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Chapter 1: Introduction

Polymer may be defined as a large molecule built up blettep of small,
simple chemical units held together by covalent bondsoime cases, the repletion is
linear and chain is built up from its links while othetBe chain are branched or

interlinked to form three- dimensional network.

The term Plastics has derived from Greek word plastikes itieans ‘fit for
moulding’. Plastics may be defined as a polymer, whiclsaiteble for molding.

1.1 Thermosets and Thermoplastics

The two basic groups of plastic materials are thentbptastics and the thermosets.
Thermoplastic resins consist of long molecules, edalihich may have side chains or
groups that are not attached to other molecules (rena@ crosslinked). Thus, they can
be repeatedly melted and solidified by heating and coolirthatcany scrap generated in
processing can be reused. Usually, thermoplastic polymersupplied in the form of
pellets, which often contain additives to enhance praogssi to provide necessary
characteristics in the finished product (e.g., colondemtivity, etc.). The temperature
service range of thermoplastics is limited by thesslof physical strength and eventual
melting at elevated temperatures.

Thermoset plastics, on the other hand, react during gsce to form crosslinked
structures that cannot be remelted and reprocessed. ddermecrap must be either
discarded or used as low-cost filler in other productsolme cases, it may be pyrolyzed
to recover inorganic fillers such as glass reinforcememthich can be reused.
Thermosets may be supplied in liquid form or as a part@dlymerized solid molding
powder. In their uncured condition, they can be forneetthé finished product shape with

or without pressure and polymerized by using chemicals ofHjeat



1.2 Plastic resins

1.2.1 Acetal

Acetal resins are produced by the polymerization of pdrfiormaldehyde [CHD] into
both homopolymer and copolymer types. Industrial end-teersery familiar with the
acetals in the form of gears, bearings, bushings, camsings, conveyors and any
number of moving parts in appliances, business machinesTley. also have some
special applications such as automotive door handles,bstacomponents, plumbing
fixtures, shaver cartridges, zippers and gas tank caps.|®\eetaextremely rigid without
being brittle. They have a high melting point, high strepgtiod frictional properties and
resistance to fatigugl]

1.2.2 Acrylics

It is used as lighting diffusers; outdoor signgpmobile tail lights; wash-basins and
sinks; safety shields; furniture (e.g., tables); skyliglaisd large-area enclosures for
shopping centers, swimming pools, restaurants, etc., andoam dividers. The
outstanding resistance to long-term exposure to sundiglitweathering is one of the

more important characteristics of acry(it]

1.2.3 Acrylonitrile-Butadiene-Styrene (ABS)

These families of thermoplastics are catlEgolymers, because they are made of
three different monomers: Acrylonitrile, ButadienedaBtyrene, to create a single
material that draws on the best properties of all thHkB& possesses outstanding impact
strength and high mechanical strength, which makest#lgaifor use in tough consumer
and industrial products, including: appliances, automotives ppippe, business machines
and telephone components]



1.2.4_ Alkyds

They are used in liquid form as enamels, palatsjuers, and similar coatings for
automotibles, refrigerators, stoves and similar produtitstfe largest use for alkyds.
Major properties are in the electrical area whergdalkolding materials offer excellent
dielectric strength. Alkyds also have excellent hesgistance and are dimensionally
stable under high temperatures. Alkyds are thermosetinsgturated polyester resins
produced by reacting an organic alcohol with an organic dedplved in and reacted
with unsaturated monomers such as styrengH{CHCH;], or vinyl toluene
[CH,.CHGsH4CH;]. Typical applications are electrical uses, autoneofparts, and as
coatings[1]

1.2.5 Epoxy

They are used for epoxy-glass reinforced pplasare in aircraft components,
filament wound rocket motor casings for missiles, pigasks, pressure vessels and
tooling jigs and fixtures. Epoxies are also used in thepsutation or casting of various
electrical and electronic components and in the powdéingoaf metal substrates. Major
outlets for epoxies also include adhesives, protectiveingsain appliances, industrial
equipment, gymnasium floors, etc., and sealdis.

1.2.6 Fluoropolymer

Fluoropolymers are known for their inertnessnost chemicals, resistance to high
temperatures, extremely low coefficients of frictiand excellent dielectric properties,
which are relatively insensitive to temperature and poweguency. Typical applications
for fluoropolymers are electrical/ electronic uses gmge and chemical processing
equipment and non-stick coatings for cookware and othericapphs. The most
common commercial fluoropolymers are: FEP (fluorinatdd/lene-propylene), PTFE
(polytetrafluoroethylene), PFA (perfluoroalkoxy) and PVFlypmyl fluoride). [1]



1.2.7 Nylon

Typical applications for nylons are in autometparts, electrical/electronic uses,
and packaging. Nylon is a generic name for a family afglohain polyamide
engineering thermoplastics which have recurring amide grie@g¥NH-] as an integral
part of the main polymer chain. Nylons are synthesized firdermediates such as
dicarboxylic acids, diamines, amino acids and lacfams

1.2.8 Phenolic

These thermosetting resins are credited withgbiihe first commercialized wholly
synthetic polymer or plastic, and the second majortiplgshe first being cellulose
nitrate). The basic raw materials are formaldehydeHB{Tand phenol [gHsOH]. In the
uncured and semi- cured condition, phenolic resins a@ as adhesives, casting resins,
potting compounds, and laminating resins. As molding powdersiopbeesins can be
found in electrical uses. They are also used in suchcappls as: automotive distributor
caps, fuse blocks and connectors and appliance handles,dmbbgases. Phenolic is the
most popular binder for holding the various plies of wood teggah plywood[1]

1.2.9 Polyamide-Imide

Engineering thermoplastic resins produced by thedemtsation reaction of
trimellitic anhydride [OCGH.C,0O3] and various aromatic diamines. Typical applications
are in the aerospace, automotive and heavy equipmentriedy4 ]

1.2.10 Polyarylates

They are used for automotive, appliance and realctapplications requiring
oustanding heat resistance. They are engineering th&stc resins produced by
interfacial polymerization of an aqueous solution of tieodium salt of bisphenol A
[(CH3).C(CsH4OH),] with phthalic acid chlorides [§H4(CO)%Cl,] in methylene chloride.

[1]
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1.2.11 Polycarbonate

They are strong, tough and rigid, while havingdingtility normally associated with
softer, lower-modulus thermoplastics. They also haxeellent electrical insulating
characteristics, maintained over a wide range of terypesa and loading rates.
Polycarbonates are transparent and can be processedainety of ways, including
injection molding, extrusion, blow molding and rotationadlding. Typical applications
are glazing, appliances, water bottles and electuisas. Polycarbonates are engineering
thermoplastic resins produced by phosgenation of dihydringitieusually bisphenol A
[(CH3)2.C(GeH4OH),). [1]

1.2.12 Polyethylene

Applications for polyethylenes are packaging djlrtrash, garment, grocery and
shopping bags; molded housewares; toys; containerg; gipums; gasoline tanks;
coatings and many others. Polyethylenes are thermmplassins obtained by
polymerizing the ethylene pEl4]. Low molecular weight polymers of ethylene are fluids
used as lubricants; medium weight polymers are waxssilole with paraffin; and the
high molecular weight polymers (i.e., over 6000) arertiaerials used in the plastics
industry. Polymers with densities ranging from about 0.910 $@%0are called low
density; those of densities from 0.926 to 0.940 are called medinsity; and those from
0.941 to 0.965 and over are called high density. The low degpitg are polymerized at
very high pressures and temperatures, and the high deygeyg &t relatively low
temperatures and pressures. A relatively new typedchtiear low density polyethylene
is manufactured through a variety of processes: gas pbkakgjon, slurry, or high

pressure conversiofi]

1.2.13 Polyimides

They are used in wire enamels, laminates,siht® gears, covers, bushings, piston
rings, valve seats, and in solution form as a laminatiagnish. Polyimides are

characterized by repeating imide linkages: Thermoset palgsniare produced in
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condensation polymers that possess reactive terminapgiapable of subsequent cross-
linking through an addition reactiofi]

1.2.14 Polyphenylene Oxide, Modified

Engineering thermoplastic resins produced by thdatixe coupling of 2, 6-
dimethylphenol [(CH).CsH3OH] (xylenol), then blended with impact polystyrene.
Typical applications are electrical/electronic usassifiess machine parts, appliances,
and automotive partfl]

1.2.15Polyphenylene Sulfide

Engineering thermoplastic resins produced by #aetion of p-dichlorobenzene
[CeH4Cly] with sodium sulfide [NgS]. A thermoplastic, PPS exhibits excellent heat
resistance, as well as outstanding chemical resestduigh stiffness and good retention of
mechanical properties at elevated temperatures. The osgdior polyphenylene sulfide
is in electrical/ electronic parts and automotive péaiis.

