport and mass 
conservation equations. It is given by Equation 4.19 as follows [93, 102]: 

 an
H

H iF
MS 2

2
2

−= (4.19) 

where 
2HM is the molecular weight of hydrogen, F is Faraday’s constant and ani is the 

anode exchange current density, which is defined shortly. 
 Similarly, the consumption of oxygen on the cathode side of the catalyst layer is 
modeled as: 

 cat
O

O iF
MS 4

2
2

−= (4.20) 

where 
2OM is the molecular weight of oxygen and cati is cathode exchange current 

density, also known as the cathode local current density. 
 Additionally, water is generated on the cathode side of the catalyst layer during the 
electrochemical reactions. The generation of water is modeled as a source term and is 
written as follows: 

 cat
OH

OH iF
MS 2

2
2

= (4.21) 

where OHM 2
is the molecular weight of water. 



100

Equations 4.19, 4.20 and 4.21 are the most commonly used source/sink terms to 
model the species transport behaviors in the catalyst layer. The anode and cathode 
exchange current densities are defined based on Butler-Volmer equation, which couples 
the effects of activation loss and species concentration. They are expressed in Equation 
4.22 and 4.23, respectively [102]: 
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where refi is the volumetric reference exchange current density, [] and ref[]  are the local 

species concentration and its reference value, respectively, α is the dimensionless 
transfer coefficient, R is the universal gas constant and η is the local over-potential, also 
known as the activation loss.  
 As far as the energy equation is concerned, generation of heat in the catalyst layer 
comes from different sources including the ohmic heating from GDL, electrochemical 
reaction, activation loss and phase change [93, 103]. In many situations, however, only 
heat generated from the electrochemical reactions and activation over-potential on the 
cathode side are taken into account. Other heat sources are often neglected since they 
only make trivial contributions to the total heat. The energy source term is written as 
follows [103, 104]: 
 catactcat

e
energy iiFn

sTS η+∆−= ])([ (4.24) 

where s∆ is the entropy change in the chemical reaction, en is the number of electrons 
transferred and actη is the cathode activation over-potential. 
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4.3.4 Electrolyte Membrane 
 Water management is one of the major concerns in electrolyte membranes for 
better PEMFC performance since the protonic conductivity depends strongly on the water 
content within the membrane. For an optimal performance, water content is required to 
be maintained at a level near saturation to prevent dehydration of the membrane. Many 
mechanisms have been proposed to model the water transport phenomenon inside the 
membrane, among which are back diffusion of water from cathode to anode, electro-
osmotic drag of water from anode to cathode and water transport due to pressure gradient, 
etc. [105]. The electro-osmotic dragging of water molecules is achieved by the migration 
of protons generated in the anode while the back diffusion of water from cathode to 
anode is driven by the water concentration gradient.          
 Dehydration of the membrane normally occurs when electro-osmotic drag 
dominates, especially at high current density. This is often coupled with a quick 
evaporation of water on the membrane cathode side due to the heat generated from the 
electrochemical reaction. The most common strategy to relieve this problem is through 
the humidification of reactant gases. Two transport equations, water and proton transport, 
are frequently used to model the water and proton activities in the membrane. The 
membrane in CFD modeling is often assumed to be fully humidified where the water 
back diffusion term is not accounted for [91, 94 and 103]. Cao, et al. [106], however, 
presented a set of more complete transport equations to model the membrane under 
partially hydrated conditions. The water transport equation is given as follows: 

 F
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where wN is the molar flux of water across the membrane, wD is the diffusion 
coefficient of liquid water, wc is the molar concentration of water, wε is the volume 
fraction of water in the membrane, ϕ is membrane permeability, µ is the water viscosity, 
p is the pressure, dn is the electro-osmotic drag coefficient, iv is the current density 

vector and F is Faraday’s constant. 
 The determination of the electro-osmotic drag coefficient follows the work given 
by Springer, et al. [107]. 

 22
5.2 λ=dn (4.26) 

where λ is the hydration index, defined as the number of moles of water per equivalent 
sulfonic acid group in the membrane. The determination of diffusion coefficient for 
liquid water wD can also be found in Springer, et al. [107]. 

 The Nernst-Planck equation, which describes the transport of ionic species within 
the fluid phase, is popularly used to model the flux of hydrogen protons through the 
membrane. The Nernst-Planck equation, shown in Equation 4.27, represents the molar 
flux of protons contributed from various mechanisms including migration, diffusion and 
convection, etc. [106, 108]. 

 wppppppp vccDcDRT
FZN v+∇−∇−= φ (4.27) 

where pN is the molar flux of proton, pZ is the charge number of proton, pD is the 
diffusion coefficient of proton, pc is the molar concentration of proton, φ is the electric 
potential and wvv is the convective velocity of the liquid water, which can be specified 

from Schloegl equation [108]. The Schloegl equation is written as: 
 pFcZv h

pp
e

w ∇−∇= µ
ϕφµ

ϕv (4.28) 

where eϕ and hϕ are the electro-kinetic and hydraulic permeabilities, respectively. 
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4.3.5 Bipolar Plate 
 No fluid flows or species transport equations are involved for the bipolar plate 
since it is a solid phase in the modeling. However, the energy conservation equation is 
required if temperature distributions over the bipolar plate are investigated. Since bipolar 
plates are generally made of highly conductive materials that can conduct heat and 
electrons with low ohmic losses, Equation 4.10 can be reduced to Equation 4.29 as shown 
below [103].   
 0)( =∇⋅∇ Tk (4.29) 

where k is the thermal conductivity of the bipolar plate. 
 
4.4 Thermodynamic Equations 
 A PEMFC converts chemical energy into electrical energy from the 
electrochemical reactions of hydrogen and oxygen. The conversion is associated with the 
change of Gibbs free energy of formation, which can be treated as a measurement of the 
amount of work obtainable from the chemical reaction. The change in Gibbs free energy 
of formation can be calculated from the difference between the Gibbs free energy of the 
products and that of the reactants.  
 Suppose that all of the changes in Gibbs free energy of formation contributes to the 
electrical work done without any losses. The process is termed reversible and can be 
expressed as: 
 revf nFEg −=∆ (4.30) 
where fg∆ is the change of molar Gibbs free energy of formation, n is the number of 
electrons transferred for each molecule of fuel, F is Faraday’s constant and revE is the 

reversible voltage.  
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In the case of PEMFC using pure hydrogen and oxygen as the reactant gases, the 
change in molar Gibbs free energy of formation can be written as Equation 4.31. 

 )ln(
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where 0
fg∆ is the standard state change in molar Gibbs free energy of formation, and 

2Oa ,

2Ha and OHa 2
are the activity coefficients of oxygen, hydrogen and water, respectively. 

