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MES OPHASE Pl TCH DERI VED GRAPH TIC CARBON FOAM
SUMMARY

The recent devel opnent of newtechnol ogy devices e nerge the requirement of the
light weight and nore efficient ther nal nanage ment materials. The main concept of
these ther mal manage nment naterials applications are highther nal conductiuty, low
wei ght, lowcoeffident of ther mal expansion high specific strength and | ow cost.

Conventional ther mal manage nent materials have centered on al umnumand copper
duetoits highther mal conductivity (180 W m Kfor alumniumand 400 W m Kfor
copper). When the weight is takeninto accourt, the specific ther nal conductiuity
(ther mal conductivity divided by specific gravity) is only 54 and 45 WmK
respectivel y.

Carbon foam naterials are used since 1960’s. Existing carbon foans are used as
ther mal insulator or structural reinforcenent until 2000. The opti mzation in
production techniques of carbon foamresulted in high ther mal conductivity low
density nmesophase pitch derived graphiticfoam The pitch derived graphiticfoamis
usedinther mal management devices such as radiator, heat exchanger.

The goal of thisstudyis toproduce graphitic carbonfoam Msophase pitchis used
for precursor. Fitch is heated above the softening point in autoclave and then
pressure is applied Geen carbon foamis obtained Then, it is stabilized and
carbonized Followng these initial stages, carbon foam is graphitized up to
tenperature of 3000 °C. Gaphitized carbon foans are characterized with the
scanning electron mcroscopy, x-ray diffractonetry, and helium pycnometry. Aso
ther mal diffusivity of the sanples are neasured by laser flash apparat us.

The struct ures and properties of the produced graphitized carbon foans are obtai ned
withrespect tothe paranetersinvol ved and furt her usi ngt he characteri zation results.
The effect of foamng pressure, process tenperature and pol yer additives on the
structure are investigated.

As aresult of these experi nents it is found that; t he structure of the carbon foans
obtained at tenperatures higher than 300 °G showed deterioration in the cell,
liganents, and junctions. Polynethyl nethyacrylate (PMMA) and Pol ystyrene (PS)
additives resulted in smoother carbon foam topography. This structural change
acconplished wthloss of foamng quality for the case of PS addition conparedto
P MMA H gher operating pressure ended with honogeneous, interconnected better
aligned structure. Gaphitized foans obtained at 68 bar have better formation in
ter ns of i nterlayer spacing, stack height, crystal size and graphitization degree t han
ot her obtai ned foans.

viii



MEZOFAZ Zi FT BAZII GRAFI Ti K KARBON KOPUK
OZET

Teknol ginnilerlenesiyle agirhi @ diisiik ve yliksek veri nhi 1s1] yoneti mci hazl arina
duyulan i1htiya¢ art mstir. Bu 1s1l yoneti m uygulanalarindaki anmag yiiksek 1sil
iletkenli ge sahi p diigtik agirliki, 1s1l genles ne katsayist diigtik, dayant m yiiksek ve
tireti m naliyeti diigiik tutmaktir.

CGeleneksel yontende kullamlan 1s1 yoneti m yiiksek iletkenlige sahip bakir ve
al im nyumiizerinde t oplanmstir ( alimnyunun 1sil iletkenlig 180 WmK bakirin
sil iletkenlign 400 Wm K). Agirlik hesaba katild g nda spesifikisil iletkenli g@in
(1s1l iletkenlik yogunl uk) ¢ok disiik ol dugu gorilir. Aimnyumun spesifik 1sil
iletkenlig 54 Wm Kiken bakir icin bu deger 45 W m K dir.

Karbon koptigii 1960’ dan beri kullanl naktadir. Mevcut karbon kopiikleri 2000
yilina kadar 1s1 izolasyonunda veya yap giiclendiricisi olarak kullanl naktayd.
Karbon kopiigl tlreti mtekniklerinin daha uygun hale getiril nesiyle yiiksek 1sil
iletkenli ge sahip, diigiik yogunl ukl u nezofaz zft bazl1 grafitik kopiik el de edildi. Zft
bazl1 grafitik kopiik radyat ¢r, 1s1 de@stiricisi gbi pek ¢ok cihazda kullamlmaktadir.

Bu ¢alisnmamn anmact grafitik karbon kopiigii tret nektir. Mezofaz ziftin ha mmadde
olarak kullamld@ bu c¢alisnada, zft erine sicaklignn Ustiinde bir sicakliga
ot oklavda 1sitilir ve yiiksek basinca tabi tutulur. Hde edilen ham karbon kopiigi
stabilizasyon ve kar boni zasyon asa mal arindan geger. Daha sonra 3000 ° Cde grafiti ze
edilir. Gafitik kopiik taranali elektron mkroskobu, X-1sim diffraktometresi ve
hel yum pi knoretresi kullamlarak karakterize edilmi stir. Ayrica lazer flag cihaz ile
11l diffusivitesi d il miistiir.

Karakterizasyon sonuglarina goére ise dedisik proses sartlarinda iiretilen karbon
kopligiiniin yapist belirlenms olur. Bu ¢alisnada degisik basinglar, sicakliklar ve
katki naddel erinin kopiik yapisina etkisi incel enmi stir.