1.2.16 Polypropylene

Major applications of commercial PP are pgok@ automotive, appliances and
carpeting. Polypropylene is made by polymerizing propylenes@EHCH,] and in the
case of copolymers with monomers, with suitable gstsl generally aluminum alkyl
and titanium tetrachloride mixed with solvents. The mmao unit in polypropylene is
asymmetric and can assume two regular geometric arrangemsotactic, with all
methyl groups aligned on the same side of the chain, aliatgetic, with the methyl
groups alternating. All other forms, where this positionsigandom, are called atactic.
Commercial polypropylene contains 90-97% crystalline ortade PP with the
remainder being atactifl]
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1.2.17 Polystyrene

Polystyrene is also widely used in other pacigagnd foodservice products, such as
trays, disposable plates, cutlery and tumblers. Othelicapipns include: automotive
parts, toys, housewares, appliance parts, wall tileBp rand TV housings, furniture,
floats, luggage and many more. High molecular weightmbelastic resins produced
generally by the free-radical polymerization of styrenenomer [GHsCHCH,] which
can be initiated by heating alone but more effectivel\hdgting in the presence of free-
radical initiator (such as benzoyl peroxide dfgCO)%0;]. [1]

1.2.18 Polyurethane

They are extremely versatile plastics inmrof the forms in which they are
available: flexible or rigid foams, solid elastomers Kobbers), coatings, adhesives and
sealants. Their versatility also extends to chemstaucture in that, although the
urethanes are generally considered to be thermosetg #ne grades of urethane
elastomers that are thermoplastic in nature and ardiestipp pellet form for molding,
calendering and extrusion. In the presence of a blovgagtathis reaction will produce a
foamed material having excellent thermal insulating progeréind is widely used in
building insulation. The foams can either be soft aerlifle or tough, and rigid, with all
the possible variations in-between. They are used in fuepitcushioning, carpet
underlay, bedding, packaging, textiles and automotive seatthgadaty padding. Rigid
foams offer outstanding insulating values, excellenmmp@ssive strength, good
dimensional stability and bouyancy. In the form o&stbmers, polyurethanes offer
superior abrasion resistance and toughness, and are uggdicatéons in which good
performance and long service life are important: printwits, gaskets and seals, cable
insulation, drive and conveyor belts, solid tires am@otive applicationgl]

1.2.19 Polyvinyl Acetate (PVAc) & Other Vinyls

Polyvinyl acetate is a thermoplastic resiadpiced by the polymerization of vinyl
acetate monomer [GEOOCHCH] in water producing an emulsion with a solids
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content of 50-55%. Typical applications for the abovensesre adhesives, paints,
coatings and finishes, and packagifig.

1.2.20 Polyvinyl Chloride

Vinyls are used mainly for their chemical and theang resistance, high dielectric
properties, or abrasion resistance. Vinyl is also difdetbinto gloves, slush molded into
boots and foamed to make calendered flooring, leatkemnipholstery, shoe fabrics and
carpet backing. Vinyls are thermoplastic resins producdtdépolymerization of the gas
vinyl chloride [CHCHCI]. Under pressure, vinyl chloride becomes liquid and lsan
polymerized by suspension, emulsion, bulk, or solution paiyakton. The pure
polymer is hard, brittle and difficult to process, bubacomes flexible when plasticizers
are added. A special class of PVC resin of fine partizk sften called dispersion grade
resin, can be dispersed in liquid plasticizers to folastsols. The addition of a volatile
diluent or a solvent to the plastisol produces an orgdnds

1.2.21 Urea-Formaldehyde

Urea-Formaldehyde is a very hard, scratclsta#i material with good chemical
resistance, good electrical qualities and heat resestapcto 170 degrees F. Urea-
Formaldehyde resins are formed by the condensationaearftformaldehyde [HCHO]
and urea [CO(NE),]. These thermoset resins are clear water-white syoup@hite
powered materials which can be dispersed in water to @wlorless syrups. They are
used as laminates and chemically resistant coafibps.

1.3 Manufacture of Conventional Carbons

As the graphite-liquid-gas triple point of the elemeatbon is close to 4020 K
at a pressure of 125 atmospheres, the process ohgald casting normally used in
metals is inapplicable to carbon. Consequently, the bfilkarbon and graphite is
manufactured by a process analogous to the powder niggallit will, however, be
useful at this stage to introduce briefly the importamtps involved in the
manufacture of carbon and graphite products.

14
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Fig 1: Basic phase diagram of carbon, which shows theadé of matter for varying temperatures
and pressures. The hatched regions indicate catidns under which one phase is
metastable, so that two phases can coexist

The conventional carbon products are manufactured mainhy &anixture of
carbonaceous solid material such as petroleum coteh poke, metallurgical coke,
anthracite coal, carbon black, natural graphite etc. andardonaceous binder
material, for example, coal tar pitch. The mixture mfieing pressed into a product of
desired shape and size is fired in a non-oxidizing apthere to a temperature of 900
to 1800°C. Products in this form are widely used. Howef@ many applications,
such a carbon product is further heat treated to a tetoperaf 2600°C.

1.4 Terminology in Carbon and Graphite Industry

As is the case in many industries, the carbon and geaphdustry has a
language of its own. The terms “carbon’, amorphous carbdedoearbon, industrial
carbon, or manufactured carbon are used by the industmgan products, made from
the mixture of suitable carbonaceous filler and bindetenmes, which have been
baked to a temperature of 900-1800°C. The term graelmoa refers to the formed
carbonaceous product which has not been baked. The termtgragctrographite,
synthetic graphite, or industrial graphite refers tpraduct obtained from the heat-
treatment of the baked soft carbon at a temperatureQff°Z4or higher.

However, recently the scope of the terms Carbon and geapitas been
reviewed by IUPAC International Committee on Charactéionaand Nomenclature

15



of Carbon and Graphite. According to this committee,tdmen carbon refers to those
materials possessing an atomic C/H ratio of at [&@sand the term graphite refers to
such carbons which have acquired the near-ideal structugraphite. The term
carbon thus comprises all types of cokes and (Achesenjregraphite, all types of
polycrystalline carbons and graphites, all types oivaatarbons, all types of carbon
blacks and all natural graphites etc. among the comraoeties. Special varieties of
carbon have increased in number in recent years and inplyradytic carbon and
pyrolytic graphite, graphite foils and felts, all typef carbon fibres as well as glass-
like carbon.

16



Table 1: Physical Properties of Conventional Carborand Graphite Products

o Conventional Baked | Carbon Products
Characteristics B
Carbon Graphitized Carbon

Density (g cnt) 1.5-1.7 1.55-1.75
Permeability (crh/sec) 10-100 1-10
Porosity (%) 12-35 12-40
Thermal conductivity 0.01-0.02 0.25-0.5
(cal/cm/sec/°C)
Coefficient of linear thermal 1-5 0.4-4.5
expansion (x 18/°C)
Specific heat (Cal/g/°C) 0.20 0.17
Compressive strength (MPa) 43-62 12-59
Transverse breaking strgihh (MPa 14-42 14-28
Tensile strength (MPa) 6-8 3-14
Young's modulus (GPa) 11-16 3-12
Electrical resistivity (m ohm cm 3.5-5.0 0.7-1.3

Crystal structure

Two dimensional

Turbostratic structur

Three dimensiona

Graphite structure

Max. use temperature (°C)

Air 350

Inert 2500
Air 425

17



1.5 Pyrolysis of thermosetting resin: Preparation of Glassy &bon

The pyrolysis of thermosetting resins in a@rtimmtmosphere at high temperature
(1000-1406C) results Glass-like carbon is a new carbon matevizich combines some
of the properties of glass, namely, lusture, imperviousaedsnode of fracture, with the
other physical and chemical properties of carbon. leiagoproduced in various shapes
and sizes from a variety of thermosetting resins und&rehnt trade names by various
manufacturers. Glassy Carbon is a non-porous, notkredorm of carbon which also
posses some properties of glass. Cellulose, phenol liehale, polyfurfuryl alcohol,
acetone furfural, aromatic resins such as naphthat@naad other polymer resins have
been cited as precursory materials for this carbon.

Its chief characteristics such as high strength andnkas, high resistance to
corrosion and erosion, low porosity and permeability ngllss-like carbon a versatile
material in a wide range of analytical, metallurgicakchanical, electrical, electronics
and biomedical applications.

Glassy carbon artifacts find numerous applications imfof crucibles, beakers
and other vessels, components of ovens etc., suit@blagh temperature application in
inert atmosphere and harsh environments (zone melting, mystals preparation,
decomposition by acids etc.). Important utilizationins analytical electrochemistry.
Glass-like carbons can be developed by the controlled miaetmn of one of a variety of

polymeric materials.
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Chapter 2: Phenolic Resins

2.1 Introduction

Phenolic resins are a large family of polymers and olgsntomposed of a wide
variety of structures based on the reaction products ofofhemith formaldehyde.
Phenolic resins are employed in a wide range of apmitsiti from commodity
construction materials to high technology applicationselectronics and aerospace
industries. Generally, but not exclusively, thermosettingnature, phenolic resins
provide numerous challenges in the areas of synthesisacté@dzation, production,
product development, and quality control.

As a family of resins originally developed in the eanyemtieth century, the
nature and potential of phenolic resins have been eeglthoroughly. Phenolic resins
are prepared by the reaction of phenol or substituted phettoan aldehyde, especially
formaldehyde, in the presence of an acidic or basalysa. Their thermosetting character
and the exotherm associated with the reaction prasetgéehnical barriers to
commercialization. In 1900, the first U.S. patent wasig for a phenolic resin, using
the resin in cast form as a substitute for hard ruf$jer

Early phenolic resins consisted of self-curing, resgpetproducts made with
excess formaldehyde, and novolaks, which are thermoplasnature and require a
hardener. The early products produced by General Bekei#dre used in molded
parts, insulating varnishes, laminated sheets, and inalustratings. These areas still
remain important applications, but have been joined by nwmsesthers such as wood
bonding, fiber bonding, and plywood adhesives.