By substituting Equation 4.31 into Equation 4.30 and rearranging, the reversible voltage 
can be expressed as: 
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 Equation 4.32 is called Nernst equation. Assuming that both reactants and products 
behave as ideal gases while taking the standard state pressure as 1 bar, Nernst equation 
can be related to pressure and simplified to Equation 4.33. 
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where OHp 2
,

2Op and 
2Hp are the partial pressure of water, oxygen and hydrogen, 

respectively. In this equation, n is taken as 2 since two electrons are transferred for each 
hydrogen molecule consumed. Equation 4.33 indicates that the reversible voltage of 
PEMFC is dependent on pressure. Nernst equation can be further modified to account for 
the effect of temperature on the change of molar Gibbs free energy of formation and is 
given by [109]:  
 )]ln(2

1)[ln(2)(2 22
00
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where 0E is the standard state reversible potential, 0T is the reference standard state 
temperature and S∆ is the change in entropy. By plugging in the values of standard state 
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S∆ and 0
fg∆ to Equation 4.34, a numerical formula, Equation 4.35, can be obtained that 

is referred in the literature [103, 109 and 110] for modeling PEMFC ideal equilibrium 
potential.  
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22
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4.5 Modeling of Irreversible Losses 
 The reversible potential revE calculated from Equation 4.35 is referred to as ideal 

or theoretical open circuit voltage since no irreversible losses are taken into consideration. 
In real situations, however, the actual fuel cell potential decreases from its equilibrium 
potential due to various forms of irreversible losses when a current is drawn. Even when 
no current is drawn, the actual open circuit voltage is less than the theoretical open circuit 
voltage calculated from Nernst equation. These losses, which are also named over-
potential, polarization and over-voltage, can be categorized into four groups: (1) 
activation polarization, (2) ohmic polarization, (3) concentration polarization, and (4) fuel 
crossover/internal currents. Figure 4.1 depicts a typical polarization curve of a PEM fuel 
cell. 
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Figure 4.1 Typical polarization curve of a PEM fuel cell. 
 

As can be seen from Figure 4.1, the potential difference between the theoretical 
open circuit voltage and the actual open circuit voltage when current density is zero 
comes from fuel crossover and internal currents. At low current density, the initial 
potential drop is primarily due to the activation polarization. Ohmic polarization 
increases almost linearly with current density and dominates for most parts of the curve. 
When the current density is high, concentration polarization dominates and the cell 
potential exhibits a sudden drop. More detailed discussion of these potential losses will 
be addressed in the following sections. 
 
4.5.1 Activation Polarization 
 Activation polarization actη is closely related to the rate of electrochemical reaction. 

It is caused by the slowness of the electrochemical reactions taking place on the electrode 
surfaces due to the sluggish electrode kinetics. A proportion of the voltage generated is 
lost in initiating the chemical reactions to transfer the electrons to and from the electrodes. 
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The voltage drop from the activation polarization is expressed by a semi-empirical 
equation, called the Tafel equation, which is obtained from a graph of over-potential 
against log of current density. It is shown as Equation 4.36 [111]:     
 )ln(2 0i

i
F

RT
act αη = (4.36) 

where α is the charge transfer coefficient and 0i is the exchange current density, which 

can be viewed as the current density at which the over-potential begins to deviate from 
zero. The activation polarization often is negligible at the anode and is considered only 
for the cathode since the exchange current density 0i at anode side is much larger than 

that at the cathode, sometimes as much as 105 times larger [112]. 
 
4.5.2 Ohmic Polarization 
 Ohmic polarization ohmη occurs because of the resistance to electron flows through 

the electrodes and the resistance to ion flows in the electrolyte. Assuming both electrodes 
and electrolyte obey Ohm’s law, ohmic polarization is the simplest to model by using 
Equation 4.37: 
 )( membranecontactelectronicohm RRRi ++=η (4.37) 

where electronicR , contactR and membraneR are the resistance of current collector, contact 

resistance between bipolar plate and electrode and membrane resistance, respectively. 
Resistances to electron flows, electronicR and contactR , are often considered constant over a 

narrow temperature range of PEMFC operation. On the other hand, resistance to proton 
flow is more complicated since it is a function of many parameters such as water content 
in the membrane, temperature and current density, etc [113]. Detailed derivation of 
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membrane resistance based on empirical results or theoretical basis can be found 
elsewhere in the literature [109, 110 and 114].  
 
4.5.3 Concentration Polarization 
 Concentration polarization conη , or so called mass transport polarization, arises due 

to the concentration change of the reactant gases at the electrodes when reactant gases are 
consumed by electrochemical reactions. Concentration polarization is generally more 
serious in the cathode, especially at high current density, when the rate of replenishment 
of oxygen is unable to match up the rate of extraction of oxygen from the air. The 
formation of a concentration gradient may be ascribed to factors such as slow diffusion of 
reactants in the electrode pores and slow diffusion of ions through the electrolyte from 
the electrochemical reaction sites, etc. [111]. 
 The voltage drop from concentration polarization can be modeled by the following 
equation [112]: 
 )1ln(

L
con i

i
nF
RT −−=η (4.38) 

where n is the number of electrons transferred and Li is the limiting current density, 
which is defined as the current density at which the reactant gas is depleted at a rate equal 
to its maximum supply rate. The current density therefore cannot rise above the limiting 
current density since the reactant gas cannot be supplied at a greater rate. 
 Empirical expressions for concentration polarization can also be found in the 
literatures [115, 116]. To reduce concentration polarization, air pressure at the cathode is 
usually set higher than that at the anode. Besides, improved flow field pattern design may 
facilitate air circulation and minimize oxygen concentration gradient.  
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4.5.4 Fuel Crossover and Internal Currents 
 The electrolyte membrane is made to be gas impermeable and is reserved to 
conduct protons only. However, fuel diffusion and electron flow through the electrolyte is 
always possible even when the outer circuit is disconnected. The migration of a small 
amount of hydrogen from the anode through the electrolyte to the cathode without being 
oxidized at the anode catalyst layer is known as fuel crossover. Similarly, internal current 
is referred to as the flow of electrons, instead of going through the external circuit, from 
the anode through the membrane to the cathode internally. Fuel crossover and internal 
current are essentially equivalent and both result in waste of the fuel. 
 To take the effect of fuel crossover and internal currents on potential drop into 
account, a new parameter, called internal current density, is incorporated into Equation 
4.36 and the combination of activation loss and fuel crossover is expressed in Equation 
4.39 [112]. 
 )ln(2 0i

ii
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where ni is the internal current density and others are defined previously. It has been 

shown that even if the internal current density is as small as 1 mA/cm2, the open circuit 
voltage can suffer a drop of over 0.2 Volts [112]. 
 
4.5.5 Combining of Polarizations 
 The net cell potential cellE is obtained by deducting all the over-potential terms 

from the equilibrium reversible potential calculated by Nernst equation. It is written as 
follows: 
 conohmactrevcell EE ηηη −−−= (4.40)   
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4.6 Boundary Conditions 
 Boundary conditions are used to specify the fluid flow variables on the boundaries 
of each domain in the model. It is important to specify all the boundary conditions 
appropriately to obtain reliable simulation results. 
 At the inlet of anode and cathode flow channels in CFD simulation, the boundary 
conditions are specified as “mass flow inlet” to prescribe gas characteristics such as 
stoichiometric flow rate, temperature and mass fraction of chemical species, etc. The 
flow directions are specified to be normal to the cross sectional area of the channel. 
Sometimes, a fully developed laminar flow profile may be incorporated to further refine 
the calculation of velocity field [94]. At the outlet of flow channels, the boundary 
condition named “pressure outlet”, which is capable of dealing with backflow behaviors 
is used.  
 The “wall” boundary condition is usually applied to the outer surfaces of each 
domain since there is no flux of electrons or protons through the external boundaries, 
except at the top and bottom of the cell stack where a non-zero potential or flux is 
imposed. 
 