Yapilan deney sonuglarinda, 300 ° C den yiiksek sicaliKlarda iiretilen kopiikl eri nde
hiicre, liganent, baglant1i noktalart agisindan  gerilene  gozlenmstir.
Poli netil netakrila (PMMA) ve Podlistiren (PS) ilaveleriie karbon kopiigiiniin
ylizeyi ni n daha piirlizsiiz ol dugu g6zl enmstir. PS katkil1 karbon kopiigiinde (P MMA
kat ki1 karbon kopiigiine oranl a) gdzenek ve hiicre yapi st mn bozul dugu gozlenmstir.
Artan basingla honojen gozenekli ve diizenli bir yapiya sahi p karbon kopiigii el de
edil mstir. 68 bar basingta el de edilen karbon kopiigli, tabakal ar arasi nesafe, y1gn
yogunl ugu ve yiiksekli g agisindan di ger basinglarda el de edilen kopiikl ere gére daha
1yl sonug ver msgtir.



1 INTRODUCTI ON

On the fields of devel opment of advanced materials technol ogy has been driven by
the requirerent for i mproved nore efficient and light weight ther nal manage nent

materials.

Contenporary ther mal managenent materias have centered on aluminum and
copper due totheir high ther mal conductivity. However, inadvanced device wei ght
is significant concern Therefore research of lighter weight ther nal manage ment

materias arethe interest of many researchers.

Carbon foans have been studied since 1960’s [1]. Msophase pitch-based carbon
foans are provingto be popularinthe fiel d of carbon materials. Its popularityis due
to producing high pore structure, high ther mal conductivity and low density.
Mesophase pitch derived graphitic carbon foans can be considered as an
interconnected net work of graphitic liganents. Therefore graphitic carbon foans
have high ther mal conductivities along the ligaments of the foam Their ther mal

conductiwities are five times higher than copper and sixti nes greater than alumnum

Inthis study, mesophase pitch based graphitic carbon foam wll be produced The
effect of different process paraneters (pressure, tenperature and additive) on the
properties of carbon foam wll be investigated by the several characterization

et hods.



2. GENERAL I NFORMATI ON ABOUT CARBON AND CARBON FOAM

21 Qarbon

Carbonisthe nost i nportant elenent for all living organismon the Earth, because
all organic conpounds are conposed from carbon net works. Carbon materiadls,
whi ch consist of nainly carbon atons, have been used since prehistorictinesinthe
for mof charcoal. [2]

Carbon has an atomc weight of 12 anditisthe sixhelement inthe periodictable.

Threeisctopes are nostly known: G **G **C Carbon-12 and carbon-13 are stable
isctopes. They do not spontaneously change their structure and disintegrate. *2C
accounts for around 99 % of the naturally occurring carbon andis used as reference
definition of atonic mass. **Cis used as probe in nuclear nmagnetic resonance
because of its magnetic mo ment (spin=1/2). * Cisradi oactive and has | ong half life
of 5730 years andis used extensi vel yinthe dating of archaeol ogical artifacts and as

a ‘label’ inthe study of organic reaction nechanisns. [2]

The configuration of carbon atomis shownin Fgure 2 1 Carbon has four el ectrons
inits valance shell (outer shell). Sncethe energy shell can hol d ei ght el ectrons, each
carbonatomcanshare electrons withuptofour different atons. It nakes advantages
toconbine wth dfferent kind of atons as well as it self. [3]

til 0 2 2
25

<GOaomzm
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Hgure 2 1 Energy levels graph of carbon atom[4]



2.2 Bondi ng incarbon materid

Bonding in carbon compounds is explained by two principe regi nes as described

bel ow

1 o-bonds: dianond or aliphatic type. This result in chain of carbon atons
such as polyolefine’s, or three di nensional structures which are rigd and
isaropic.

2 A mxue of o and = bonds: graphite aromatic type. This results in

predom nantly layered structures wth high degree of anisaropy.

The majority of carbonaceous naterials contain exanples of both bonding regi nes

with ani mmense range of conplexty [3)].

2 3 (rysta structures of carbon

Carbon atons can have three different hybrid orbital, sp®, sp?, and sp. This variety
makes carbon atomt o have different for ns t hereforethere are many ki nds of carbon
allatropes. Danond, graphite and fullerene are mostly known. G- Cbonds using sp®
and sp® hybrid orbital was known in the construction of dianond and graphite

respectivel y. Fullerene is constructed by conbining sp and sp? hybrid orhital [5]

D anondisthe one of the hardest materia and has no col or. Its structure consists of
reguar three di mensional networks of sp®> o bonds with long range periodical
repetition Mbst dianond crystal bel ongs to cubic system Danmond is used as an
electrical insulator because of itsfixed bondi ng electron withint he dianondl attice. It
is used as industrial cuting tods due toits hardness (Rgure 22) [5 ).

Hgure 22 Sructure of dianond [7]



Graphitestructure (see Figure 2 3) has sp? cand 7 bonds. It represertsthe hexagonal
crystal systemwththe reguarity of ABAB Thereis a o bond bet weenthe layers
and the m bonds between the stack The small amount of nateria is stacked
according tothe ABCABC whichis known as rhonmbohedral form This material
accounts for lessthan 10% of the graphite. G-aphiteis a good conductor of heat and
electricity. Sincethe energy for slidnglayers over one anather islow graphiteis
very soft naterial. Thus, it used as alubricart [3].

Hgure 23 Gaphite structure [7]

Fullerene (see Fgure 2 4) was discoveredin 1985. Itisthe cage nolecul e of carbon
The nature of bonding closetothe sp? bond but it isn’t clear. The hybridizationis
modi fication of the sp* hybrid zation and sp? hybridization It neans thesigma (o)
orbital don’t display o character, and the pi (w) orbital don’t display = character

purely. Fulereneisthe one of the well known superconductive nateria [5].