19



2.1 Monomers
2.1.1 Phenol
Phenol, also known under an older name of carbold; & a colorless crystalline solid

with a typical sweet tarry odor. Its chemical formidaCsHsOH and its structure is that

of a hydroxyl group (-OH) bonded to a phenyl ring; it is tansaromatic compound.

OH OH

M

Phenol

Fig 2: Structure of phenol

The word phenol is also used to refer to any compound vdaintains a six-membered
aromatic ring, bonded directly to a hydroxyl group (-OH)etiect, phenols are a class of
organic compounds of which the phenol discussed in this ansclhe simplest
member2]

Properties

Phenol has a limited solubility in water (8.3 g/100 ml)isislightly acidic: the phenol
molecule has weak tendencies to lose the H+ ion tlerhydroxyl group, resulting in
the highly water-soluble phenolate aniogHgO . Compared to aliphatic alcohols, phenol
shows much higher acidity. This is due to the mesonedfect[2]

Uses

* The primary use of phenol is in the production of phemekins, which are used

in the plywood, construction, automotive, and appliandestries.
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* Phenol is also used in the production of caprolactanbapihenol A, which are

intermediates in the manufacture of nylon and epoxy resgapectively[2]

Table 2: Properties of Phenol

Properties
Density 1.07 g/crh
Solubility in water 8.3 g/100 ml (20 °C)
Melting point 40.5 °C
Boiling point 181.7 °C
Acidity (pKy) 9.95
Chemical formula 6HsOH
Molar mass 94.11 g/mol

White Crystalline

Appearance
PP Solid

Flash point 79 °C

Autoignition temperature 715 °C

Other uses of phenol include as a disinfectant, and incmatiproducts such as ear and

nose drops, throat lozenges, and mouthwashes.

2.1.1.3 Health Hazard Information

Phenol and the substituted phenols are hazandaagure and should handled with

utmost caref2]

2.1.1.4 Substituted Phenols
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Phenol itself is used in the largest-volume, but substtyhenols are used for
specialty resins (Table-3). Substituted phenols are typialidylated phenols made from
phenol and a corresponding a-olefin with acid catdkté\cidic catalysis is frequently
in the form of an ion-exchange resin (IER) and the i@agqiroceeds preferentially in the
para position. For example, in the production of t-butghml using isobutylene, the
product is >95% para-substituted. The incorporation of alk@npls into the resin
reduces reactivity, hardness, cross-link density, andr ciolonation, but increases
solubility in non-polar solvents, flexibility, and comiality with natural oils.

Table 3: Substituted Phenols used for Phenolic resins

Substituted phenol Resin application

Cresol {o-, m-, p-) coatings, epoxy hardeners
p-t-butylphenol coatings, adhesives

p-octylphenol carbonless paper, coatings
p-nonylphenol carbonless paper, coatings
p-phenylphenol carbonless paper

bisphenol A low color molding compounds, coatings
resorcinol adhesives

cashew nutshell liquid| friction particles

2.1.2 Resorcinol

The meta (1,3) isomer of dihydroxybenzene isroasol (also known as resorcin),
which forms clear needle crystals used in the producti@hazo dyes and plasticizers. It
is produced by sulfonating benzene with fuming sulfurid amd fusing the resulting
benzene disulfonic acid with caustic soda. Resoramalsed in resins as an UV
absorber. It is used in manufacturing fluorescent antideatyes and adhesives. Reaction
with formaldehyde produces resins (resorcinol formaldehgdms) used to make rayon
and nylon. It is used as a pharmaceutical to treat amhetaer greasy skin conditions in

combination with other acne treatments such as sulfisruked as an anti-dandruff agent
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in shampoo and sunscreen cosmetics. It is also usedcagnaical intermediate to
synthesis pharmaceuticals and other organic compounds.pdtse (1,4) isomer is
hydroquinone (also known as quinol), which forms cleasnpsi used as a photographic
reducer and developer (except in color film). It is fornretarge quantities by chemical

reduction of benzoquinongt]

Table 4: Properties of Resorcinol

Properties
_ White to off-white needle
Physical state
crystals
Melting point 110-113c
Boiling point 280 c
Specific gravity 1.272
Solubility in water Completely soluble
Vapor density 3.8
Autoignition 608 c
Flash point 127 c
- Stable under ordinary
Stability -
conditions
pH 5.2

2.1.3 Formaldehyde

In one form or another, formaldehyde is used almoslusixely in the production of
phenolic resins, regardless of the type of phenol.cdlgfn formaldehyde is a gas at room
temperature, it is readily soluble in water, and it issmcommonly sold as a 37%

solution in water called by trade names such as formaliarmol[5].
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2.2 Polymerization
2.2.1 Phenol Formaldehyde

Phenol is reacted with Formaldehyde (taken in ratio af3):in the presence of

Ammonia (2% by weight of phenol) as a catalyst. Thetune is then boiled at a
temperature of AT along with N stirring. The mixture is heated till a resinous mass
(Novolac) is obtained. Phenolic novolaks are thermo=msns having a molecular weight
of 500-5000 and a glass-transition temperatugeefl45-70°C.

Fig 3: Molecular representation of polymerization of resorcinolwith formaldehyde
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Fig 4: Apparatus used for PF synthesis

Densification of phenol formaldehyde resin

The phenol formaldehyde resin obtained can be densifled pad&l vacuum at a
temperature of 6T in the presence of p-toluene sulphonic acid (2% by weitjthe
resin). The instance at which the resin becomesljgltycan be used for moulding and

casting purposes.

Applications
X Coatings
X Dispersions
DX Adhesives
DX Carbonless copy paper
DX Molding compounds
DX Abrasives
DX Friction materials
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o Foundry resins
o Laminates

X Air and QOil filters
X Wood bonding
X Fiber bonding

o Composites
X LIM
X Fibers

2.2.3 Resorcinol Formaldehyde

Resorcinol is reacted with formaldehyde (taken in #tie iof 1:1.5). The reaction
takes place at 6Q alongwith constant stirring and didn’t require any lygata The
reaction time is around 2-3 hours. The resorcinol-fornimide resin has very short
uncured life and cured suddenly as soon as the polymerizattmmiglete and hence, it
cannot be stored. For moulding purposes, the reactiotumaighould be directly poured

into the moulds when it becomes resinuous.
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Chapter 3: Glassy Carbon

3.1Introduction

The widespread use of graphitic carbons in electroatemlystems is due to
their high electrical conductivity, good corrosion is¢égnce, and reasonable
mechanical and dimensional stability. Specific appiws of graphitic carbons
include electrodes, electro-catalyst supports, angdolaéar electrode separators.
Because of the high ash content of natural graphitest graphitic carbons used in
electrochemical applications are synthesized from hydboces. A unique feature of
synthetic graphites is the wide variety of microstrucusnecessible, depending upon
the source of the carbon precursors and the method ofrptepa

Of these various forms of carbon, glassy carbon (GC) haswekely used as
an electrode. Glassy carbon derives its name from exigbfitacture behavior similar
to glass, from having a disordered structure overeladgmensions (although it
contains a graphitic microcrystalline structure), dedause it is a hard shiny material
capable of high polish.

In the early sixties, there was a great need of impermeaybon, thermally
stable from 1000-2000°C for use as a sheath mateoialfuiel elements in the
development of high temperature gas-cooled reactordustrial development of
impregnation as a means to obtain impermeable carbon sedrase lagged, perhaps
due to the difficulty in obtaining homogeneous imperniégb As a consequence of
it, two methods for the preparation of impermeablebcar were proposed and
developed nearly at the same time, one by Yamada and[&atnd the other by
Davidsori7] and both carbons had interesting impermeable properigisough
these carbons were found to have adequate impermealiigyr, behavior under
irradiation was however observed to be unsatisfactorytierpurpose. Since then,
efforts have been continuing to explore other applicatiorthisfcarbon. As a result,
glass-like carbons in various shapes and sizes have beetombine Numerous

publications have also appeared in the literature conugthis carbon.
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Yamada et &8] and Lewis and coworkd® 10] have described the properties and
applications of this form of carbon without regard te method of production.
Cellulosg¢7, 11], phenol formaldehyd&2-16], polyfurfuryl alcoholl7], acetone
furfural[18], aromatic resins such as naphthalen¢tigjl and other polymer resins
have been cited as precursory materials for this carbbrer and coworkers have
presented an exhaustive account of the chemistry of fovmaind the properties of
glass-like carbon made from polyfurfuryl alcohol and phdammaldehyde resins and
the mixtures thereof, and have noticed that all of theskteglass-like carbons with
essentially the same physical properties. Good revawthis form of carbons have
been published by Yama@®], McKed2l1l] and recently by Jenkins and
coworker$22, 23] However, it has been noticed that these reviews also to no
provide much information on the manufacturing aspecthe form of carbon. The
glass-like carbon artifacts are being manufactured by few firms in the world and
their processes are still a closely guarded secret.

The current approach to the conventional preparation ofyglearbon solids
involves the careful pyrolysis of one of a variety of yoéric materials, including
polyvinyl chloride, poly(vinylidene chloride), cellue, phenolic resin poly(furfuryl
alcohol), and polyacrylonitrile.