4.7 Summary 
 In this chapter, the background for modeling a PEMFC is introduced. Knowledge 
of the PEMFC modeling is an inevitable key in accomplishing the simulation task. With a 
sound model, computer simulation of the operation of fuel cell is able to provide more in-
depth information on fuel cell performance that is not possible solely through 
experimentation. Simulation results such as current density distribution, temperature 
distribution, reactant gas usage distribution and water content distribution may not only 
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be graphically analyzed but also be used to establish relationships corresponding to the 
flow channel configuration. Improved design and prompt experimental validation of fuel 
cell bipolar plates thus become possible through the combination of computer simulation 
and established indirect SLS processing. 
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Chapter 5: Flow Field Design and Simulation of PEM Fuel Cells 
 

5.1 Introduction 
 As mentioned in Chapter 1, one of the primary functions of PEMFC bipolar plates 
is to distribute reactant gases into the membrane electrode assembly (MEA) for the 
electrochemical reactions to occur. This is made possible by having a certain type of flow 
field on the plate surfaces. With different flow field layouts, fuel cell performance can 
deviate significantly under the same operating conditions and identical components. This 
is due to the fact that factors influencing fuel cell performance such as reactant gas 
consumption efficiency, gas pressure drop and water removal rate are closely related to 
the uniqueness of flow channel layout. In this chapter, issues relating to bipolar plate flow 
field design will be addressed first. With the knowledge of PEMFC modeling introduced 
in Chapter 4, computer simulation of PEM fuel cells with distinct flow field pattern 
designs will be demonstrated. The simulation results are used to compare the 
experimental results obtained from testing of fuel cells fabricated by the indirect SLS 
process. 
 
5.2 Flow Field Pattern Design 
 One of the common flow field layouts on bipolar plates is the serpentine channel 
design as shown in Figure 5.1. Other designs such as pin type, straight parallel type and 
interdigitated type, etc. are also reported in the literature but are relatively less popular in 
the market. Three of the main functions of bipolar plates are associated with flow field 
design: reactant gas supply, water management (humidification) and thermal 
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management. The basic principles regarding bipolar plate flow field design are 
summarized in the following sections. 
 

Figure 5.1 Serpentine flow field design. Land area is 
 the area between two parallel flow channels. 

 
5.2.1 Basic Flow Field Design Principles 
 To obtain an optimum flow field design, some design principles need to be met. 

• Choosing the best open area ratio on bipolar plate: The open area ratio is 
defined as the ratio of total flow channel area to the bipolar plate surface area. 
Based on the electrical properties of bipolar plates and electrode structure, there 
exists an optimum open area ratio for best fuel cell performance. When the ratio 
is high, it allows the reactant gases to flow and get into contact with the 
electrodes easier. Too high an open area ratio, however, increases the contact 
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resistance between the plate and the electrode, which leads to a higher ohmic loss 
especially when the PEMFC is operating under high current density conditions. 
A high open area ratio also lowers the structural stability of bipolar plate due to 
the reduced land area that imposes a high stress on MEA under the compaction 
force. On the other hand, too low an open area ratio retards the gas flow in the 
channels and results in reduced electrochemical reactions in the catalyst layer. 
Kumar, et al. [117] reported that the optimum dimensions of the channel width 
and land width in single path serpentine flow field design are 1.5 and 0.5 mm, 
respectively. 

• Enhancement for gas circulation and diffusion capability: The flow field 
design must ensure that the reactant gases are able to effectively pass through the 
gas diffusion layer and reach the reaction sites on the catalyst layer, especially for 
fuel cells with large surface area. Uniform distribution of reactant gases to the 
MEA can avoid non-uniform current density distribution and prevent overheating 
on certain locations of the membrane. During PEMFC operation, pure hydrogen 
is the reactant at the anode and normally, a single path flow configuration is 
adequate without generating any significant hydrogen concentration gradient in 
the channel. On the other hand, air, which contains only about 20 % oxygen, is 
often used as the oxidant at the cathode side. The consumption of oxygen out of 
air usually causes depletion of oxidant in the latter section of the flow channels, 
causing the degradation of fuel cell performance. The situation becomes even 
worse as the channel length becomes more extended. Consequently, a flow field 
with shorter but multiple flow channels is more suitable than a long, single-path 
channel at the cathode. 
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• Adequate pressure drop: The pressure drop in the flow channel is a critical 
issue that needs to be well managed. Improper design of the flow field can cause 
a high pressure drop which subsequently results in excessive head loss lossh of 

the gas flow. The head loss originates mainly from the friction that the walls of 
the channel impose on the fluid and can be calculated from Darcy-Weisbach 
formula:       

 
h

loss d
lvh 2

2λρ= (5.1) 

where λ is the friction coefficient, ρ is the density of fluid, v is flow velocity, l
is the channel length and hd is the hydraulic diameter. High pressure drop 

converts to an extra cost for the pumping system. However, when the pressure 
drop is too low at the cathode, there might not be enough force to bring the water 
droplets out of the channels and may lead to water blocking in the channels or 
flooding in the electrodes. 
 

5.2.2 Detailed Design Considerations 
 Strategies for better oxygen utilization at the cathode and improved reactant flows 
in the channels are presented. Advancement in flow field design is not possible without 
the aid of computer simulation, especially when frequent layout adjustment is required. 
 
5.2.2.1 Obstacles in the Flow Channel 
 As discussed in Section 5.2.1, the depletion of oxygen in the latter section of 
cathode flow channel is the major cause for degraded fuel cell performance. By 
maintaining a stable oxygen concentration at the interface of the cathode flow field and 
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the MEA, PEMFC performance can be improved since the overall current density 
distribution is raised. As is evidenced from Equation 4.23, improved oxygen 
concentration at the MEA interface leads to an increase in power density. 
 Several techniques can be used to enhance the oxygen concentration at the 
interface of the cathode flow channel and the MEA, such as modification of channel 
surface texture, variation in cross section of flow channel and incorporation of blocks in 
the flow channel. Dong, et al. [118] proposed an innovative means to homogenize the 
oxygen concentration by adding several blocks as obstacles in the flow channel. The 
addition of obstacles in flow channel disrupts the original oxidant laminar flow pattern to 
a turbulent flow pattern. Such disruption mixes oxidant relatively scarce in oxygen near 
the MEA interface with oxidant relatively rich in oxygen elsewhere more removed from 
the interface, effectively raising the amount of oxygen near the MEA interface available 
for electrochemical reactions. Various types of obstacles and the effect of their placement 
angle are discussed as well by Dong, et al. 
 