FHgure 24 Fulerene Mlecue [§]



2.4 Hstoricad Overview of Carbon Materids

Carbon, inthe for mof charcoal, is an elenent of prehistoric discovery and was
famliar to nmany ancient civlizations. A historical perspective of carbon and its
allaropes are shownin Fgure 25

Pre-1880
Lanp Hack (writing)
Charcoal s (gunpowder, nedicine, deodorarts)
Natural graphite (witing nateria)

1880- 1940
Activated carbons

G bon blacks

Goal coki ng (coal-tar pitch)
Celayed coki ng

Synthetic graphite and dianond
1940-1999
Cur bon fibers (PAN

Gar bon fi bers (pitch-based)
Gar bon fi bers (' micropor ous)
Garbon/ resin conposites
Grbon/ carbon conposites
Speciality activated carbons
Girbon as a catal yst support
CGrbon wskers / filanents
P ost heti cs

Irtercal aion conpounds
Gaphite/ oxi de refract ories
Pyrd ytic carbon

Qassy carbon

Msocarbon nicrobeads
Danond fil n3
Danond-like fil ns

Hastic carbon

Full erenes

Nanat ubes

Nanor ods

Hghther nal conductivity graphite foans

Hgure 25 Adagramindicatingthe grow h of carbon naterias[2]



2.5 Qrder and Osorder in Carbon Miterias

Carbon nmaterial can be classified wthrespect tothe proportion of the ordered and
disordered structure. The proportions of themare related wththe properties of the
material.

251 Mre Qrdered Sructures

Or deredstruct ure can be i nmagi ning by graphitelattice. Small vol urnes exhibit perfect
graphite crystal structure. As volumne increases, the presence of defects, distortions
and heteroat omdestroythe regul arityand produce disordered nateria. Layers can be
slide over anat her layer by little anount of energy. Asot wsting makes the structure
parallel and equidistant layers, but wth random orientation These are called
‘turbostratic’ carbons. [3,9] The dianonds like parts of the most carbon materials
have shorter range order than graphitic regions, although large proportions of the
disordered parts are aliphatic order. Defects and irregul arities can be observedinthe

long range orders [3].

252 Less Qrdered Sructures

Carbon materials can be classified by the isaropy and anisaropy. Anisctropic
carbons have ordered and graphitic structure. Isatropic carbons have randomy
arranged materials. The order can be i ncreased by further heat treat nent. The crystal
structure changing by heat treat ment is showninFgure 26[3].

900C

S
1200 ic

(Q\ 1400 C
Q »Q ‘\Q@ 1700°C

Hgure 26 Mrsh Giffiths nodel of carbonization/ graphitization process [3]



2.6 Carbon For ns

2.6.1 Graphitic and Non- Graphitic carbons

Graphitic carbons are all varieties of material consisting of the elenent carboninthe
allaropicfor mof graphite irrespective of the presence of structural defects. Natural
graphiteis a mneral consisting of carbonregardess of crystalline perfection Sorme
natural graphite’s showa hi gh degree of perfection but nost are mnedinthe for mof
flake graphite’s containing other mneral natter. Synthetic graphiteis defined as a
materia consisting mainly of graphitic carbon, which has been obtai ned by neans of
a graphitization heat treat ment of a non graphitic carbon or by chemca vapor

deposition (CVD) fromhydrocarbons at tenperatures above 1800° C[ 10].

Non-graphitic carbons are all varieties of substances consisting nainl'y of the el e nent
carbon wth two-d nensional long range order of the carbon atons in planar
hexagonal networks, but wthout any neasurable crystallographic order in the
c-direction Many non-graphitic carbons can be converted to graphite by
graphitization heat treatment to above 2200 °C

262 Qaphitizabe and non Graphitizabe Carbons

Non- graphitizable carbons (see Hgure 2 7) can not be transfor ned into graphitic
carbon solely by heat treat nent at tenperatures of 3000°C or above under
at mospheric or | ower pressures. Non G aphitizable carbons are produced fromwood,
nutshells and nonfusing coals. During heat treat ment, their macronol ecul ar structure
does not change. Fusion can not take place only snall nolecules leave fromthe

structures, and at the same ti ne nore cross linking structure occurs [ 10].

Graphitizable carbons can pass flud stage duringthe heat treat nent. Mol ecules can
growand large aronatic ol ecules can be for ned Thus they align with each ot her

so graphitic structure can be devel oped [ 10].
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Hgure 2 7 Sche natic representation of nongraphitizable (left) and graphitizable
carbon (right)



2.7 Carbon Foam

Carbon foam has been produced from different kind of precursors since 1960’s
such as synthetic nmesophase pitches [11, 12], coal tar and petrdeum pitch [13],
coal [14], polyacrylonitrile (PAN [15], polyurethane [16], vinyflidne chloride
polyner [17], phendlic polyner [18] and pyrdizable organic compound such

as sugar or celluose [19].

The carbon foam is an alternative material to traditional naterial in many
applications due to its unique properties. For exanple, carbon foam is used
asinsulaor and conductor material accordingto the operatingtenperature. Carbon
foam has low ther mal conductivity when it is produced below the tenperature
of 1000°C Incontrast, carbon foamhi ghther nal conductivity whenitis produced
above thetenperature of 2500° C  Carbon foam conducts heat sixti nmes faster than
copper and four tines faster than alumnum [20]. The ther mal properties
of the carbon foamcomparedto other ther mal managenent material are illustrated
in Table2 1

Table 2 1 Ther mal properties of pitch derived carbon foans conmparedto other
ther mal nanage ment naterials [21]

Ther nal Specific ther nal
. Conductiuty conductivity*
Mat erial Specific
gravity In-plane Qut-of- In-plane Qut-of-
pl ane pl ane
(WmRK (WmK (WmK (WmK
ARA24 derived foam D 0.57 149 149 261 261
Conoco-derived foam D 0.59 134 134 227 227
Typical 2- Dcarbon carbon 188 250 20 132 10.6
EWC- 300/ Cyanate Ester 172 109 1 63 0.6
Copper 89 400 400 45 45
Aumnum 277 150 150 54 54
A unnumhoneyconb 019 - ~10 - 52
A umnumfoam 0.5 12 12 24 24

*defined as ther nal conductivity dvided by specific gravity



Carbon foamhas nearly 90 % open pore structure. The density of carbon foamis
ranging from0.20 g/cni to 0.6 g/cni. Carbon foamhas high porous structure and

unifor mpore size distribution (average bet ween 10 and 500 mcrons) [13].