3.2 Structure of Glass like Carbon

The formations of impermeable glass-like carbon by thedeeomposition of
cross-linked polyfurfuryl alcohol, phenolic resins and miggithereof, have been
studied in detail by Fitzer et al. It was found by th#mat the characteristics of the
final glass-like carbons were independent of chemicaksire of these resins. In all
cases, a bulk density of 1.5 gf&mas obtained which in comparison to bulk density
of graphite appeared to give 30% of porosity. Thetetan micrographs of ruptured
surfaces of glass-like carbon however showed no poreseafehe carbonization of
industrial raw material (resin unknown) to produce gldss carbon showed pores

with diameter from 2-20 micrometer with maximum pofi@mation at 800°C.
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Micropore volume of the various resin syst Ray small asg#tering carried out on
samples heat-treated to 1200°C revealed a uniform ppros25A and of 35Aafter
heat-treatment to 3000°C.

The first ever model for the structure of glass-likebon was proposed by
Noda and Inagaki. They studied radial distribution ofay-diffraction and suggested
it to be comprising of small graphite like turbosizatrystallites joined together in a
random manner by extensive tetrahedral C-C bonds of dianyped Takahashi and
Westrum on the other hand suggested that glass-like cdrddra two-dimensional
layer structure from the measurements of specific hefathis carbon at low
temperatures wherein they found that the specific heatpwgsortional to the square
of the ambient absolute temperature.

Jenkins et al have also described the structure of gkessarbon by direct
pyrolysis of phenolic resins (phenol hexamine mixturesyvds observed that most
important chemical changes during pyrolysis were the faomeof intermolecular
cross-links at 350°C due to modification of methylenedes. This was in agreement
with the results of Ouchi and Fitzer and Schaefer. Trscess resulted in the
formation of aromatic ribbon molecules. The developmemanéllel extensive sheets
of graphite is prevented in the system because contirmufiseserved along the length
of each ribbon by strong carbon-carbon bonds, which are to berbrto produce
extensive areas of graphite sheets. The three-dimensionetiuse model as proposed
by them for isotropic glass-like carbon is illustratedFig.3.1 which consists of
twisted bent and intertwined microfibrils comprising stactaf narrow graphite
ribbons. The fibrils are held together with covalent inteiffilinks of strength lower
than that in the ribbon themselves. No amount of heating beld@0°€ will
transform the polymeric carbon into a graphitic carbon bszaaf the enormous
activation energies required to produce free carbon stoomce locked in a
polyaromatic complex. It is probable that closed npor@s are present in such a
structure which account for the low observed density ¢ tlarbon. Cowlard and
Lewis[21] have reported the apparent size-of crystallites as(Z8fx 28A (Lc) with
ems reached a maximum at 700°C. The X- Ray small awcgktesing carried out on
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samples heat-treated to 1200°C revealed a uniform ppros25A and of 35Aafter
heat-treatment to 3000°C.

The first ever model for the structure of glass-likebon was proposed by
Noda and Inagaki. They studied radial distribution ofay-diffraction and suggested
it to be comprising of small graphite like turbosizatrystallites joined together in a
random manner by extensive tetrahedral C-C bonds of diatyped Takahashi and
Westrum on the other hand suggested that glass-like cdrddra two-dimensional
layer structure from the measurements of specific hefathis carbon at low
temperatures wherein they found that the specific heatpnwgsortional to the square
of the ambient absolute temperature.

Jenkins et al have also described the structure of gkessarbon by direct
pyrolysis of phenolic resins (phenol hexamine mixturesyvds observed that most
important chemical changes during pyrolysis were the faomeof intermolecular
cross-links at 350°C due to modification of methylenedes. This was in agreement
with the results of Ouchi and Fitzer and Schaefer. Trscess resulted in the
formation of aromatic ribbon molecules. The developmeitparallel extensive
sheets of graphite is prevented in the system becausewbnis preserved along the
length of each ribbon by strong carbon-carbon bonds which afee tbroken to
produce extensive areas of graphite sheets. The thre@slonal structure model as
proposed by them for isotropic glass-like carbonlissttated in Fig-6 which consists
of twisted bent and intertwined microfibrils comprisingaits of narrow graphite
ribbons. The fibrils are held together with covalent inteiffilinks of strength lower
than that in the ribbon themselves. No amount of heating beld@0°€ will
transform the polymeric carbon into a graphitic carbon bszaaf the enormous
activation energies required to produce free carbon stoomce locked in a
polyaromatic complex. It is probable that closed npor@s are present in such a
structure which account for the low observed density ¢ tlarbon. Cowlard and
Lewis have reported the apparent size-of crystallite5ds (La) x 28A (Lc) with an
interlayer spacing of 3.44 A compared with many hundrefish for a typical
electrode graphite.
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Fig 6: Three Dimensional Structural Model for Glass-like Carbon

3.3 Properties of Glass-Like Carbons

It has been stated that the glass-like carbon is obtainélgebyarbonization of
certain cross-linked polymers such as cellulose, phefowimaldehyde and
polyfurfuryl alcohol under carefully controlled conditioaad that the characteristics
of glass-like carbons so obtained are essentially indeypgénalf the nature of the
starting materials. The physical characteristics o$gléke carbon in comparison to
those of conventional carbons have been summarized in tafilee5most striking
differences between glass-like carbons and the conventiomglhipes are their
extremely low permeability to gasses and the closedonporosity. The very low
open micro porosity of glass-like carbon in spite of lealues of density compared to
graphites indicates that the pores in glass-like carberedher extremely small or
completely closed for all practical purposes. Agsauit, a glass-like carbon tends to
be more chemically inert than the conventional form of carb8&esides this, the
glass-like carbon possesses much higher strength and hatthia@sthe conventional
carbons. It has electrical resistivity 3 to 8 times thlagraphite electrode, and as a
result the glass-like carbon can also be considerecdcarsductive ceramic. Glass-like

carbon is resistant to chemical attack by a variety afosbre materials as it does not
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react with nitric, sulphuric, hydrofluoric or chromicids at temperatures sufficient to
cause rapid attack on graphites.
Table 5: A Comparison of the Typical Characteristics of Glas like Carbon with

Conventional Graphite

- _ Conventional
Characteristic Glass-Like Carbon
Graphite
Apparent density (g cth) 1.45-1.55 1.55-1.75
Open porosity (%) <0.05 12-40
Gas permeability (cfm/sec) 2.5x10 Y (He) 1-10
transverse breaking strength (M Pa) | 100-140 14-28
Young's modulus (G Pa) 25-30 312
Electrical resistivity (m ohm cm) 5-10 0.7-1.3
Thermal conductivity(Cal/cm se 0.01-0.02 0.25-0.50
OC)
Coefficient of thermal expansion (xl .35 o4
6/°C)
La=75A° La= 1000 A°
Crystallite size (HTT =2750°C) | Lc = 28 A° Lc = 600 A
d =3.44A° d =3364
Max. Use temp. (°C) Inert 2500 Inert 2500
Air 550 Air 425
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Chapter 4. Experimental Techniques for Preparationof

Glass-Like Carbon

4.1 Introduction

The present investigations involved the development of skyeoxessing
facilities such as resin formation apparatus, congi@smoulding dies, electrically
heated muffle furnaces and testing facilities like &leal resistivity apparatus for
glass-like carbons etc.

The procedures involved in making these carbons as wehase temployed
for the determination of their various characteristicsnelg, carbonization yield,
linear and Volume shrinkages, apparent density, waterension density, Kerosene
density, open porosity and electrical resistivitynggerse breaking strength, Young's
modulus, and scanning electron microscopy have beenilbedan this chapter.

4.2 Preparation of Green Glassy Carbon from phenol formaldhyde

The general procedure for the preparation of glassdiédon from phenol
formaldehyde resin is briefly described below. Pheno¢ated with formaldehyde in
a particular or range of molar proportions (dependingnughe type of phenol used) at
temperatures in the range 50-95°C in the presence of ammatalyst (depending
upon the type of phenol used) to get phenol formaldehgden rwhich is then
densified under partial vacuum in the range 30-40 cnatHmtemperature of 50-70°C
in the presence or absence of para-toluene sulphonicaaci hardening catalyst
(depending upon the type of phenol used). The resin sonebt# shaped into green
artifact by hot pressing (moulding) and casting techrscusd subsequently cured up
to 180°C. The green artifact is then characterized andyisatbonized to 950°C or
higher in the inert atmosphere to get glass-like carbbe. &ssential steps mentioned
above in making glass-like carbon have been summarizedheinfdrm of block
diagram in Fig-7.
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4.3 Casting Method
The hot honey-like clear resin (temperature~70°C) prepdrech phenol

formaldehyde is poured into glass tubes (1.D. 3-4 nemgth 150 mm) to prepare rods
and steel moulds of different sizes and shapes to mepdmdrical and conical
crucibles of thickness 3 mm and of capacities varymthe range of 10-150 ml. Care
is taken to remove bubbles from the moulds by subjeatinig partial vacuum of
around 40 cm Hg at 50-70°C for about 1-2 hrs. Then ther nesthese moulds is
heated in an oven at about 70°C for 24-72 hrs till it getspdetely set. The hardened

resin material is taken out of the moulds for furthenrgu

4.4 Curing and Characterization of Green Carbon

Semi cured green carbon is finally cured in an oven tanpeeature of 180°C
at a rate of 10°C/hr and finally Maintained at 180°C foourh The cured carbons are
then cooled to room temperature. After curing, all thgdates or rods are
characterized with respect to various physical progertike length, volume and
apparent green density from the measurement of their diorens&ind mass. The
density of green carbons in the form of crucibles or odt&pes is determined by

immersion techniques (using distilled water as the insmna medium).