5.2.2.2 Curvature Ratio Effect 
 The pressure loss in the flow channel is closely related to fuel cell performance. 
Many flow field configuration parameters such as channel aspect ratio, curvature ratio 
and bend angle can influence the pressure drop in the flow channel. Maharudrayya, et al. 
[119] investigated the effect of curvature ratio C, defined as the mean radius of the bend 
to the duct hydraulic diameter, on the flow behavior for traditional serpentine flow field 
configurations. Figure 5.2 [119] illustrates the flow velocity contour plot for different 
curvature ratios at a Reynolds number of 100. From the simulation results, it is apparent 
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that flow channels with a curvature ratio of 5.66 provide smoother fluid flows without 
serious flow separation compared to those with a smaller curvature ratio. 
 

Figure 5.2 Effect of curvature ratio on the laminar flow in  
 serpentine flow channel at Reynolds number 100 [119]. 

 
5.3 Simulation of PEMFC 
 To simulate the performance of a PEM fuel cell, the FLUENT software package 
constructed based on the Computational Fluid Dynamics (CFD) technique was used. 
Three types of flow field pattern design including single-path serpentine, multiple-path 
serpentine and interdigitated were chosen for the simulation. The reliability of CFD 
simulation depends not only on the modeling but also on the processing (meshing) of the 
CAD models. A brief introduction of the CFD technique is addressed in the following. 
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5.3.1 Introduction to CFD 
 Computational Fluid Dynamics (CDF) is a powerful numerical tool in a wide 
variety of applications related to fluid dynamics, ranging from aerospace engineering, 
biomedical engineering, civil engineering to weather prediction, etc. Basic CFD 
simulation utilizes high-speed digital computers and numerical methods to solve the 
fundamental governing equations including mass conservation equations, momentum 
equations and energy equations. In most situations, however, a CFD simulation tool 
needs to incorporate additional complex chemistry/physics to deal with the real world 
problems. For PEMFC applications, the additional chemistry/physics are interpreted as 
electrochemical equations, thermodynamics equations and species concentration 
equations, as explained in Chapter 4. These mathematical governing equations are mostly 
expressed in the form of non-linear, second order and coupled partial differential 
equations. They are subsequently discretized and transformed into a set of non-linear 
algebraic equations either by finite difference method, finite volume method or finite 
element method.  
 The highly nonlinear nature of these equations makes it challenging to obtain 
accurate numerical solutions for complex flow behaviors. Consequently, these algebraic 
equations need to be linearized and solved simultaneously using iterative methods to 
obtain the value of each variable defined at the pre-specified grid or cell locations. The 
strategy to deal with nonlinearity is to linearize the equations about a guess value of the 
solution and to iterate until the guess value agrees with the solution to a specified 
tolerance level. In other words, the iterations are performed through successive 
approximations until they converge. Figure 5.3 illustrates the flowchart of solving steps 
for CFD simulation. 



119

Figure 5.3 Flowchart of solving steps for CFD simulation. 

 

CAD Model Creation using 
SolidWorks, Pro/E, Catia, I-Deas, AutoCAD 

or other preprocessors of CFD packages 

Geometry Meshing using 
GridGen, GridPro, TGrid or other 
preprocessors of CFD packages 

Boundary Type Setup to decompose the 
surface or volume domains of the model 
using the preprocessor of CFD package 

Import Meshed Model into CFD package 
for simulation 

Problem Setup in CFD package by 
specifying the boundary conditions, 

operation conditions and material properties, 
etc.

Specify Convergence Criteria and Solve 

Visualize and Analyze the results in CFD 
tools or other post-processors such as AVS, 

Fieldview, Acuitiv and Tecplot etc. 

Mesh 
Refinement 

Final Optimized 
Solution 
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Several CFD simulation tools such as CFX, PHOENICS, FLUENT, FLOW3D and 
STAR-CD are commercially available and all use the finite volume method to discretize 
the governing equations. In this study, the FLUENT 6.2, which is accessible from the 
Dell Precision 530 workstations in the High Performance Computing (HPC) laboratory of 
Department of Mechanical Engineering at The University of Texas at Austin, was used to 
perform the numerical calculations. To ensure and allow the high-powered mathematical 
calculations, each computer in HPC laboratory is equipped with two 1.8 GHz Pentium 
Xeon processors, 1GB of SDRAM and runs under SuSE Linux operating system. The 
FLUENT code is a general purpose CFD software package capable of solving general 
CFD problems in either two dimensions or three dimensions. One of the outstanding 
features of FLUENT is that it allows users to customize the code through a special option, 
called User Defined Function (UDF), to fit particular modeling needs. For PEMFC 
simulations, equations related to electrochemical reactions and various source and sink 
terms introduced in Chapter 4, can be written in the C programming language and 
grouped as UDFs. These UDFs can then be incorporated in the FLUENT solver using a 
graphical user interface panel to perform the specific purpose calculations. 
 In this study, a special license for PEMFC modeling was purchased from Fluent 
Inc. The license allows users to access the PEMFC module implemented as a toolbox 
within the framework of original FLUENT code. The FLUENT PEMFC toolbox is 
actually composed of many User Defined Functions that are incorporated into the fuel 
cell model developed by Fluent Inc. The model is a multi-phase mixture model and is 
capable of predicting local current density distribution, local voltage distribution, 
temperature distribution and species concentration, etc. in either a single PEM fuel cell or 
fuel cell stack. 
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5.3.2 Single Path Serpentine Flow Field 
 A single fuel cell with single path serpentine flow field design, shown in Figure 5.4, 
was simulated. The fuel cell was composed of two gas diffusion layers (GDL), two 
catalyst layers, one electrolyte layer and two end plates. The thickness of GDL, catalyst 
layer, electrolyte and end plate are 1, 0.5, 0.5 and 2 mm, respectively. The flow channel 
has a 1 × 1 mm2 square cross section while the distance between two neighboring passes 
is 1 mm. The final dimensions of the fuel cell are 31 × 31 × 7.5 mm3 with 15 serpentine 
passes in the flow field layout. 
 

Figure 5.4 A single fuel cell with  
single path serpentine flow field. 

 
The CAD model was generated by using AutoCAD and saved in ACIS file format 

which was then able to be imported into Gambit, the preprocessor of FLUENT, for mesh 
generation and domain specification. Nine domains including current collector, flow 
channel, GDL, catalyst layer in both anode and cathode sides and an electrolyte layer 
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were specified for the system. Each domain was meshed using the “map scheme” 
following the pre-meshing of every surface on each domain. The map scheme was mainly 
used for creating a regular, structured grid of hexahedral mesh elements. In this case, it is 
quite straightforward to mesh the volumes using an array of hexahedral mesh elements 
since all the detailed features of the single fuel cell are orthogonal to each other. 
Additionally, each hexahedral element was chosen to have 20 nodes located either at the 
middle of edges or at the corners. The total number of the volume elements was around 
560,000, leading to an overall calculation time of approximately 4 hours when all the 
convergence criteria were met. The solution strategy was based on “SIMPLE” algorithm. 
Figure 5.5 shows the residual plot for the numerical calculation of the fuel cell with 
single path serpentine flow field configuration. As can be seen, all of the solutions met its 
residual tolerance within 200 iterations.  
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Figure 5.5 Residual plot for the numerical calculation 
of single path serpentine fuel cell. 