Carbon foamshows highly ordered graphite properties when it is graphitized It
exhibits average interlayer spacing as low as that of perfect graphite [21]. For
instance, carbon foans produced by Kett et al.[22] has a 0.336 nminter layer
spacing and 203 3 nmcoherent length (La) and 442 nm stacki ng hei ght (Lc).

2.7.1 Hstory of Carbon Foam

Walter Ford [1] first devel oped carbon foamin thelate 1960’s. This initial carbon
foam was produced by carbonizing ther mosetting polymer foans to obtain

reticu aed vitreous (g assy) carbon foam whichis shown Fgure 2 8

Hgure 28 ATypica RVC foam[2]]

Googinet al. [26] produced carbon foamby poly nerization of furfuryl alcohaol and
urethane to get partidly cured urethane foamin 1967. It was the first process to

contrdlingthe structure and nateria properties of carbon foam

Researches focused on variety of applications of carbon foam Carbon foam was
used as electrode, insulator, filter, catalyst bed and catal yst support. In addition,
carbonfoamwas used asthetenplate for many of the netal. In 1970’s and 1980’s,
alternative precursors and processing conditions were expl ored for produci ng carbon

foamand nodifying its properties [16, 17, 23 24].



In1976, Raleyet. al. [17] used vinylid ne chl oride pol yners wthammoniato derive
carbonfoam This carbonfoamhad been used as a catal yst support and filter material

for gases, such as dgarette s moke and liqui ds.

In 1981, Bonzomet. al. [13] devel oped carbon foamfrom petrodeumand coal tar

pitch The carbon foamwas used for ther mal and sound i nsul aing.

In 1988, Hopper [18] dissdved pul verized sodium chl oride partides and phenolic
pol ynericresinintotetrahydrofuran (THF) as a precursor of carbon foam

Inthe early 1990’s nesophase pitch derived carbon foamwas discovered [25]. This
wor k was focused on the devel oping a highly structural light wei ght material which
exhi bits very high specific ther mal conductiwty.

In1997, Wett, J. [22 27-29] at the Cak R dge National Laboratory( ORNL) reported
the first graphitic foans wth bul k ther mal conductivities upto 180 Wm K They
used napht hal ene derived nesophase pitch as a precursor. Due to high bul kt her nal
conductivity, the graphitic carbon foam is a potentia nateria as ther nal

manage ment naterials.

2 7.2 Preparation and Characteristic of Msophase Htch Derived Graphitized
Garbon Foam

2.7.21 Msophase Htch

The nesophase phenomenon is discovered in 1965 by Brooks and Taylor [30].
Mesophase neans sphere and nosai ¢ substances t hat for mbefore t he salidfication
When hydrocarbon is heated under inert at mosphere, it condenses to large planar
mol ecules. As the nolecules grow they nucleate and growa liquid crystal phase,
calledthe mesophase. The liquid crystal phase consists of stacki ng planar nol ecul es
that are footprint of the graphitic pellets [30].

The mesophase pitch based carbon foam was produced at the Wight Patterson Ar
Force Base Materials Labin 1990’s [31]. It is a synt hetic napht hal ene derived pitch
whichis 100 %anisaropic mesophase.

Mesophase pitchis derived fromvarious precursors such as petrdeumand coal tar
and ot her synt hetic precursors. Mesophase pitches derived fromsynt hetic precursors,

such as Mtsubishi AR pitch whichis prepared by the cata ytic pol ynerization of
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napht hal ene using HF- BR; catal yst [32 33], have nore honogeneous compositions
conparedto mesophase pitch derived frompetrdeumand coal tar pitch[34]. Hgure
2.9 schematically shows the presentation of the structures of Mtsubishi AR and
typical petrdeum mesophase pitches [21].

Synthetic Mesophase pitch is preferable precursor for high ther nmal conductivity
carbon foam materias. When a synthetic mesophase pitchis used the donains are
stretched al ong the cell walls of the foamstructure and thereby produce a highly
aligned graphitic struct ure parallel tothe cell walls [11]

@) (b

FHgure 29 Sructure of mesophase pitch (a) AR mesophase pitch (b) Atypical
petrd eum mesophase [21]

27.22 Foamng Mchanism

While nesophase pitchis heated nesophase nolecules begintoenlarge and weaker
hydrogen bonds deconpose. \olatiles coalesce into larger bubbles while
the preferred orientation occurs inthe pitch Mesophase nolecules beginto align

on the surrounding of the bubbles. Hgh nolecule weight conpounds i npede
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the flow of bubbles tothe surface A the same tine, there is additional stress
on the pitch due tothe applying pressure. Bubbles enlarge inthe depressurization
step (see Fgure 2 10). After the pressure release, they rapture (like boiling water)
and interconnected pores occur

H gure 2 10 Bubbles growt h under applied pressure [35]

The related ter mnol ogy isindicatedinthe Hgure 2 11 for a better understandi ng of
the evaluation of foam As it can be seen from the figure, cell has a spherical
geomnetry wth open pores. The nunber of the pores generally varies bet ween one and
four. These pores are interconnected to other cells. Interlayer bet ween the cellsis
defined as liganents. Thisis the part where rod-like mesophase nolecules aligned
and layered which causes graphitic structure at the further step of heat treat nent.
Junctions are located between three or nore cells. Non unifor mel ongated region
inside the cell are defined as cracks. The cracks affect the strength of the material.