4.5 Carbonization of Green Carbon

The cured carbon is then packed in a graphite boat gsajphite powder as a
packing material and is then loaded in a quartz tube Bgawanprovision for
maintaining an inert atmosphere of UHP nitrogen. The quaitte containing green
carbon is already kept in a muffle tube furnace, whiah loa heated electrically. The
green carbon is carbonized to 1000°C or higher in nitrogemosphere under
controlled rate of heating to get defect-free glalss-icarbon. The carbonization
operation is a very critical operation since the transiffom cured resin to glass-like
carbon is accompanied by large weight loss (of the asti80-40%) due to evolution
of volatiles and subsequent volume shrinkage (to the exte82-d45%). The rates of
heating chosen in the present studies is 10°C/hr upto 1000°@nahde mperature of
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1000°C or higher is maintained for half an hour and the madtisrfinally cooled to
room temperature at the rate of 50°C/hr.

4.6 Preparation of Glass-Like Carbon from Resorcinol Formaldehyde

Resorcinol and Formaldehyde are reacted at a temperaf around 55-61C
in a optimum ratio of 1:1.5 along with constant stirring about 2-3hours. As soon
as, the reaction mixture becomes viscous, it is diyentulded or casted. Care should
be taken to avoid bubbles in the moulds and in case blbles are found in the
moulds, they are subjecting to partial vacuum of arod@dcm Hg at 50-70°C for
about 1-2 hrs to remove the bubbles. Then the resin in thes&snis heated in an
oven at about 70°C for 24-72 hrs till it gets completedy. SThe hardened resin
material is taken out of the moulds for further curing 100C by the same

procedure as used for Phenol Formaldehyde.
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4.7 Characterization of Carbonised Glass-Like Carbosa

Characterization of glass-like carbons heat treated up@@® or above is
done with respect to carbonization yield, linear and wm&ushrinkages, apparent
density, water immersion density, kerosene density tr&dat resistivity, transverse
breaking strength, Young's modulus as per the procedureslsgsin the following

sub-sections:

4.7.1 Determination of Carbonization Yield

The carbonization yield is obtained by the following exp@ssi

where
w = weight of heat treated specimen and
W = weight of green carbon specimen.

Carbonization vield (%) = w/W x 1(

4.7.2 Determination of Linear Shrinkage

The linear shrinkage in the final glass-like carbon pobdis determined
knowing the length of the product in the green and carborszas@s. It is given by
the expression:

Shrinkage (%) = I/L x 1C

where
| = reduction in length of the product after heat-treatnaamt
L = length of green carbon product.
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4.9.3 Determination of Volume Shrinkage

The volume shrinkage in a glass-like carbon product dféat-treatment is
determined knowing the volume of the carbon product in tleergiand carbonized

states. It is given by the expression:

Volume shrinkage (%) = v/V x 100

Where

v = reduction in volume of the product after heat-treatnaeik
V = volume of the green carbon product.

4.9.4 Determination of Apparent Density

The apparent density of glass-like carbons may be condida a
characteristic of their mechanical structure. It ised®ined from the measurements of

their mass and dimensions.

4.9.5 Determination of Water Immersion Density

(Archimedes Principle

Water immersion density is convenient way of measuriagdilty of glass-like
carbons in irregular shapes such as crucibles, tubeteciplates etc. The glass-like
carbon product is suspended by a thin nylon or synthetic dho@aan analytical
balance and its weights both in air and in distilled wates particular temperature
are determined. The water immersion density is caledl&om the relationship:

Water immersion density = i/ (w; —w,) 1 Xp

Where,

w; and w are the weights of the specimen in air and distillecewedspectively.
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And p is the density of distilled water at the temperaturéhe experiment.

4.9.6 Determination of Kerosene Density

An oven dried sample of given powder material of gladse carbon is
introduced into the weighed specific gravity bottle whis then weighed again. The
bottle is then partially filled with kerosene oil suchtth@e sample dips well into the
oil. The unstoppered bottle is then placed in a vacuussic®or and evacuation is
started with the help of a vacuum pump. The evacuatiaomginued until no air
bubbles are observed in the bottle. The remaining spatensfilled with kerosene
oil upto the full capacity and then weighed. The kerostaresity of the material is

then calculated by the following expression:

Kerosene density =w/W

Where
w = weight of the sample
W = weight of kerosene oil displaced by the sample and
p = density of kerosene oil.

4.9.7 Determination of Open Porosity

Open porosity is obtained by the following expression:

Open porosity (%) = (1 - apparent density/ kerossmsity) x 100

4.9.8 Determination of Electrical Resistivity

The electrical resistivity is determined by passingu#able current across the
cross-section of the glass-like carbon product placadden two thick copper or
brass plates and measuring the potential drop acrossownkdistance along the
length of the product with the help of a microvoltmetemgstwo probes. The
apparatus for the determination of electrical registi's shown in Fig.4.4. The

electrical resistivity is obtained from the followieguation:
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P=(V/l x A/L)

Where
P = resistivity of test specimen
V = potential drop across the probe pins
A = area of cross-section of specimen

I = magnitude of d.c. current

L = distance between the probe pins.

Fig 9: Apparatus for the Determination of Electrical Resistivity

4.9.9 Determination of Transverse Breaking Strength

Instron Universal Testing Machine Model 4411 is usedd&termine the
transverse breaking strength of glass-like carbons. Thespesimen is kept on two
knife edges held at 30 mm (span length) apart. A thiodable knife edge available
in the testing assembly is brought on to the middle tal hlb¢ specimen tight. A
slowly increasing load is applied at cross head spddsl mm/min on the specimen
through the middle knife edge till the specimen bre&tsesses so developed in the
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test are measured with the help of load cell and dembron a chart. Vertical
movement of chart corresponds to the deflection in the carbous a load versus

deflection plot is obtained. Transverse breaking strengthl@ilated as follows:

For Plates

Transverse breaking strength = ,,.,xS) / (2xbx?)
For Rods

Transverse breaking strength == m.xS) / (d®)
where

Pmax = maximum load arrived by test specimen
S = span length (30 mm)
b = width of the specimen
t = thickness of the specimen
d = diameter of the specimen.

4.9.10 Determination of Younq's Modulus

Young's modulus is determined from the load versus d#dle plot as
obtained in the transverse breaking mode of glass-likbocaon the same Instron
Universal Testing Machine Model 4411. The Young's mosliducalculated from the

formula as given below:

Young's Modulus = [$4bf’] x p/d

Where
S = span length (30 mm)
b = width of the specimen
t = thickness of the specimen
p/d = slope of initial straight line portion of loaeflection curve.
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4.10 Scanning Electron Microscopy (SEM)

The SEM image is formed by scanning a finely focused eletizam across the
sample surface. The electron beam and specimen itiberacoduce secondary electron
emission and electron-induced x-ray fluorescence. Theument is highly sensitive to
surface morphology because low-energy electrons esmalgefrom the upper atomic
layers. These escaping electrons are detected and uskd image-forming process.
Because of the high surface sensitivity of the elastrthe spatial resolution is excellent.
The average SEMs routinely attain a lateral spatsdlogion of less than 100 A. Recent

instrument advances have improved the resolution capadilihe instrument.
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Fig 10: Schematic diagram of Scanning Electron Microscopy (SEM)

44



Fig 11: A Photograph of the SEM Apparatus
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Chapter 5: Characterization of Glass-Like Carbon

5.1 Characteristics of Glass-like Carbon from Phenol formaldehyde

Phenol formaldehyde resin synthesized glass like Carbon sh@awerage
green density of 1.25g/énwhereas average bulk density came out to be 1.48g/cm
The carbonization yield was calculated to be 62% whichbatis the cross linking of
resin molecules due to methylene bridges. Volume shrankaig48% and linear
shrinkage 19% owe to the evolution of volatiles duringopysis. The simultaneous
changes in carbonization yield, volume shrinkage and greerntylans consequences
of increase in bulk density and decrease in total poro$he transverse breaking
strength and modulus of the prepared phenol formaldelagle based glassy-carbon
are found to be 288 Mpa and 22.8 GPa respectively. Tha pprosity of the glassy
carbon is found to be very low (2%) along with average s®me density of
1.51g/cn.

The characteristics of green and carbonized samplesabpformaldehyde resin
are shown in table 6,7 & 8:

Table 6: Characteristics of Green Glassy Carbon Rods Synthesid from Phenol-

Formaldehyde
Sample Radius Length Volume Mass Green Density
No.
1 0.1450 5.089 0.336 0.422 1.256
2 0.1523 5.453 0.397 0.488 1.229
3 0.1524 2.837 0.207 0.257 1.240
4 0.1427 3.901 0.243 0.313 1.256
5 0.1515 6.091 0.439 0.545 1.241
6 0.1493 6.294 0.441 0.552 1.252
7 0.1518 3.784 0.274 0.340 1.243
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Table 7: Characteristics of Baked Glassy Carbon Rods Synthesid from Phenol-

Formaldehyde
Sample Radius Length Volume Mass Baked Density

No.

