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Preface

Proton exchange membrane (PEM) fuel cell is best suitable in aerospace application due to
quick start-up, and low temperature and pressure operations. The bipolar plate is the key
constituent of PEM fuel cell, which accounts for around 80% weight and almost all of the
volume of a fuel cell. The present thesis describes the development of a novel method to
rapidly make carbon/carbon (C/C) composite, and fabrication of bipolar plate therefrom
followed by functional testing of bipolar plate. The entire work was divided into seven

chapters.

Chapter 1 gives an introduction about fuel cell, emergence of fuel cell, usage of fuel cell,
types of fuel cell, working principle of PEM fuel cell, constituents of PEM fuel cell, functions
of main constituent i.e. bipolar plate of PEM fuel cell, materials used for the fabrication of
bipolar plate, and comparative analysis of advantages and disadvantages of different

materials.

Chapter 2 presents comprehensive literature survey to establish the problem. As part of
literature survey, the fundamental aspects of carbon is presented initially, and thereafter a
brief review on the carbon reinforcement and carbon matrix precursor is presented. Further,
the types of carbon composite, its processing methodologies and properties are briefed. The
same is followed by the detailed review of carbon/carbon (C/C) composite. In later part of the
chapter, the usage of C/C composite for the fabrication of bipolar plate and its present
scenario is discussed. At the end of the chapter, objectives of the present research work are

defined.
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Chapter 3 describes about the raw materials used in the processing of C/C composite at the
beginning. The details of pre-processing of reinforcement by chopping and exfoliation, and
synthesis and stabilization of primary matrix precursor (PMP) are presented thereafter.
Further, the characterization techniques to check the suitability of pre-processed raw
materials are briefed. The same is followed by a brief description about the processing of C/C
composite and detailed description of the characterization techniques along with standard test
methods. Further, brief description of bipolar plate fabrication and detailed methodology for
the system level testing of C/C composite bipolar plate through composite stability test,

corrosion current test and fuel cell testing are presented at the end of the chapter.

Chapter 4 deals with detailed experimental work carried out to rapidly develop C/C
composite by novel way of two-steps processing. In the first step, C/C composite is made by
high pressure hot-pressing (HP) method comprising of mixing, moulding, drying, hot-
pressing and carbonization. During HP method, various key parameters like hot-pressing
pressure and heating rate, reinforcement loading, temperature and time shifts, and matrix
precursor modification are studied in detail through visual and SEM analysis, density,
mechanical properties, yield, yield rate and yield impact. In second step, the densification of
C/C composite obtained from HP method is carried out using secondary matrix precursor
(SMP) through low pressure impregnation-thermosetting-carbonization (ITC) method. The
impact of HP method parameters on the densification is studied in detail through visual and

SEM analysis, density, porosity, mechanical properties, and permeability analysis.

Chapter 5 describes the processing of C/C composite of size 125 mm x 125 mm x 20 mm
based upon the optimum processing parameters obtained in Chapter 4. Later, description

about the fabrication of C/C composite bipolar plate of size 95 mm x 95 mm x 3.5 mm using



conventional grinding, wire electron discharge machining, and milling is presented. Further,
post fabrication inspection of bipolar plate flow field channels through SEM analysis is
discussed. The results of system level testing of C/C composite bipolar plate obtained through
composite stability test, corrosion current measurement, and fuel cell testing are presented
and discussed. At the end of the chapter, the comparative analysis of fuel cell results of C/C

composite bipolar plate with graphite bipolar plate is made.

In strategic application of the fuel cell, the weight and volume requirements are more
stringent along with electrical conductivity and mechanical strength. Hence, the bipolar plate,
which accounts for 80 wt% and almost all of the fuel cell volume, should be very thin with
lowest permissible density. Thus, new bipolar plate system of carbon/carbon (C/C) composite
was studied in detail and presented in the major portion of this thesis. However, the ever
sought demand of developing a bipolar plate system with very high specific strength for
strategic sector made us to explore new system. Coincidently, the idea of ultra-thin (net
thickness < 0.25 mm) bipolar plate was evolved while working on the development of wire
electron discharge machineable (EDM) carbon/silicon carbide (C/SiC) composite for air
breathing propulsion engine of a launch vehicle. The need for the development of rugged and
very thin bipolar plate made us to explore this system with ceramic matrix and carbon
reinforcement for bipolar plate application. It is the first time when ceramic and carbon
composite is being reported as bipolar plate material. The preliminary results on this system

are presented in Chapter 6.

The studies carried out on C/C composite bipolar plate for PEM fuel cell in aerospace
application and next generation C/SiC composite bipolar plate system are concluded in

Chapter 7 with key results. The future scope of the work in the field is also briefed in this



chapter. It will be of much help for the buddy researchers to formulate their objectives in the

area of bipolar plate.