Cell Wl
Orack

Open Pore

Junction

Hgure 2 11 The ter mnology used for SEM phat ographs of carbon foam
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2.7.2 3 Sahilization of Carbon Foam

Stahilization is described as pronotion of cross linking bet ween molecul es
andthe renoval of snaller nolecules by deconposition Sabilizationincludes both
oxygen diffusion and oxidative reactions. Oxygen diffuses to reaction sites and
product gases rust dffuse out [36, 37].

Ther no gravi netric analyses of the stabilization process indicate that conpeting
chemcal processes involve both weight gain and weight loss. Wight gain
predom nates at | ower oxi dationte nperat ures and shorter periods of ti ne. However,
weight loss predomnates at higher oxidation tenperatures and longer periods
of ti me. The weight gain period is acconpanied by the production of H, H O
whereas the weight loss period is acconpanied by the production of CH,, CO
and CQ [38 39].

Rel ative rates of oxygen diffusion and oxi dation reacti ons depend on reactivity of
precursor, tenperature, sanple thickness and reactivity of oxidants. Sabilization
reactions begin wththe aliphatic side chains. Then aronatization and cross linking
are folowed Sabilization influences the performance of resuting product.
Insufficent stabilization allows defor nation after carbonization Excessive
stahilization causes deconposition of introduced oxygen group and more defects
[40-42].

2 7.2 4 Carboni zation of Carbon Foam

Car boni zationis a pyrad ysis processtoincrease content of t he el e nent carbon at i nert
at mosphere. The precursor is heated slowy in an inert environnent. The organic
material is deconposed into a carbon residue. Volatile compounds diffuse out
structure. Wight loss occurs during the carbonization stage [43 44]. Several
reactions such as dehydrogenation condensation and isomnerizationtake place at the
sameti neinthe carbonization process. Lower heatingrates andl onger soaki ngti nes

reduce carboni zation yield during carboni zati on [43-45].

2.7.25 Graphitization of Carbon Foam

Graphitization is the transfor mation of non graphitic carbon into graphitic carbon
by neans of heat treatment at tenperatures between 1700 ° C and 3000 ° C [ 46].
During graphitization crystal size increases from50 A to 1000 A and irnterlayer
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spacing decreases from 3.44 A (anorphous carbon interlayer spacing) to the
3.35 A (graphitic carbon interlayer spacing). G aphitization invol ves displace nent
andrearrange ment of planes ands nall groups of planestoachievethree dimensional
or dering [47].

The nechanismis schematically explained in Fgure 212 Basic structural unit
(BSU), isa paralld stack of t wo or four layer planes each containingless than 10-20
aronatic rings. A stage 1, up to 1000 °C heat treat nent tenperature (HTT),
the carbon contains flat BSU with a high degree of disorientaion Between
1000 and 1500 °C (stage 2), the BSU grow thicker and colummar arrays
look like stuck of coins. In stage 3 around HTT= 1500-2000 °G the
disoriertation between the coumms of BSU decreases, carbon layers planes
can for m by coalescence of adjacent BSU A the final stage, above 2000 °G
perfect carbon layer planes are produced Fornation and growh of graphite

crystallites occur [5].

Stages
A
4 =
e
(4) flat layers
3
(3) dstofed layers
2
1

v

1000 1500 2000 2500 3000 °C

Hgure 212 The nechanismof graphitization [5]

27.26 The Role of Structure onthe Ther mal Conductivity of Graphite Foam
Heat istransferredinthe saidbytwo nechanisns. These are el ectrons and phonons.
The nethod for assessing the mechanism of ther nal conductivity depends on

calculation of the Wedmann-Franz ratio as function of tenperature:
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Thermal Conductivityx Elecrical Resistivity
Temperature

Wiedman - Franz Ratio = (21

Ther mal conductivityis contraled by the electrons near the Wednann-Franz ratia
Carbon based naterials have very distinctive ratics from Wedmann- Franz ratios;
therefore lattice vibrations (phonons) domnate ther mal conductivity [48 49].
Phonons are the ther mal waves that transfer heat energy for mat the one end of the
latice to ather end like Mexican wave [50].

Heat transfer is fast through the graphite lattice due to very stiff nature of coval ent
bonds. When phonons reach defects and curvatures i nthe struct ure, the vibration of
atons isinterrupted and the phononis scattered Also heat transfer is affected byt he

phonon -phonon interactions and i npurities [51]

A lowtenperatures, there are few phonons so that phononinteractingislow The
energy of phononissnall andthereforethe wave lengthislarge. A a consequence,
the phonons are not easily scattered by i npurities and i nperfections
(see Hgure 2 13). In contrast, the probability of the interaction bet ween phonons
increases at high tenperaues. Aso wave length is short which neans that the
phonons interact strongly wthi npurities (see Figure 2 12). Man free path of the
phonons i ncreases as thete nperat ure decreases. Consequently, ther mal conductivity

reduced to zero as the temperat ure increases. [50]

"—“\:./*\—-w-«/

(3 (b)

Hgure 2 13 Sche natic diagrans show ng the interaction of phonon wth an
i npurity (a) Low Te nperature, (b) Hghtenperature [50]

2. 8 Application Areas of Carbon Foam

Heat exchangers and heat sinks are used for thermal nmanage nent. Heat exchangers
transfer heat energy from one areato anat her, and heat sinks dissipate heat intothe

air. Conventionally, alum num and copper heat exchangers and heat sinks are
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superior for nost of the areas. Carbonfoamarethe alternative of t he mbyt he having
light weight and highther mal conductivity[52 53, 54].