1 0.1154 4.110 0.172 0.256 1.491

2 0.1203 4.382 0.199 0.298 1.498

3 0.1209 2.294 0.105 0.155 1471

4 0.1150 3.154 0.131 0.193 1.472

5 0.1215 4.953 0.230 0.344 1.499

6 0.1210 5.110 0.235 0.348 1.485

7 0.1220 3.079 0.144 0.215 1.500

Table 8: Weight loss, Radial& Linear Shrinkage, Volume Shrinlage and
Carbonization Yield of Phenol Formaldehyde heat treated to 100C

Sample Weight Radial Linear Volume Carbonization
No. Loss Shrinkage | Shrinkage Shrinkage Yield
1 39.33 20.41 19.23 48.80 60.66
2 38.93 21.01 19.64 49.87 61.07
3 39.69 20.67 19.14 49.27 60.31
4 38.34 19.41 19.14 46.09 61.66
5 36.88 19.80 18.68 47.60 63.11
6 36.96 18.30 18.81 46.71 63.04
7 36.75 19.6 18.63 47.44 63.23

The surface morphology of the glass like carbon switkd from Phenol Formaldehyde
system was determined by SEM (Leo 440) and the micrograghsges in fig-12. It is
seen from the micrographs that there is no cracks aig present at the surface and this
explains the impermeability, good mechanical and eledtpiperties obtained with the
phenol-formaldehyde resin based glass like carbon.
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Fig 12: Scanning Electron Microgram (SEM) of glassy carbm made from

Phenol Formaldehyde resin

5.2 Characteristics of Glass-like Carbon from Resorcinol

Formaldehyde

Resorcinol formaldehyde resin synthesized glass like @asbowed average
green density of 1.20g/éhwhereas average bulk density came out to be 1.48g/cm
The carbonization yield was calculated to be 59.6% whitributes the cross linking
of resin molecules due to methylene bridges. Volumenkage of 50% and linear
shrinkage 20.5% owe to the evolution of pyrolysis prosludthe simultaneous
changes in carbonization yield, volume shrinkage and greeitylans consequences
of increase in bulk density and decrease in total poroshe transverse breaking
strength and modulus of the prepared phenol formaldelegle based glassy-carbon
are found to be 233 Mpa and 23.7 GPa respectively. Tha pprosity of the glassy
carbon is found to be lower than glassy carbon obtained froemol formaldehyde
(1.5%) along with kerosene density of about 1.455 g/cm
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The characteristics of green and carbonized samplesabpformaldehyde resin are
shown in table 9, 10 & 11:

Table 9: Characteristics of Green Glassy Carbon Rods Synthesid from
Resorcinol-Formaldehyde

Sample Radius Length Volume Mass Green

No. Density
1 0.1503 7.179 0.509 0.604 1.187
2 0.1524 7.338 0.535 0.631 1.179
3 0.1517 5.631 0.407 0.488 1.199
4 0.1265 6.989 0.351 0.420 1.194
5 0.1506 5.970 0.425 0.503 1.183
6 0.1533 8.216 0.606 0.723 1.193
7 0.1310 7.324 0.395 0.496 1.256
8 0.1565 8.479 0.652 0.809 1.241
9 0.1575 8.533 0.665 0.833 1.252
10 0.1546 8.680 0.654 0.823 1.259
11 0.1550 7.064 0.533 0.670 1.257
12 0.1550 8.625 0.651 0.818 1.256
13 0.1562 7.227 0.554 0.715 1.291

Table 10: Characteristics of Baked Glassy Carbon Rods Synthesizéom
Resorcinol-Formaldehyde

Sample Radius Length Volume Mass Green

No. Density
1 0.1184 5.689 0.250 0.361 1.443
2 0.1189 5.809 0.258 0.378 1.460
3 0.1200 4.467 0.202 0.291 1.439
4 0.0982 5.534 0.168 0.250 1.494
5 0.1184 4.719 0.208 0.300 1.446
6 0.1211 6.508 0.300 0.431 1.435
7 0.1036 5.888 0.198 0.293 1.488
8 0.1256 6.806 0.337 0.487 1.445
9 0.1257 6.840 0.339 0.497 1.464
10 0.1243 6.891 0.339 0.492 1.453
11 0.1226 5.674 0.268 0.400 1.496
12 0.1226 6.927 0.333 0.488 1.466
13 0.1256 5.797 0.287 0.424 1.479
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Table 11: Comparative Properties of Baked Glassy Carbon Vs Gem Glassy
Carbon Produced from Resorcinol-Formaldehyde

Sample Weight Radial Linear Volume Carbonization
No. Loss Shrinkage | Shrinkage | Shrinkage Yield
1 40.23 21.22 20.76 50.88 59.77
2 40.1 21.98 20.84 51.77 59.91
3 40.37 20.90 20.67 50.36 59.63
4 40.48 22.37 20.82 52.14 59.52
5 40.36 21.38 20.95 51.06 59.64
6 40.39 21.00 20.79 50.50 59.61
7 40.92 20.92 19.61 49.88 59.07
8 39.80 24.43 19.73 48.31 60.20
9 40.34 20.19 19.85 49.02 59.67
10 40.22 19.60 20.61 48.17 59.78
11 40.30 20.90 18.40 49.72 59.70
12 40.34 20.90 19.69 49.85 59.66
13 40.70 19.59 19.79 48.20 59.30

The surface morphology of the glassy carbon synthe$ipen Resorcinol Formaldehyde
system was determined by SEM (Leo 440) and the micrograghsges in fig-14. It is
seen from the micrographs that there is no cracks aig present at the surface and this
explains the impermeability, good mechanical and eledtpiperties obtained with the
resorcinol-formaldehyde resin based glass like carbon.

Fig 14: Scanning Electron Microgram (SEM) of glassy carbon madom

Resorcinol Formaldehyde resin
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Chapter 6: Experimental Techniques for Manufacture

of Bipolar plate

6.1 Introduction

The phenolic resin employs in the fabrication of the bipplates in the fuel
cell because of their better binding and carbonization grtags. The fuel cell is an
electrochemical device that enables the direct andiezfticconversion of chemical
energy stored in the fuel along with an oxidant intocteleal energy. Although
discovered more than 160 years ago, fuel cells have headtrtacted the attention of
energy consuming devices manufacturers. This is due todilantages that fuel cells
offer over other energy consuming devices. However, tdespread commercialization
of the technology has not been made possible due tugheost of the fuel cell system.
The advantages that accrue with the use of fuel cellseigh their commercialization
issues. Consequently, a lot of R&D efforts are going ahimv virtually every major
automobile and power industry and in different universitissued the world. The
biggest challenge to the development of polymer eleceotyembrane (PEM) fuel cell
type for automotive applications is the reduction istaf the fuel cell stack components
(bipolar/end plate, catalyst and electrolyte membraifiée final component on the
outside of the fuel cell is the end (collector) plathjoh contains a gas flow-field on one
side and is flat on the other side. The fuel cell eurig® drawn from the flat side of the
plate. The bipolar (separator) plate provides a separatiovebn the individual fuel cells
whose function is to provide a series of electricalhemtions across different cells in the
fuel cell stack and to direct fuel and oxidant gas strdanmsdividual cells. The overall
efficiency of the fuel cell depends on the performarfdd® bipolar/end plates in the fuel
cell stack. Conventionally, these plates are made fagriaphite with machined gas flow-
field channels. Graphite plates are good performers; venweéhe machining process
required to make flow-field channels in these plategiise expensive, and consequently,
alternative materials and concepts are required to &dbribese plates.

Bipolar/end plate is one of the most important andliess components of the
fuel cell stack and accounts to more than 80% of the weaht of the stack. Bipolar
plates have to accomplish many functions in the datlstack[24]
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Main functions are:
1. Distribution of fuel gas and air uniformly over theiaetareas.
2. Heat removal from the active area.
3. Conduction of current from cell to cell.
4. Preventing leakage of gasses and coolant.

For uniform gas distribution, tight tolerances on chawmii@ensions have to be met.
Small deviations lead to reduced efficiency, reduced powé¢pubuand poor gas
utilization and should therefore be avoided. Heat rein@guires preferably integrated
cooling channels. To minimize ohms losses the materiadsdo have low bulk
resistance, and low contact resistance. The mataaginot contain components that can
poison the membrane and catalysts.

The main materials are:

electro graphite.
carbon—carbon composite.
sheet metal.

flexible graphite foil.

a bk~ w0 N

graphite polymer composite.

High purity electro graphite is an excellent material fachining prototype plates, but
material costs and process costs are generally coegittehigh for mass production.
Carbon—carbon composite is not expected to achieve aobitpbst price targets,
and needs expensive post processing (CVI). Sheet metahitgrdoil and graphite
polymer composites are potentially low cost materiaisd, ia principle suitable for mass
production. In this chapter, the development of graphiteposite is explained[25]
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6.2 Technigues to manufacture bipolar plate

6.2.1 Coat mix technigue

The initial experiments examined the concept of coatiligr fgrains by the
droplets of a binder emulsion. Such an emulsion is forrhed dissolved binder is
injected into a second liquid, the so-called precipitatiquid. In forming the emulsion
and coating of filler grains, the following criteria hadde taken into consideration:

(i) The filler has to be insoluble in the solvent of thinder and the precipitation liquid.
In the case of carbon filler materials these comakt are normally fulfilled.

(i) The binder has to be soluble in the solvent, whictoissolute with the precipitation
liquid.

(i) The binder has to be insoluble or nearly insolubléhie precipitation liquid.