 
In this study, all the operation parameters and boundary conditions were set 

identical for all of the simulation that follows, since the main focus is the effect of flow 
field configuration on the PEMFC performance. The operating temperature was set to 
353 K and the operating pressure, which is the pressure at gas exit, was set to 201,325 
Pascal. “Mass flow inlet” and “pressure outlet” was specified as the boundary condition 
in the gas inlet and gas outlet regimes, respectively. Gas entering the flow field was 
specified to be normal to the cross section of the channel and the humidity of reactant gas 
was specified by adjusting the relative mass fractions of hydrogen, oxygen and water. 
Current density was computed based on the cell voltage prescribed. It is worth 
mentioning that, inversely, the cell voltage can be computed based on the prescribed 
average current density by the FLUENT PEMFC toolbox. Table 5.1 summaries the 
parameters used in the simulations. 
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Table 5.1 Parameters used in PEMFC CFD simulation 
 Anode Cathode 

Reference current density (A/m3) 109 106

Concentration exponent 0.5 1 
Exchange coefficient 1 1

Current collector 12000 12000 
GDL 5000 5000 

Effective electrical 
conductivity (S/m) 

Catalyst layer 5000 5000 
GDL 0.5 0.5 Porosity 

Catalyst layer 0.475 0.475 
GDL 1012 1012 Viscous resistance (1/m2)

Catalyst layer 1012 1012 
Surface to volume ratio for catalyst layer (1/m) 200000 200000 

Mass flow rate at inlet (kg/s) 6×10-7 5×10-6 
Temperature (K) 353 353 

H2 0.8 O2 0.8Species mass fraction 
H2O 0.2 H2O 0.2

Open circuit voltage (V) 1.2 
H2 6×10-5 
O2 3×10-5 

H2O 6×10-5 

Reference diffusivity (m2/s) 

Other species 8×10-5 
Membrane protonic conduction coefficient 1
Membrane protonic conduction exponent 1

Operating pressure (Pascal) 201325 
Continuity 10-6 
X-velocity 10-3 
Y-velocity 10-3 
Z-velocity 10-3 

Energy 10-8 
H2 10-3 
O2 10-3 

H2O 10-3 
UDS 0 (solid phase 

potential) 
10-3 

UDS 1(membrane phase 
potential) 

10-3 

Convergence criteria 

UDS 3 (water content) 10-3 
Density calculation Incomp. ideal gas law
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Simulations were performed at the cell voltage of 0.2, 0.3, 0.4, 0.5, 0.6, 0.7 and 0.8 
Volts and the corresponding average current density was recorded to construct the 
polarization curve. Figure 5.6 shows the distribution of mass fraction of water vapor on 
membrane surface at the anode under a prescribed cell voltage of 0.7 Volts. It is clear 
from the graph that the membrane surface on the anode side suffered dehydration from 
the gas inlet to gas outlet during operation. On the other hand, the distribution of mass 
fraction of water vapor on membrane surface at the cathode exhibited a totally opposite 
trend, indicating that water accumulates from the inlet to the outlet as shown in Figure 
5.7. This is mostly ascribed to the fact that water is the product generated during the half 
cell reaction at cathode side as given in Equation 1.2. Moreover, water transported from 
the anode across the membrane due to the electro-osmotic dragging makes water flooding 
at the cathode even more serious. Flow field design that is unique to either alleviate water 
dehydration or water flooding is expected to improve the PEMFC performance. 
 

Figure 5.6 Mass fraction of water on membrane surface at the anode under 
a prescribed cell voltage of 0.7 Volts for single path serpentine flow field. 
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Figure 5.7 Mass fraction of water on membrane surface at the cathode under
a prescribed cell voltage of 0.7 Volts for single path serpentine flow field. 

 
Figure 5.8 shows the temperature distribution at the membrane mid-plane under a 

prescribed cell voltage of 0.7 Volts and operating temperature 353 K. The cell 
temperature decreased from gas inlet to gas outlet since there are slower electrochemical 
reactions taking place near the end of flow channel due to the depletion of reactant gases. 
The temperature gradient, however, was quite trivial because that the simulation was 
performed for a very small fuel cell active area. The temperature difference between the 
hottest and coldest spots in the membrane was less than 1 K. In Figure 5.9, current 
density distribution at the membrane mid-plane under a prescribed cell voltage of 0.7 
Volts is presented. The current density also showed a decreasing trend from 0.266 A/cm2

at the gas inlet to 0.205 A/cm2 at the gas outlet for this type of pattern design. Pressure 
gradient, water depletion at the anode, water flooding at the cathode and un-uniform flow 
velocity may all contribute to the non-uniform current density distribution.  
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Figure 5.8 Temperature distribution at membrane mid-plane 
under a prescribed cell voltage of 0.7 Volts and operating  
temperature 353 K for single path serpentine flow field. 

 

Figure 5.9 Current density distribution at membrane mid-plane
under a prescribed cell voltage of 0.7 Volts and operating 
temperature 353 K for single path serpentine flow field. 
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Mass fraction of hydrogen on the anode side GDL and mass fraction of oxygen on 
the cathode side GDL are shown in Figure 5.10 and 5.11, respectively. The mass fraction 
of hydrogen exhibited an increasing trend from the gas inlet to outlet even though 
hydrogen was consumed more from the gas inlet to outlet. The result seems controversial 
but can be clarified from Equation 5.2: 

1
2

=+ WaterH ff (5.2) 
where 

2Hf is the mass fraction of hydrogen and Waterf is the mass fraction of water. It 

thus makes sense that the mass fraction of hydrogen on anode side GDL held an 
increasing trend since the corresponding mass fraction of water exhibited a decreasing 
trend as seen from Figure 5.6. Accordingly, the mass fraction of oxygen on cathode 
side GDL showed a decreasing trend since its corresponding mass fraction of water 
held an increasing trend.  
 

Figure 5.10 Mass fraction of hydrogen on
the anode side gas diffusion layer. 

 
Figure 5.11 Mass fraction of oxygen on 

the cathode side gas diffusion layer. 
 

Pressure distribution in the flow channel at the cathode side under a prescribed cell 
voltage of 0.7 Volts is demonstrated in Figure 5.12. As expected, pressure along the flow 
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channel decreased from gas inlet to gas outlet due to the consumption of reactant gas and 
flow friction from channel walls. The pressure difference between the gas inlet and outlet 
was around 103 Pascal for this simulation. Improved flow field design that can provide a 
more adequate pressure gradient would be beneficial in improving the overall fuel cell 
performance. These simulation results for single path serpentine fuel cells serve as the 
benchmark for other types of flow field design that are discussed below.  
 

Figure 5.12 Pressure distribution along the cathode flow
channel under a prescribed cell voltage of 0.7 Volts  

for single path serpentine flow field. 
 
5.3.3 Triple Path Serpentine Flow Field 
 A single fuel cell with triple path serpentine flow field, shown in Figure 5.13, was 
simulated. The dimensions of each component for this fuel cell were identical to those for 
the single path serpentine fuel cell. The entire fuel cell dimensions were 31 × 31 × 7.5 
mm3.
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Figure 5.13 Geometry of single fuel cell with triple 
 path serpentine flow field. 