281 Radiators

Carbon foamecore radiator renoves nore heat alumnumcore radiator at the same
size (see Fgure 2 14). Carbonfoamcan be used for taking away heat fromt he fuel
cell. Therefore, car has light weight and s mall size. If the size of the car isreduced,
the car wll not have to push as nuch air in front of the notion It helps nore
efficdent fuel usage and makes car lighter. Car will go faster and poll ute at mosphere
less due to aerodynamc design For exanple a radiator (see Hgure 2 15) was
designedfor aracing carthat can dissipate upto 33 k Wina volune 30%Ilessthan a
typical radiator. This reduced size wil allowfor better aerodynamcs, resulting in
morethana 4 nph gainonthe super speedways. In heavy vehicles, the effect of the
radia or inthe front creates significant drag, accountingfor upto 12 %of the fuel use
at highway speeds. dearly, asmallerradiator wil all owt he redesi gn of t he front cab
and dranaticallyi nprove effiadency [52].

. 0,25
(@) Air Flow of 12 m/s
3 02 —
S o1
T
qé) 0,05 -+ —=— AluminiumCore
= —o— CarbonCore
O T T T 1
0,00 0,20 0,40 0,60 0,80

Water Flow ( kg/s )

Hgure 2 14 Hfidency of radaors [52]
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Hgure 215 Acture of nodular radiator wWth heat dissipation capacity of 33 k W[52]

2.8 2 Personal oaling Devices

A personal cooling system being devel oped by researchers at the Depart nent
of Energy’s (ak Ridge National Laboratory (ORNL) The systemis devel oped
for fighter pilas, racing car drivers and fire fighters. These devices remove heat
for mthe body and hel pto take cooled air to breathe [53].

Hgure 2 16 Gaphite foam cooler [52]

283 nputer Chip Gooling

Current conputer chips are placed printed side up in a ceramc package
with “over-the-top” wire bonds. Unfortunately, this design is not suited
for significant heat dissipation through the top of the package to a standard heat
sink as there is an insulating air gap between the silicon chip and the ceramc

package [54]

In cooperation wth the National Security Agency (NSA researchers at ORNL
have studied on new design for cooling electronic conputer chips which

is called “flip-chip”. Inthis design the silicon chip is inverted with the s nooth
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back of the printed chip oriented towards the top of the package. A heat spreader
is attached directly to the silicon chip and i mmersed in an evaporative cooling
flud (see Hgure 216). The li mtations of this design are the surface area
and ther mal conductivity of the spreader nountedtothe back of the chip [54]

The spreaders utilized by the NSAare pol ycrystalline dianond wafers witht her nal
conductivities up to 1600 WmK (nore than 4 times that of copper).
However, as a result of the li mted surface area of the dianond spreader,
the maxi mum power density achieved wthout overheating the system was
28 Wenf [54].

When the dianond spreader was replaced wth ORNL’s graphite foam a power
density of 100 Wcnf was attained without overheating the system ORNL’s foam
has hi gher power density nore than %350 of the current design [54]

Lid
il Evaporative
/L’L— Cha nber
L

-~

| Heat 9nk

Graphite Foam
bonded to chip

/

Silicon chip

Actual Foam
bonded to chip

\ !
FEEFEERRERRNR
H gure 2 17 Evaporative cooling system nmounted on chi p package [52]
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3 EXPERI MENTAL

In this research, 100% Mtsubishi AR naphthalene based synthetic mesophase
pitch was used to produce graphitic foam Al foam sanples were stabilized
at 310 °G and carbonized at 1050 °C and then graphitized at 3000 °C
In order to understand the fundamental characteristic of the foam structure
and graphitic norphol ogy, sanples were examined by using a scanning electron
mcroscopy (SEMN), x-ray diffractonetry, and helium pycnonetry. In addition,
ther mal dffusivityis neasured by laser flash diffusi metry.

3.1 Precursor for Carbon Foam Production

Mesophase pitch (Hgure 3.1) was provided by Mtsubishi Gas Chemcal Corp,
Tokyo, Japan The pitch; namely Mtsubishi AR nmesophase pitch was produced by
catal ytic pol y neri zati on of napht halene withthe aid of HF- BF; catal yst. Napht hal ene
isaromatic hydrocarbon soitis called as a synthetic nmesophase pitch Properties of

AR nesophase pitchare givenin Table3 1

Hgure 31 Msophase Atch
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Table 31 Typical properties of AR pitch[39]

Physical Properties

Appearance

B ack pellets (25° O

Bul k Density (g cni)

0.70£0.3 ; pass: 069

Specific Gavity (25° O

123

Specific Feat (cal/g-°OQ

0.65

Softening Point (°Q

285 +5 ; pass: 2829

Mesophase Contert (%

100

Hydr ogery Garbon 0.58-0.64
(atontaton)

Hash Point (°Q > 300
Ash (ppm) <20

Sol ubility (%

Water Soluble 0
Benzene Soluble 35-44
Pyridine Inso uble 40-50

Coking Value (% at 1 hr, 600° C

lam 80-85

30 am 90-95

Toxicol ogical Infor mation

Acute Qal LD60 (ra) > 5000 ny/ kg
Skin Irritation slightlyirritating
Mut ageni city negati ve

