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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 × 125 mm × 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 × 95 mm × 3.5 mm using 



 │ix 

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 
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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
3
,  impact strength 4.8 kJ/m

2
, 

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 × 95 mm  

× 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
o
C. Further, the cell with C/C composite bipolar plate at an operating temperature of 65

o
C 

showed a voltage as high as 0.3 V for a current density of 1100 mA/cm
2 

along with a power 

density as high as 370 mW/cm
2
. 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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पॉलीमर इलेक्ट्रोलाइट झिल्ली ईंधन सेल को त्वररत स्टाटट-अप, उच्च दक्षता, उच्च शक्क्ट्त घनत्व और 

ननम्न तापमान और दबाव सचंालन के कारण अतंररक्ष अनपु्रयोगों के ललए दसूरों की तलुना में पसदं 

ककया जाता है। द्ववध्रुवी प्लेट इसका एक मखु्य घटक है, जो ईंधन सेल स्टैक के कुल वजन और 

आयतन का लगभग 80% हहस्सा होती है। इसललए, इसके ननमाटण के ललए इस्तमेाल ककया जाने वाला 

पदार्ट वजन में हल्का होना चाहहए, प्राकृनतक और पे्रररत पयाटवरण का सामना करने के ललए पयाटप्त 

मजबतू होना चाहहए, और प्रदशटन में उत्कृष्ट होना चाहहए। उच्च ववलशष्ट ऊजाट (kW/kg) और 

स्र्ानयत्व अतंररक्ष यान की लमशन आवश्यकता होती हैं। इसके ननमाटण के ललए उपयोग की जाने वाली 

लगभग सभी परंपरागत सामग्री (ग्रेफाइट, धात ुऔर काबटन/पॉललमर लमश्रित) एक या एक से अश्रधक 

समस्याओं से जुडी होती हैं। इसललए अतंररक्ष अनपु्रयोग में इस्तमेाल योग्य द्ववध्रुवी प्लेट के ललए एक 

नतून सामग्री का पता लगाने की आवश्यकता है। काबटन/काबटन लमश्रित, जो पहले र्माटमीटरों-

सरंचनात्मक अनपु्रयोगों के ललए सशं्लेवित र्ा, सभी आवश्यक गणुों के पास है हालांकक, काबटन/काबटन 

लमश्रित बनाने में लगने वाला समय और उच्च तापमान प्रससं्करण प्रमखु तकनीकी चुनौनतयां हैं, 

क्जन्हें सबंोश्रधत ककया जाना है। वतटमान कायट में, काबटन/काबटन लमश्रित द्ववध्रुवी प्लेट के तजे और 

प्रभावी ननमाटण के ललए एक उपन्यास पद्धनत प्रस्ततु की गई है। काबटन/काबटन लमश्रित का ननमाटण 

सदुृढीकरण के रूप में एक्ट्सफोइएटेड काबटन फाइबर का उपयोग करके ककया गया है, क्जसमें काबटन 

महैरक्ट्स मसैॉकफस वपच और उच्च दबाव गमट दबाव (एचपी) ववश्रध और कम दबाव ससंेचन र्मोसेहटगं 

काबटननाइजेशन (आईटीसी) पद्धनत का उपयोग करके फेनोललक राल से बनाई गई है। तजेी स े

फैब्रिकेशन के ललए खोज की गई ववलशष्ट पद्धनत से 137 घटें के बहुत ही कम समय में और ककसी 

भी प्रससं्करण चरण में 25 एमपीए से अश्रधक दबाव का उपयोग ककये ब्रबना, काबटन/काबटन लमश्रित का 

उत्पादन ककया गया है, जो पारंपररक प्रकियाओं में लगने वाले 3-4 महीने के समय की तलुना में बहुत 

ही कम है। इस प्रकार प्राप्त काबटन/काबटन लमश्रित का र्ोक घनत्व 1.75 g/cm3, प्रभाव शक्क्ट्त 4.8 

kJ/m2, तन्यता ताकत 45 MPa, फ्लेक्ट्सरुल ताकत 98 MPa, सपंीडन ताकत 205 MPa, ववद्यतु 



 
xviii│ 

चालकता 190 (ववमान के माध्यम से) और 595 S/cm (ववमान में), और र्मटल चालकता 24 (ववमान 

के माध्यम से) और 51 W/mK (ववमान में) पाई गईं। 95 mm × 95 mm × 3.5 mm की द्ववध्रवुी प्लेट 

1 mm चौडाई और 1 mm की गहराई के सााँप चैनल के सार् तीव्र और प्रभावी पद्धनत के माध्यम स े

बनाये गए काबटन/काबटन लमश्रित स ेबनाई गई और ईंधन सेल में इसका परीक्षण ककया गया। ओलमक 

ध्रुवीकरण वाले क्षते्र में,  काबटन/काबटन लमश्रित की द्ववध्रुवी प्लेट का प्रदशटन ग्रेफाइट की द्ववध्रुवी प्लेट 

के समान पाया गया। अश्रधकतम ब्रबजली घनत्व पर 65oC के तापमान पर लगभग 0.05 V का वोल्टेज 

अतंर पाया गया ककया गया। इसके अलावा, 65oC के ऑपरेहटगं तापमान पर ईंधन सेल ने 

काबटन/काबटन लमश्रित द्ववध्रुवी प्लेट के सार् 1100 mA/cm2 के करंट घनत्व के सार् सार् 370 

mW/cm2  के पावर घनत्व पर 0.3 V ज्यादा वोल्टेज हदखाई। ईंधन सेल में काबटन/काबटन लमश्रित 

द्ववध्रुवी प्लेट का ववस्ततृ लक्षण वणटन और मलू्यांकन करने के बाद अतंररक्ष अनपु्रयोगों में उपयोग 

की जाने वाली अगली पीढी की ईंधन सेल में इसके उपयोग के ललए अच्छे पररणाम हदखाई हदए। 

अतंररक्ष अनपु्रयोगों के ललए तार ईडीएम मशीनक काबटन/लसललकॉन काबाटइड लमश्रित का ववकास करत े

हुए, अल्राश्रर्न (नटे मोटाई ≤ 0.25 लममी) द्ववध्रुवी प्लेट बनाने का ववचार ववकलसत हुआ, क्जसने हमें 

काबटन/काबटन के अलावा द्ववध्रुवी प्लेट अनपु्रयोग के ललए इस प्रणाली का पता लगाने के ललए 

प्रोत्साहहत ककया। यह पहली बार है जब काबटन प्रबललत लसललकॉन काबाटइड लमश्रित द्ववध्रुवी प्लेट 

सामग्री के रूप में सशू्रचत ककया जा रहा है। इसललए, र्ीलसस के अतं में, काबटन/लसललकॉन काबाटइड 

लमश्रित के ववकास और द्ववध्रुवी प्लेट के ननमाटण पर प्रारंलभक पररणाम प्रस्ततु ककए गए हैं। 

 

कीवर््डस: द्ववध्रुवी प्लेट, काबटन/काबटन लमश्रित, काबटन फाइबर, ईंधन सेल परीक्षण, एचपी ववश्रध, आईटीसी 

ववश्रध, महैरक्ट्स अग्रदतू, पीईएम ईंधन सेल। 
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