 
Figure 5.14 shows the current density distribution on the membrane mid-plane for 

the triple path serpentine fuel cell under a prescribed cell voltage of 0.7 Volts. The 
current density showed a more uniform distribution than that of single path serpentine 
fuel cell. The maximum and minimum current density was 0.387 and 0.384 A/cm2,
respectively. The average current density was improved to 0.385 A/cm2 compared to 
0.246 A/cm2 for the single path serpentine fuel cell under the same operating conditions. 
The increase in current density can be attributed to the reduced pressure drop in the triple 
path serpentine flow channels. In single path serpentine flow field, reactant gases had to 
travel through an approximately 48 cm long flow channel while for triple path serpentine 
flow field, gases simply flow through channels that were around 16 cm long each. Figure 
5.15 illustrates the pressure distribution along the triple path flow channels at cathode 
side, from which it is apparent that the pressure drop was lessened compared to that in 
Figure 5.12.  
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Figure 5.14 Current density distribution at membrane 
 mid-plane under a prescribed cell voltage of 0.7 Volts 

for triple path serpentine flow field. 
 

Figure 5.15 Pressure distribution along the cathode flow
channels under a prescribed cell voltage of 0.7 Volts 

 for triple path serpentine flow field. 
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Figure 5.16 shows the temperature distribution at membrane mid-plane under a 
prescribed cell voltage of 0.7 Volts for triple path serpentine flow field. The temperature 
variation in this case was also less than 1 K as that for single path serpentine flow field. 
However, one can easily tell that the temperature distribution in triple path serpentine 
flow field was more uniform based on the colorized temperature distribution on the graph. 
 

Figure 5.16 Temperature distribution at membrane
mid-plane under a prescribed cell voltage of 0.7  

Volts for triple path serpentine flow field. 
 

Mass fraction of water vapor on the anode and cathode side membrane surface is 
shown in Figure 5.17 and 5.18, respectively. The significant water dehydration or water 
flooding encountered in the single path serpentine flow field design was mitigated to a 
lesser extent with this configuration. As can be seen from Figure 5.17, mass fraction of 
water vapor at the gas exit on anode side membrane surface was raised to 0.188 
compared to 0.156 for the single path serpentine flow field. This value was also closer to 
the originally supplied mass fraction of water in the reactant gas at the gas inlet, which 
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was 0.2. Meanwhile, the mass fraction of water vapor at the gas exit on cathode side 
membrane surface decreased from 0.264 for single path serpentine flow field to 0.213 for 
this configuration, indicating an increased possibility to reduce water flooding. The more 
uniform mass fraction of water vapor leads to more uniform humidification in the 
membrane, resulting in improved fuel cell performance.    
 

Figure 5.17 Mass fraction of water on  
anode side membrane surface under a 
prescribed cell voltage of 0.7 Volts 
 for triple path serpentine flow field. 

 
Figure 5.18 Mass fraction of water on 

cathode side membrane surface under a 
prescribed cell voltage of 0.7 Volts  
for triple path serpentine flow field. 

 
5.3.4 Interdigitated Flow Field 
 The interdigitated flow field design was first proposed by Nguyen [120] in making 
PEMFC bipolar plates. In this type of design, the gas inlet and outlet flow channels are 
made dead-ended to force the reactant gases to penetrate into the GDL before they can 
exit. This design practically converts the transport of the reactant gases to and from the 
catalyst layer from a diffusion mechanism to a forced convection mechanism. As a result, 
the electrochemical reaction rate at the catalyst layer can be significantly enhanced due to 
the faster transport mechanism. Figure 5.19 illustrates the CAD model of the single fuel 
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cell with interdigitated flow field for the simulation. As can be seen, the inlet and outlet 
gas flow pathways are made dead-ended and not continuous to each other, forcing the gas 
flows to go through the GDL under pressure. 
 

Figure 5.19 Geometry of single fuel cell with  
interdigitated flow field design. 

 
The dimensions of the CAD model were 31 × 31 × 7.5 mm3. Each domain of the 

fuel cell was divided into hexahedral volume elements with 20 nodes on each. The total 
number of volume elements was around 600,000, leading to a longer simulation time. All 
the operating parameters and boundary conditions were prescribed the same as in the 
previous cases. 
 Figure 5.20 shows the current density distribution at the membrane mid-plane 
under a prescribed cell voltage of 0.7 Volts. The interdigitated flow field design created 
an average current density of 0396 A/cm2, which was the highest compared to other flow 
field configurations explored. Figure 5.21 shows the pressure distributions in cathode 
flow channels under a prescribed cell voltage of 0.7 Volts. The pressure distribution in 
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both gas inlet channel and gas outlet channel were as uniform as those in the triple path 
serpentine flow field. 
 

Figure 5.20 Current density distribution at membrane 
mid-plane under a prescribed cell voltage of 0.7 Volts 

for interdigitated flow field. 
 

Figure 5.21 Pressure distribution in cathode flow 
 channels under a prescribed cell voltage of 0.7 

 Volts for interdigitated flow field. 
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Figures 5.22 and 5.23 illustrate the mass fraction of water vapor on the membrane 
surface at the anode and cathode sides, respectively. According to the graphs, a more 
consistent humidification level on membrane surfaces was maintained over a larger 
portion of the entire area compared to serpentine flow field designs. The more stable 
humidification can be attributed to the uniqueness of interdigitated flow field pattern in 
removing the liquid water that was entrapped inside the electrodes by the enforced 
convection transport mechanism. 
 

Figure 5.22 Mass fraction of water vapor 
on anode side membrane surface under a 
prescribed cell voltage of 0.7 Volts for  

interdigitated flow field. 

 
Figure 5.23 Mass fraction of water vapor 
on cathode side membrane surface under 
a prescribed cell voltage of 0.7 Volts for 

 interdigitated flow field. 
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Finally, the temperature distribution at the membrane mid-plane for the 
interdigitated flow field is demonstrated in Figure 5.24. The temperature distribution for 
this type of flow field pattern was the most uniform among others, and no overheating 
spots were observed. The uniform temperature distribution also contributed to the stable 
humidification level in the membrane. 
 

Figure 5.24 Temperature distribution at membrane  
mid-plane under a prescribed cell voltage of 0.7  

Volts for interdigitated flow field. 
 
5.3.5 Discussion and Summary 
 Three types of flow field pattern for PEMFC bipolar plates including single path 
serpentine, triple path serpentine and interdigitated were simulated using a CFD 
numerical simulation tool FLUENT. For traditional serpentine flow field patterns, results 
suggested that increasing the number of flow channel from one to three tended to reduce 
the pressure drop in the flow channels since the channel length gas traveled was 
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shortened. Temperature distribution and humidification level in the membrane for triple 
path serpentine flow field were also improved, leading to a higher average current density 
than that in the single path serpentine flow field pattern. The interdigitated flow field 
pattern proved its capability to further enhance the fuel cell performance by converting 
the reactant gas transport mechanism from diffusion to forced convection. Benefits such 
as higher average current density, more uniform temperature distribution and more stable 
humidification level in the membrane, were able to be realized with this type of flow field 
design. 
 Figure 5.25 shows the comparison of simulated polarization curves for fuel cells 
with different flow field patterns. It indicates explicitly that improved flow field design 
leads to better fuel cell performance. The interdigitated flow field configuration is more 
effective in reducing polarization losses particularly in the later portion of the curve 
during high current density operation. In other words, the interdigitated flow field pattern 
is more effective in reducing concentration polarization from mass transport limitation.  
 