Thakur Sudesh Kumar Raunija
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Abstract

Polymer electrolyte membrane (PEM) fuel cell is preferred over others for space applications
because of quick start-up, high efficiency, high power density, and low temperature
and pressure operations. Bipolar plate (BP) is one of the key constituents, which
accounts for around 80% weight and almost all of the volume of a fuel cell stack. Therefore,
the material used for its fabrication should be light in weight, strong enough to
withstand natural and induced environment, and show excellence in performance. High
specific energy (kW/kg) and durability are the mission requirement of spacecraft power
system. Almost all of the conventional materials (graphite, metal, and carbon/polymer
composite) used for its fabrication are associated with one or more problems, and the
necessity to explore a material for the bipolar plate used in aerospace application arises.
Carbon/carbon composite, which was first synthesised for thermo-structural applications,
possesses all the necessary properties. However, the time consuming and high
temperature processing of C/C composite are the major technical challenges, which are
to be addressed. In the present work, a novel methodology for the rapid and effective
fabrication of C/C composite bipolar plate is presented. The fabrication of C/C composite
was carried out using exfoliated carbon fibers as reinforcement, wherein carbon matrix was
derived from mesophase pitch and phenolic resin using high pressure hot-pressing (HP)
method and low pressure impregnation thermosetting carbonization (ITC) method. The
uniquely designed methodology explored for rapid fabrication could produce C/C
composite in a very short time of 137 h as compared to 3-4 months in conventional
processes while using a pressure not more than 25 MPa in any processing stage. The
C/C composite thus obtained offered bulk density 1.75 g/cm®, impact strength 4.8 kJ/m?,

tensile strength 45 MPa, flexural strength 98 MPa, compressive strength 205 MPa,
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electrical conductivity 190 (through-plane) & 595 S/cm (in-plane), and thermal
conductivity 24 (through-plane) & 51 W/mK (in-plane). The bipolar plate of 95 mm x 95 mm
x 3.5 mm with serpentine channels of 1 mm width and 1 mm depth fabricated out of the C/C
composite made through rapid and effective methodology was tested in PEM fuel cell and
compared with graphite bipolar plate. The performance of C/C composite bipolar plate cell in
the ohmic polarization dominated region was found similar to that of graphite bipolar plate.
However, voltage difference of around 0.05 V at maximum power density was obtained at
65°C. Further, the cell with C/C composite bipolar plate at an operating temperature of 65°C
showed a voltage as high as 0.3 V for a current density of 1100 mA/cm?along with a power
density as high as 370 mW/cm?. The detailed characterization and evaluation of the C/C
composite bipolar plate in fuel cell showed promising results for its utilization in the
next generation PEM fuel cell used in aerospace applications. While working on the
development of wire EDM machineable C/SiC composite for space application, the idea of
making ultrathin (net thickness < 0.25 mm) bipolar plate was evolved, which encouraged us
to explore this system for bipolar plate application apart from C/C composite. It is the first
time when carbon reinforced silicon carbide composite is being reported as bipolar
plate material. Therefore, at the end of the thesis, the preliminary results carried on

the development of C/SiC composite and fabrication of bipolar plate are presented.

Keywords: Bipolar plate, Carbon/carbon composite, Carbon fiber, Fuel cell testing, HP

method, ITC method, Matrix precursor, PEM fuel cell.
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Och Specific compressive strength after HP method (MPa)

Jei Specific compressive strength after ITC method (MPa)

Om Specific flexural strength after HP method (MPa)

Jg Specific flexural strength after ITC method (MPa)

p Bulk density (g/cm®)

Ph Bulk density of the compact after HP method (g/cm®)

Pm1 Maximum possible density of PCM after HP method (g/cm®)

Pz Density of SCM (g/cm®)

Pn Bulk density of the compact after n densification cycles (g/cm®)

Pr Density of reinforcement (g/cm®)

Ps Density of SMP (g/cm®)

Pth Theoretical density of the compact after HP method (g/cm®)

a Contact area (cm?)

Ch Compressive strength after HP method (MPa)
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Weight of the compact ()
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pv
. Weight of reinforcement in the compact after HP method (g)
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Wrp Weight loss of reinforcement during processing (g)

Vi Yield impact (%)

Vp Yield of PMP (%)

Ve Yield rate (%/h)

Vs Yield of SMP (%)

Vy Densification efficiency (%)

Y, Overall liquid (SMP) impregnation efficiency (%)

AFC Alkaline fuel cell

BP Bipolar plate

CIC Carbon/carbon

CCL Carbon and ceramics laboratory

C/p Carbon/polymer

C/siC Carbon/silicon carbide composite

CHN Carbon hydrogen nitrogen

CHNS Carbon hydrogen nitrogen sulphur

CNT Carbon nanotube

CTP Coal tar pitch

CvD Chemical vapor deposition
CVi Chemical vapor infiltration

DC Densification cycle
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LPI
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MEA

MWCNT

NASA

OMG

PAFC

PAN

PCM

PEEK

Direct methanol fuel cell

Department of energy

Electron discharge machining

Field emission scanning electron microscope
Fourier transform infrared

Gas diffusion layer

General electric

Hot isostatic pressing

Hot isostatic pressure impregnation carbonization
Hot-pressing

High speed xenon discharge

Heat treatment temperature

Indian space research organisation
Impregnation-thermosetting-carbonization
Group of 1000 filaments

Liquid phase impregnation

Molten carbonate fuel cell
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Multi wall carbon nanotube

National aeronautics and space administration
Oxygen mass gain
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Pl Polyimide
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PP Petroleum pitch

PR Phenolic resin

SCM Secondary carbon matrix
SEM Scanning electron microscope
SMP Secondary matrix precursor

SOFC Solid oxide fuel cell
SWCNT  Single wall carbon nanotube
TGA Thermogravimetric analysis
vol Volume

VSSC Vikram sarbhai space centre
wt Weight

XRD X-ray diffraction
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