Coating

Initially, different kinds of binder and feasible system$§ smlvents and
precipitation liquids were investigated. Of course, econasasons and the fact that the
reproducibility of phenol formaldehyde (PF) resins is mbetter than that of pitches led
to the decision to make all further investigations wihr&sins. Two different procedures
were developed: the “solvent process” and the “basepaoikss”.

The first process uses a solution of binder in a solheegt,alcohol, and water as
the precipitation liquid. The second process is based soldion of PF resin in an
agueous alkali, e.g. soda liquor, and acidified water agrd@pitation liquid.

Fortunately, conditions were found under which filler gsawere coated with
binder and nearly no free binder could be detected in liney.s This fulfilled an
important aim of the mixing process of filler grains witsinder, namely the

homogeneous distribution of filler and binder in the migtur

Solvent process

After dissolving the binder in an alcohol, which is mueiwith water, the filler
powder is added and, by stirring, a suspension is formed.eBhenixing follows as the
suspension is poured under stirring into the precipitatguadj during which time the
binder precipitates and coats the filler particles, amd altohol consolutes scale. A

53



disadvantage of the process may be the with the Waigr 15). salinity of the waste

water.
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Figl5: Outline of the Coat-Mix process

Base-acid process

Novolak resins are soluble in alkali solutions, producingla $he subsequent
precipitation of the binder takes place by feeding thelteeguaqueous slush into a dilute
acid. The precipitation of the binder results from ghéstitution of the weaker phenolic
acid by a stronger acid. Figure 2 shows the equations oé#otions if
soda lye is the solvent and hydrochloric acid the pitatipn liquid.

The advantage of this procedure is the avoidance of argaients. After the
mixing process the liquid of the resulting slurry comprisedew acid and dissolved
NaCl. The hydrochloric acid is neutralized by sodium hydroxidas procedure has
been used in the production of carbon fillers.

Compared with the normally used mixing processes, thee‘daisl process”
offers some advantages For example, there is thébpibg®f making the mixing step a
continuous process. Moreover, it is conceivable thasyiéhesis of the binder and the
mixing of filler and binder could be combined into one cardus procedure. Of course,
the procedure has not yet been realized on an industadd. sA disadvantage of the
process may be the salinity of the waste water.
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Fig 16: Reactions for the base-acid process

Thermal treatment

After the mixing step the filtration of the resultingisy is difficult, because the
coated filler grains and the liquid form a curd-like mas®ath the “solvent” and the
“base-acid” processes. However, by warming up the slugherumgitation to a
temperature lower than the boiling point of the solvenisitpossible to obtain a
suspension that can be easily filtered. It seems thatglthis step residues of solvent
and water are removed from the binder coatings, whighksbnto the surface, fitting the
filler grain surfaces without forming pores. The obtaisedpension can be filtered like
sand.

Decantation, filtration and drying

After thermal treatment the slurry is cooled down, désd and filtered. The filter
cake is washed with water to remove residual solverdjssolved NaCl and remaining
HCI in the case of the base-acid process. After waslimg filter cake has a water
content of about 30-40 mass%. The wet mass of coaled piarticles is then dried
without any mechanical treatment. Initially, the dryingtloé slush caused difficulties.
The moist binder coatings of the filler particles amryvsensitive to mechanical
interferences during drying, caused by, for example, stirrmagations or other
mechanical movements. Hard conglomerations are formeeg e@asily. To avoid this
difficulty a drying method called “vacuum condensationirtyyy was developed. By this

method it is possible to dry CM powders with water cotstéess than 1 mass% at low
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temperatures. Compared to other drying methods this procegs woonomically, is
energy saving and is environmentally benign.

After drying, any agglomerations formed can be crushed ibedvery easily.
The CM process is especially advantageous for the mixinne grain fillers with
binder. The maximum allowable grain size is in the rangemm. The minimum seems
to be very low, because it has proved possible to caat eery small soot particles (up
to 50 nm).

6.2.1 Direct-mix technique

After dissolving the binder in a minimum amount of alcotibe filler powder
(synthetic graphite) is added to get the paste. The padteen dries to remove the
solvent, the first in partial vacuum and then in alve Tesulting sample is then powdered
and molded.

6.3 Molding technigues

6.3.1 Hot molding technique

3gm of pulverized sample is taken in the die and is theteglan the bottom
plate of the molding press. The top plate is then led/@mtil it just touches the surface
of the die. After that, the heating is started unfihal temperature of 15Q is reached.
As the molding temperature is attained, a load of 20 Kgisapplied. The system is then
leave under these conditions for 30 minutes. After timat,heating is stopped and the
cooling of die is done in air without the removal of loAd.the die reaches a temperature

of around 60-7%C, the molded plate is removed and characterized.

6.3.2 Cold molding technique

3gm of pulverized sample is taken in the die and is theceglan the bottom
plate of the molding press. The top plate is then ledand a load of 20 kg/énis
applied. The molding is done at room temperature. The $oagdglied for 8 minutes. The
mold is then removed and characterized.
The characteristics of develop through coat-mix method darett mix methods are

given below:
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Plates from Coat mix

Table 12: Measurements of Green plates (hot -molded)

Sample| Material Length | Width | Thickness| Volume | Mass | Density | Electrical
No. Resistivity
(cm) | (cm) (cm) (cm®) | (gm) | (gm/em®) | (mQ.cm)
1 30% Phenol{ 5.032 | 1.2179 0.2379 1.458 | 2.818 1.933 24.0
formaldehyde
& 70% SG in
alcohol
2 20% Phenol{ 5.031 | 1.2177 0.2477 1.518| 2.835 1.868 10.3
formaldehyde
& 80% SG Iin
alcohol
Table 13: Measurements of 100 treated Plates(hot -molded)
Sample | Length | Width | Thickness| Volume | Mass | Density | Electrical
No. Resistivity
(cm) | (cm) (cm) (cm’) | (gm) | (gm/cnT) | (mQ.cm)
1 4,962 1.2010 0.2358 1.4085 2.65P2 1.892 1.09
2 5.010 1.2150 0.254 1.540 2.737 1.780 1.09
Table 14: Measurements of 140 plates (hot -molded)
Sample| Length | Width | Thickness| Mass| Density | Electrical | Bending | Modulus | Shore
No. Resistivity | strength Hardness
(cm) | (cm) (cm) (gm) | (gm/c?®) | (mQ.cm) | (MPa) | (GPa)
1 4,962 | 1.2026 0.237 2.655 1.870 0.93 57.56 15.06 60
2 5.009 | 1.2132 0.254 2.733 1.770 1.04 41.23 6.42 65
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Table 15: Measurements of Green plates (cold -molded)

Sample| Material Length | Width | Thickness| Mass | Density | Electrical
No. Resistivity
(em) | (cm) | (cm) | (gm) |(gm/enT) | (mQ.cm)
1 30% Phenol-{ 4.022 | 1.0058 0.4366 | 3.0233 1.7126
formaldehyde
& 70% SG in
alcohol
Table 16: Measurements of 100 treated Plates (cold Molded)
Sample| Length | Width | Thickness| Mass | Density | Electrical
No. Resistivity
(ecm) | (em) | (cm) | (gm) | (gm/cnr) | (mQ.cm)
1 3.9863| 0.9956 0.4284 | 2.8734 1.696 1.57
Table 17: Measurements of 140 treated plates (cold Molded)
Sample| Length | Width | Thickness| Mass | Density | Electrical | Bending | Modulus | Shore
No. Resistivity | strength Hardness
(cm) | (cm) (cm) (gm) | (gm/en®) | (mQ.cm) | (MPa) | (GPa)
1 3.986 | 0.9963 0.428 2.86853 1.69 1.30 32.76 | 6.934 55
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Plates from Direct-mix method

Table 18: Measurements of Green plates (Hot Molded)

Sample
No.

Material

Length

(cm)

Width

(cm)

Thickness

(cm)

Volume

(cm®)

Mass

(gm)

Density

(gm/cn?)

Electrical
Resistivity
(mQ.cm)

30% PhenoH
formaldehyd
e & 70% SG

in alcohol

2.691

1.214

0.2577

0.842

1.64

19

1.95¢

)

9.71

Table 19: Measurements of 100 treated Plates(Hot Molded)

Sample
No.

Length

(cm)

Width

(cm)

Thickness

(cm)

Volume

(cm®)

Mass

(gm)

Density

(gm/cn?)

Electrical

(mQ.cm)

Resistivity

2.651

1.195

0.2561

0.8472

1.54

3 1.90P

1.08

Table 20: Measurements of 140 plates (Hot Molded)

Sample
No.

Length

(cm)

Width

(cm)

Thickness

(cm)

Mass

(gm)

Density

(gm/cn?)

Electrical
Resistivity
(mQ.cm)

Bending
strength
(MPa)

Modulus

(GPa)

Shore
Hardness

2.651

1.1956

0.2582

2.263

1.88

0.94

49.8

9.94

67
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Table 21: Measurements of Green plates (Cold Molded)

Sample
No.

Material

Length

(cm)

Width

(cm)

Thicknes
S

(cm)

Mass

(gm)

Density

(gm/cnT)

Electrical
Resistivity
(mQ.cm)

30% PhenoH
formaldehyd
e & 70% SG

3.8485

1.025

0.462

2.701

1.48

49.47

in alcohol

Table 22: Measurements of 100 treated Plates (Cold Molded)

Sample
No.