Figure 5.25 CFD simulated polarization curve  
for different flow field layouts. 
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5.4 Other Advanced Design 
 A new flow field configuration concept called “biomimetic” for PEMFC bipolar 
plates was recently developed by a UK-based company, Morgan Fuel Cell Inc. The 
patented biomimetic bipolar plate design features a highly branched flow field which 
mimics the structure of animal lungs or tissues of plant leaves to distribute reactant gases 
more efficiently though a fine system of capillaries [121]. Advantages such as less 
pressure drop and more even gas delivery across the bipolar plate, etc. were able to be 
achieved, allowing more power to be extracted from the fuel cell. 
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Chapter 6: Fuel Cell Performance Evaluation 
 
6.1 Introduction 
 Results from numerical simulation of PEMFC with unique bipolar plate flow field 
designs provide the designer with not only a broad view of PEMFC performance that is 
flow field pattern dependent but also an insight as to how the changes in flow field 
pattern can affect its performance. To validate the simulation results previously obtained 
in Chapter 5, a PEMFC test apparatus was built allowing the execution of experiments 
under various operating conditions. 
 
6.2 PEMFC Test Stand 
 A PEMFC test stand which contains six subsystems including fuel handling, 
oxidant handling, linear electric load, heater control, I/O capabilities and hardwired 
emergency stop system obtained from Fideris Incorporated was installed. To allow an 
accurate control of reactant gases, the unit is equipped with internal regulators along the 
gas lines to adjust the gas flow through the mass flow controllers. The mass flow 
controllers allow a metered amount of each gas to pass into the fuel or oxidant lines 
where they mix and then exit the test unit. In addition, a purge system using nitrogen as 
the purge gas is included to purge the fuel gas mixing lines at startup as well as in the 
event of emergency. 
 The electric load system behaves like a large variable power resistor. It allows 
users to control the amount of impedance by selecting either how much voltage is placed 
across the load system, how much current is passed through the load system or how much 
power is dissipated by the load system. Three control modes, including constant mode, 
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pulse mode and ramp mode, are available to flexibly keep track of the fuel cell 
performance. The test unit is also supplied with a switched receptacle intended for use 
with a stack heater as well as three thermocouple inputs used for measuring the fuel cell 
temperature. In addition to the basic test unit, a Fideris Bubble Humidifier testing unit 
was installed. The bubble humidifier is capable of humidifying both the fuel and oxidant 
gases by bubbling the reactant gases through columns of heated deionized water. The 
water temperature for the humidifier can be set between ambient and 115 ºC depending 
on the requirement. The PEMFC test unit along with the bubble humidifier system is 
shown in Figure 6.1. Control of the test apparatus and experiment data collection were 
accomplished using a Fideris software package installed on a Dell desktop computer. 
 

Figure 6.1 PEMFC test unit and humidifier setup for 
performance evaluation. 

 



142

6.3 PEMFC Performance Evaluation 
6.3.1 Fuel Cell Preparation 
 End plates with three types of flow field pattern, single serpentine, triple serpentine 
and interdigitated design, were CAD modeled and fabricated based on the established 
indirect SLS procedures described earlier. Figure 6.2 shows the original CAD models and 
the corresponding finished end plates. The active flow area was made identical for each 
end plate, on which eight holes were spaced evenly for bolt compression.  Other 
components needed for each single fuel cell stack include gas diffusion media, membrane 
electrode assembly (MEA) and gasket. Carbon cloths were used as the gas diffusion 
media and were hot pressed with a Nafion MEA at 130 ºC for 5 minutes. A punch was 
used to make eight holes on the pressed MEA and gasket. Prior to assembling the fuel 
cell, hydration of MEA in deionized water at 65 ºC for 1 hour was performed to enhance 
performance for the fuel cell. 
 To assemble a fuel cell, eight stainless steel bolts wrapped with insulating tape, 
eight nylon nuts and 16 nylon washers were used as shown in Figure 6.3. Wrap of 
insulating tape on the stainless steel bolts was required to avoid electric shorting of the 
fuel cell during operation. Nuts were screwed finger-tight first onto the bolts and were 
further tightened using a torque wrench to ensure even distribution of compression forces. 
It was necessary to maintain the same compression force on each fuel cell since the 
contact pressure can affect the cell resistance. Each individual fuel cell was assembled 
exactly in the same manner for the testing.  
 



143

Figure 6.2 CAD models and finished SLS end plates with single path serpentine, 
triple path serpentine and interdigitated flow field patterns (from top to bottom). 

A five cent coin is shown as a scale marker. Plate dimensions are 9.5×9.5×1.5 cm3.

Single Serpentine

Triple Serpentine

Interdigitated
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Figure 6.3 Components of a single SLS PEMFC. 
 

Two brass fittings, one for the gas inlet and one for the gas exit, were mounted 
using cyanoacrylate-based superglue and sealed using epoxy resin on the back side of 
each end plate. Each end plate was used for a specific reactant gas. It does not matter 
which reactant gas flows on which side of the MEA since the MEA is symmetrically 
identical. The exit fitting connects to teflon tubing which distributes the exhaust gas into 
a ventilated area under a vent hood. No external heater was used to heat the fuel cell. 
However, the incoming reactant gases were humidified at an elevated temperature to 
promote performance. A completely assembled single fuel cell with triple path serpentine 
flow field is shown in Figure 6.4. The positive and negative load cables as well as the 
voltage measurement connectors were connected to the PEMFC test unit. Tests were 
performed once reactant gases were supplied to the fuel cell. 
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Figure 6.4 An assembled single SLS fuel cell. 
 