(Sal nmonella)

Mut agenicity (E cali) negati ve

When using nmesophase pitch as a precursor for maki ng advanced carbon materials

and carbor/carbon conposites, the viscosity of the mesophase is a very i nportant

factor. If the viscosityistoo high the ne

intocarbon prefor m The nmesophase pitchflows inaliquidstae above itssoftening
poi nt, maintainingthe molecular orderingina certaintenperaturerange. Viscosity of

the mesophase pitchis dependent onte nperature and shear [ 32]. The viscosity curve

of AR pitchis shown in Fgure 32 and
Hgure 33

20

sophase pitch does not i npregnate well

the processing wndow is presented in




3
Log 2
(Mscosity)
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0
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Te nperature (°Q

Hgure 32 \ariation of viscosity of AR pitch as a function of tenperature [32]
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H gure 3 3 Eval uation of AR pitches by the processing wndow[32]
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3 2 Experi nental Procedure

Pitch pellets are placedin alumnum nold The noldisintroducedin an aut oclave.

Autoclave is stainless steel high tenperature-high pressure vertical vessel inform
of cylinder. Maxi mimallowable working tenperature and pressure are 300° C and
200 bars, respectivel y.

Before experi nent started air in the system was purged out wth nitrogen
at the pressure of 510 bars. This sweeping process was repeated at | east three ti nes
to ensure the renmoval of air fromthe autoclave. Ater sweeping was conpleted
Nitrogen was vacuuned fromthe system Then autoclave was heated above
the softening point of the mesophase pitch After achieving requested temperature,
15 mnutes of soak time was applied for homogeneous ther mal stability Later
nitrogen was applied to gradually build up to pressure to the desired level
ina 20 mnutes periodandthenthe pressure was rel easedt ot he at mospheric pressure
rapidy, thereby providing neans for volatiles renoval which nakes the porous
foam Further nore, the aut oclave was cooledtoambient tenperature wherethe foam

sanpleisrenoved

The subsequent step was stabilization of porous foam The stabilization step was
realizedin a horizontal tube furnace. The porous foans wereinstalled at the center
of the furnace and stabilizedinthe dry air at mosphere witha flowrate 0.5 L/ mn
For stabilizationthe sanples were heatedto 185°Cfromanbient tenperature with
a heating rate of 1°C/mn After a soak tine of 5 hours at 185°C the sanples
were heated to 275°C with a heating rate of 0.5°C mn and 5 hour soak tine
was applied at thistenperature. Hnally, the sanples were heated upto 310°C with
a heatingrate of 0.12°C mintoter mnatethe heating regi ne and 2 5 hour of soak
tine was applied at thistenperature. The system was cooledto roomte nperature
with a coolingrate of 0.8°C mn The heating reg ne of the stabilization process

isgvenin Table 32
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Table 32 Heating reg e of stahilization process

Te nperature Heating or coding | Holding Ti ne
°O rate (°C/ mnutes) (Hour)
25 - -
185 1 -
185 - 5)
275 0.5 -
275 - 5)
310 012 -
310 - 25
25 0.8 -

The stabilized foans were carbonized under nitrogen at mosphere. During
carboni zationinthe first stepthe stabilized foans were heatedto 310° Cfromroom
tenperature wth a heating rate of 1°C/ mnute. A soaktine of one hour applied at
thistenperature. A the second step heating the sanples were heated upto 750°C
with a heatingrate of 0.5°C mnutes and one hour soak ti ne was is applied at this
tenperature. Analy the sanples were heated to 1050°C with a heating rate of
0.5°C mmnmutes and 2 5 hour soak ti me was applied at the final tenperature. The
carbonized foamsanples were cooledtoroomtenperature wth a cooling rate of

0.8°C mnutes. The carbonization procedure are shownin Table 33

Table 33 Heating reg me of carbonization process

Te nperature Heating or coding | Hol ding Ti ne
°O rate (°C/ mnut es) (Hour)
25 - -
310 1 -
310 - 1
750 05 -
750 - 1
1050 05 -
1050 - 2.5
25 038 -
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The carbonized foamsampl es were graphitized under inert at nosphere. Carbonized
foans were heatedi mmediatelyto 1300°C Heatingrate of 0.3°Q nin was applied
bet ween 1300 °C and 1310 °C Asoak ti ne of 39 minutes was applied at this
tenperature. Next, the sanples were heated to 2000 °C with heating rate of
115°Q nin Followng this step, the sanples were heated to 2800 °C with the
heatingrate of 13.3°Q min A thelast stepthe sampl e are heatedt 0 3000°C witht he
heatingrate of 3.3° Q@ ninand one hour soakti neis appliedat thistenperature. The
sanples were cooledto 1300 °C with a cooling rate of 15 °Q min Later, sanples
were cooled down toroomtenperature with cooling rate of 5.3°Q mn Qaphitic
carbon foans obtained were characterized by several nethods. Table 3.4 shows

graphitization of the procedure usedinths study.

Table 34 Heating reg e of graphitization process

Tenperature | Heating or coding | Holding Ti ne
°O rate (°C/ mnutes) ('nin)
1300 - -
1310 0.33 -
1310 - 39
2000 1150 -
2800 13 33 -
3000 333 -
3000 - 60
1300 15. 04 -

25 531 -

3 3 Bendng Pdyner

Pol yrer blend technique has been wdely usedin literature for i nproving sone
properties of carbon fiber naterids [55 56].
Pol ynethyl nethacryiate (P MMA)
interconnected pore structure and cell for mation of carbon foans, these additives are

In order toinvestigate the effect of

and Polystyrene (PS) addition on the

blended wth various proportions to nesophase pitch
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PS and P MMA were purchased from WAko Pure Chenicals Co. Mesophase pitch
and polyner were blended in the several weight ratiocs and dissdved in the
tetrahydrofuran (THF). Excess THF was renoved fromthe mxure by rotary
evaporator.