Length

(cm)

Width

(cm)

Thickness

(cm)

Mass

(gm)

Density

(gm/cnT)

Electrical
Resistivity
(mQ.cm)

1

3.775

1.01

0.452

2.538

1.47

3.03

Table 23: Measurements of 140 plates (Cold Molded)

Sample
No.

Length

(cm)

Width

(cm)

Thickness

(cm)

(gm)

Mass

Density

(gm/cn?)

Electrical
Resistivity
(mQ.cm)

Bending
strength
(MPa)

Modulus

(GPa)

Shore
Hardness

1 3.330

1.01

0

.45

2.26

1.47

2.74

21.76

2.45

43
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Chapter 7: Applications of Glass-Like Carbon

7.1. Introduction

It has already been shown earlier that glass-like carboa engineering
material as it combines some of the properties o$glsuch as lusture, mode of
fracture and imperviousness with those of normal indalsttarbons. Its chief
characteristics such as high strength and hardness, rsgttarece to corrosion and
erosion, low porosity and permeability make glass-tiagbon a versatile material in a
wide range of analytical, metallurgical, mechanicalectical, electronics and
biomedical applications. Further, it has also been meaticcthat the manufacturing
technology of this form of carbon has been kept highly sereand consequently
there are only few firms in the world. It has been shovat glass-like carbons can be
developed by the controlled carbonization upto a tempegaif 950°C or higher of a
suitable phenol formaldehyde resin precursor. The clenatits of glass-like
carbons made in the present investigations have been fouodntpare well with
those available commercially. The present chapter descithe development and
applications of glass-like carbon in biomedical, seméiactor, analytical and other
specialized fields. It has been demonstrated over thetwasdecades that carbon in
all its forms including the glass-like form is unigyebiocompatible with living
tissues and is now universally accepted by the surgesnmplantation in the body.
Several publications point out the use of glass-likb@aror vitreous carbon for heart
valve, dental implants and percutaneous connections in the body.

Glassy carbon artifacts find numerous applications irmfaf crucibles,
beakers and other vessels, components of ovens etc., Isuifab elevated
temperatures and harsh environments (zone melting, monalsrypreparation,
decomposition by acids, hydroxides). Tip electrodess gacemakers, some bone
substitution, artificial tooth roots, and special plafes cultivation of microbes.
Important utilization is in analytical electrochemistry.
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7.2 Glass-Like Carbon Artifacts for Analytical Applications

7.2.1. Glass-Like Carbon Crucibles for Silicon Pro&®sg

Besides the use of glass-like carbon dental implantsytefare made to use
glass-like carbon crucibles in silicon processing aapion for solar energy
utilization. Solar grade silicon is melted in spe@adphite crucibles at 1450° C and
allowed to recrystallize in the process of coolihglihe graphite crucibles have to be
of certain strict specifications in respect of dens#ttyength, thermal expansion and
purity. Such graphite crucibles are not commercigifpduced in the country and
have to be imported at premium prices.

The crucibles are used for melting and crystallizabbsolar grade silicon. It
has been found that these crucibles work successfully utithony breakage which
usually occurs during the solidification of molten calh. It can be concluded from
the present investigations that glass-like carbon cregilsbn serve well in silicon

processing for solar energy utilization.

7.2.2. Glassy Carbon Resistor Plates and CruciblesThm Film

Applications

Glass-like carbon artifacts have potential applicationthe field of thin films,
where this material can be used either as resistbegt high current capacity or as
crucibles. The test material is taken on the residaiemr in the crucible and is made
to evaporate under conditions of high temperature and yaghum to result in the
deposition of thin films on suitable substrates.

Test tubes made from glassy carbon are universally uselhbioratories
worldwide for carrying out chemical analyses and also tloe preparation of
fluorophosphate and other glassy materials. Test tulbegdded in glassy carbon are
also used in the growing of single crystals and othea-ligh purity materials. Tubes
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Fig 17: Various artifacts made from Glass-like Carbm

and other shapes fabricated from glassy carbon are useihefozone refining of
metal$32].

72.3 Glass-Like Carbon Electrodes

Electrodes can be easily fabricated from oligomers byation of a thin film
on conventional glassy carbon followed by thermal treatnm@mby compressing the
materials in powder form into 1-cm diameter pelletboived by thermal treatment to
form doped glassy carbon. The electrodes fabricatedhdsettechniques function as
practical electrodes. Method of preparation allows fbe preparation of novel

electrodes in which precious metal particles areatsgpd within the carbon matrices.
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Biochemical Sensors

DNA deposited on nano-sized Au assembled on a glabsra&lectrode by an
electrodeposition process. This modified electrode ssectively determine uric acid
and norepinephrine in the presence of a larger amount oftas@cid33].

For Quantitative Analysis of drugs - electrochemicatisetreated glassy
carbon electrode is used e.g. for Azithromycin in Pharonacads [34]

Inert Redox Electrodes

for electrometric redox titration, potentiometric ooltametric electrodes for
acidobasic analysis, also in the non-water solvents).Inerteca of mercury film

electrodes.

RVC - Reticulated Vitreous Carbon

Open pore foam material composed solely of vitrezarbon - Porous Electrodes for
electrochemical processes that require very high curdistribution areas, low
electrical or fluid flow resistance, and minimal cedlume loss to electrodgb].

High Temperature Insulation

for inert gas and vacuum furnaces where its easebatéion, self-supporting
nature, low density, low outgassing, low heat capaagity @xcellent K value combine
to improve efficiency and reduce costs over conventiarsllating materia[85].

Filters and Demisters

for molten metals, corrosive chemicals, high or lemperature gases and
liquids, where maximum chemical inertness combined vgtod filtration and

detrainment is needfb].
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Storage Batteries

in high energy density batteries, such as the sodiumfswdhd lithium

aluminum/ iron disulfide systems, where its uniqueging" effect on infused

materials benefits performance, reduces[86%t

Pt-HGC as a Fuel Cell Cathode

A catalyst was prepared by dispersion of the polymecymsor Hetero-atom doped

glassy carbon (HGC) on high surface area carbon, folloledhermolysis under

controlled conditions. The so-obtained black powder thaa dispensed in a Nafion®

and glycerol solution to yield an ink, which was then aplto the polymeric

membrane. The electrochemical cell is then assembleddingao Fig. 6.3. A gas

diffusion backing carbon cloth is sandwiched between eachreder and graphite

block in order to allow even diffusion of the gasestba catalytic films.It is also

being used in Fuel cells as separator and electrodg3bdse

O inlet “Teflon gaskens g inbet

Giraphite block

O3 outler Ho cutler

Mafion membrane

Fig 18: Fuel Cell Assembly
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Microcrystalline Platinum Doped Glassy Carbon

A electrode designed to incorporate platinum in glasspara involved the
dispersion of commercially available Platinum (V) @i in the parent carrier
polymer. Poly(phenylene diacetylene) was mixed with 0.28 4 atom % of
platinum(lV) oxide. The intimate mixture was then presaed thermally treated to
600 °C to form pellets of glassy carbon. These platinuBCHelectrodes exhibited
excellent stability and no evidence of degradation wasdoafter several thousand
reduction cycles. However, overpotential of 50-100 mVcomparison with a bulk

platinum electrode, was found for the reducfipj.

6.2.5 Semi-Conductor Manufacture

Glass-like carbon offers unique advantages in etchingd#ghgsion treatment

carriers, reduces manufacturing ¢a85.

6.2.6 Acoustic Control

A specially densified form combines outstanding higimgerature resistance

in non oxidizing environments with excellent noise absorpiotine 250 Hz to 3 kHz
rangg35].

6.2.7 Reference Material for Thermal Expansion of $id

Glass-like carbon is a candidate reference materrathfiermal expansion of

solids, in particular, at high temperatis.
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Chapter 8: Result and Discussion

Developments in the field of glassy carbon and its apjdoa have been
reviewed. Phenol formaldehyde and Resorcinol formaldehgdms have been used
to synthesize glass like carbon. Characterization osglaarbon by studying various
properties like green density, bulk density, volume rdtage, transverse breaking
strength, electrical resistivity and SEM have been studldet results of various
property measurements show consistency with the establistezdture and are

comparable to that of commercially available glassyon.

Glass like carbon synthesized from Phenol formaldehydmsdsas better
mechanical and barrier properties than those from Resdrcrmaldehyde and hence

is used as binder in preparation of bipolar plates.

Characterization of bipolar plates by studying variouspprties like green
density, bulk density, transverse breaking strength, etattresistivity and shore

hardness have been studied.
The better mechanical and electrical properties of laipplates prepared by

Coat-mix technique is due to uniform distribution alomgh better binding of filler

material.
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Chapter 9: Conclusion

1. The glassy carbon, can be fashioned into multitudinous fomngh are

3.

universally used in semiconductor, electronic, biomeidianalytical and other
specialized fields namely thin film deposition and otimelustries Its hardness
is close to that of diamond but its appearance (e.gkplscreminiscent of

graphite and has crack propagation, glass-like lusane impermeability of

glass. High thermal conductivity, no adhesion of nobldammelts, longer

service life than graphite crucibles, resistance tornthé shock make it

excellent replacement for graphite, metal electrodetheilOthen cost of
manufacturing there is no reason to limit use of gldssdarbon.

. It is also evident from the observations that the colddembipolar plates lead

to lower mechanical and electrical properties as @ey to hot molded
plates. Thereby showing the hot molding is necessargttbefter properties.

The composition of the properties of the samples devigtlapugh the coat-mix
is better method as compared to Direct mix technique.
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