6.3.2 Performance Determination 
 A cell voltage was recorded for every prescribed current and the data were 
collected to construct polarization curve for each fuel cell. A humidifier temperature of 
40ºC was selected to minimize the potential flooding based on a couple of preliminary 
tests. As the humidifier temperature increased, it became easier for the humidified gases 
to become condensed along the teflon tubing connecting the humidifier and the fuel cell 
assembly. The condensed water drop in the tubing hindered the gas flow entering the 
flow channels, especially when the gas flow rate setting was low. Moreover, the warmer 
humidified gas may get condensed and accumulate in the flow field since there was no 
heating on the fuel cell itself. It is thus appropriate to pre-run the humidified gas for 
several hours before conducting the tests when a steady state temperature in the fuel cell 
is achieved.   
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The experimental results under a cell temperature of around 40 ºC indicate that the 
interdigitated fuel cell has an improved performance, especially in the higher current 
density regimes, over serpentine flow field pattern designs. The experimental values do 
not match the simulation data exactly since the operating temperature for simulation was 
80 ºC. However, the performance trend matches what was anticipated by the previous 
simulation results (Figure 5.25). In the experimental polarization curve, there is an early 
drop in performance for the single serpentine fuel cell when the current reaches around 
400 mA. This may correspond to the accumulation of water either in the flow channel or 
gas diffusion layer that eliminates the chances for the electrochemical reactions to occur 
in the cell. Water flooding becomes less serious in triple path serpentine and 
interdigitated flow fields due to the fact that more pathways are available, thus reducing 
the chances of blocking all the gas flows. An improved test stand capable of heating the 
teflon tubing and providing a backpressure as well as adding a heater for fuel cell 
temperature control would be the solution to more accurate performance measurements.  
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Chapter 7: Conclusions 
 
7.1 Summary 
 Bipolar plates are one of the most expensive components in proton exchange 
membrane fuel cells (PEMFC) because most often they are fabricated by machining pure 
graphite.  Extreme care must be taken during the costly and time-consuming machining 
process due to the brittleness of graphite. The layer-based nature of Selective Laser 
Sintering (SLS) offers several advantages for bipolar plate development and 
manufacturing. This additive process provides the ability to manufacture complex 
geometries that are otherwise difficult to obtain, among which are the grooved flow fields 
on both sides of bipolar plates. 
 A material system consisting of 70 w% of graphite as the host material and 30 w% 

of phenolic as the binder was chosen for SLS processing. Phenolic is well known for 

giving excellent bonding strength upon curing and more importantly, a high carbon yield 

can be obtained when complete carbonization is performed. The nature of graphite makes 

it an excellent choice for bipolar plate fabrication as far as electrical conductivity is 

concerned. However, extremely poor wettability and surface roughness render it 

relatively unfit for processing using powder metallurgy. The strategy used to overcome 

the low wettability was mixing smaller particle size (~11 µm) m) phenolic resins with 

relatively coarse pure graphite particles (~80 µm) to m) to facilitate better binder flow during

SLS and to promote the post-sintered part strength.  The mixed graphite and phenolic 

powder was processed using a SinterStation 2000 SLS machine to build bipolar plate 

green parts. Initially, curling took place during green part formation.  This undesirable

effect was mitigated through bulk powder bed temperature control. Based on the DSC 
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curve for phenolic resins, a powder bed temperature of 60 ºC was chosen since almost no 

critical thermodynamic events take place in the phenolic until around this point during 

the irreversible curing process.

Parts produced from SLS were more porous, weaker and lower in conductivity 

compared to bipolar plates machined from bulk graphite.  Post processing was required to 

densify the part and obtain gas impermeability. The green parts were placed into a high 

temperature, vacuum furnace where the phenolic resin was converted into carbon residue.  

The carbonized phenolic resin exhibited an amorphous, glass-like structure verified by

XRD.  The curing process was done in an inert environment by filling the vacuum 

chamber with argon to ensure that a maximum amount of carbon residue remained after 

carbonization.  To prevent curling of brown parts during carbonization, the bipolar plates 

were placed between two pieces of graphite slabs during curing. After the curing cycle, 

the bipolar plate brown parts were cooled and treated with a liquid phenolic

infiltration/re-curing step to further increase the electrical conductivity. Finally, the parts 

were immersed in liquid epoxy resin diluted with xylene for a period of a few minutes, 

depending on the viscosity of the resin used, to make the porous structure gas 

impermeable.  The liquid epoxy resin infiltrated the open pores of the brown part without 

producing noticeable dimensional change to the part. Infiltration was repeated at least 

once to create an impermeable plate surface. Various physical properties of the SLS 

fabricated plates, such as flexural strength, electrical conductivity, corrosion rate and gas 

impermeability, were then measured with satisfactory results.

          To demonstrate the value of the SLS technique in promoting design and 

manufacturing of PEMFC bipolar plates, single fuel cells with three types of flow field 

design (single path serpentine, triple path serpentine and interdigitated configuration)
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were fabricated and tested after the performance simulation performed by the commercial 

Computational Fluid Dynamics (CFD) software package, FLUENT. Bipolar plates with 

interdigitated flow field configuration showed improved fuel cell performance over the 

other two since it converts gas transport mechanism from diffusion to forced convection. 

In addition, triple path serpentine design exhibited better performance than single path 

serpentine due to the reduced pressure drop of gas in the flow channels. Experimental 

verifications were then conducted by using a newly established PEMFC test apparatus 

and results agreed with previous simulation expectations.

7.2 Research Contributions

          In this work, a new manufacturing process based on Selective Laser Sintering 

technique has been developed, allowing rapid fabrication of prototype PEMFC bipolar 

plates in a cost-efficient and time-saving manner. As demonstrated in Chapter 5,

computer simulation of the PEMFC operation is able to provide an insight into various 

mechanisms inside the fuel cell that is difficult to be observed through experimentation. 

Improved plate design and prompt experimental verification thus become possible by 

combining the computer simulation and established indirect SLS process. The integration 

of a simulation tool and freeform fabrication process promotes identification of novel 

geometries for bipolar plate design by eliminating the constraints imposed by traditional 

plate fabrication processes. Examples are a rippled bipolar plate and toroidal fuel cell 

stack, shown in Figure 7.1 and 7.2, proposed by Jeremy Murphy from the Laboratory for 

Freeform Fabrication at The University of Texas at Austin. The non-planar plates and 

unique stack are designed to maximize the surface area-to-volume ratio as well as to 

improve the packaging of the stack into various products. 
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Figure 7.1 Rippled bipolar plate design.
Part dimensions are 14×14×1 cm3.

Figure 7.2 Toroidal fuel cell stack design.
Part diameter is 12 cm.

         The established indirect SLS process, meanwhile, opens more opportunities for the 

fabrication of graphite-based or carbon/carbon refractory products. Refractory materials 

are generally used at temperatures exceeding 1000 ºC. The softening points of these 

materials are considerably higher than the operating temperature. Most of the carbon-

based refractory products, such as refractory bricks, submerged nozzles, heat exchangers, 

shrouds, etc., are made by an isostatic compression process, where a 

carbon/graphite/binder mixture is shaped by either a hot or a cold pressing operation, 

followed by a carbonization process in the absence of air at temperatures ranging up to 
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800 ºC. Applications of the process, however, are restricted by the molds required to 

shape the parts. With the indirect SLS process for the graphite/phenolic material system, 

parts other than fuel cell bipolar plate with complex geometries can be formed. Multiple 

infiltration/re-curing cycles using an impregnating agent, liquid phenolic resin, can then 

be executed to enhance part properties. Potential applications are crucibles for dental 

work and laboratory beakers. Additionally, production of the SLS parts that are mainly 

composed of graphite is possible if the re-curing process were performed at temperatures 

over 3000 ºC. The contributions of the present work to this technology are listed below.

• The development of a process to create fuel cell bipolar plates economically that 

meets all DOE requirements.

• Modeling of bipolar plate designs with geometric freedom engendered by 

freeform fabrication.

• Identification of an SLS material system that can be applied to the fabrication of 

other graphite-based products.
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