After renoval of the sd vent fromthe m xture; sanple was driedin vacuumoven for
anight. A aresut pitch-polyner blendis obtained The blendisinstalledina nold
and sane procedure (which is explained in section 32) was folowed for the
production of carbon foamis fdlowed as explaininthe section of 32

PS was blended wth pitchat the mxingratioof 10% 20% 30%and PMMA was

blended wth pitch at the mxing ratio of 10% 20% 30% Carbon foam obtai ned
from10%PS ratios and 20% P MMA ratios had large holes and irregul ar struct ure.

Therefore these sanples were not eval uated [Oiscussions and presertations inthis
section are therefore on the foans blended wth 30% 20%P MMA and 10% 30 %
PS The structure of THF, PSand PMMA ol ecules are shown in Table 3 4.

Table 35 Sructure of THF, PMMA and PS

Mol ecule
THF
(Tetra hydro GHO
Furan)
N
F{h
(Pol ynet hyl C=0
met hacryl ae) G
5,
CH;
T
G H =ty
PS (Pdl ystyrene) H
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3 4 Characterization Techniques for Garbon Miterids

Characterization of the structure and texture of carbon naterials are essential and
I nportant for assigning proper utilization and understandingtheir structures. Before
discussing the graphitic foam nateria, fundanental techniques for the

characteri zation of the struct ure and texture of carbon foamare expl ai ned bel ow

341 Ther mal Dffusivity Masure nent

The ther mal diffusivity val ues can be convertedto ther mal conductiuty using the
specific heat (G) and density (p). The calculation of the ther mal conductivityis
realized by using the fdlow ng equati on:

AD =a.p.G (31

The specific heat, Cp, is calcuaed fromthe folowng equation taken from
ASTM Cr81 [57] whichis validfrom300to 3000 K

G = 8 426x10 '8 1°-4,300x10 1 1°-1 4251010 1*+1.35310 ®° P-3 76510 © T
+4, 796 T-428. 1 (32

Inthis method, ashort pulse (lessthan 1 mllisecond) of heat is appliedtothe front
face of a speci men usinga laser flash, andthe tenperature change of the rear faceis
measured wth an infrared (IR detector [58]. The ther mal conductivities of the
carbon foamsanples were neasured by The LFA 427 apparat us.

342 X Ray Dffractomnetry

X-ray diffraction is one of the fundanental techniques to characterize crystal
structure. The technique provides a neasure of the anount of ordered materials and

gi ve anindication of the size of crystallites which make upthe ordered structure.

When a beamof chromatic x-radiaionis directed at a crystaline materia, diffraction
of the x-rays is observed at various angles wth respect to primary beam
The relationship between the wave length of the Xray beam (%), the angle
of diffraction (26), andthe distance bet ween each set of atomc planes of t he crystal

lattice (d), is gven by the Bagg equation [59, 60]

nA=2 dsind (33
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In equation 3.3 n denotes the order of diffraction Wing this equation the
interplanar distances of crystalline materia under study can be calculaed The
interplanar spaci ng depends onthe arrange ment of atons i nthe crystal unit cell. The
intensities of the diffracted rays are function of boththe diffraction power and the
placement of the atons withinthe unit cell [59, 60].

The broadening of the diffraction peaks allows an esti nation of the rmean particle
size. The approxi mate crystallite size (t) can be calcuated fromthe amount of

broadeni ng (P), using Scherrer equation:
t=cA/BcosO (349

Where cisthe cell di nension Aisthe Xray wavelengthand 26t he scattering angle
and Bisthe anmount of broadening duetosanple [60, 61]. The carbonfoamsa nples
were characterized wth R gaku Miltiflex Xray O ffractoneter.

3.4.3 Scanning Hectron Nicroscopy

Scanning electron mcroscope (SENM has been comnmonly used to observe the
mor phol ogy and surface of the materials. SEM operates by focusing an electron
bea m passing t hrough an evacuated columm on the speci nen surface using electro
magnetic lenses. The beamis raster scanned over the surface of the speci menin
synchronismwththe beamof a cathode raytube ( CRT) display screen Inelastically
scattered secondary electrons e mtted fromthe sanple surface are collected by
scirtillator-counter and the signal for mthis usedto nodul ate the brightness of the
i mage onthe CRT. DOfferencesinsecondaryemssionresult fromchanges insurface
topography. If the elasticall y (backscattered) el ectrons are collected ani mage can be
for med fromt he contrast resulting fromconpositional differences acrossthe surface
of the speci nen[61]. Inthisstudy, Scanning Hectron Mcroscope studies are carried
out on JEOL JSM 5100

334 RliumPycnonetry

The skeleton density, which is defined as the structural or solid density, is
deter mned wth heliumpycnonetry. Inthis nethod, itisassunmedthat heliumenters

the s mallest pores present, wthout bei ngadsorbed. The porosity of t he foamsa npl es
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are calcuated by the equation shown below [62]: d bulk density, Dr; density
measured using helium

P=(1-d O0). 100 (35)

Inthis study, Quantachrome Utrapycnoneter1000is used
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4. RESULTS AND DI SCUSSI ONS

Inthissectionthe effect of tenmperature, pol yner addition and pressure on properties
of carbon foamare discussed In each case firstthe experi nental results are given,
the results are eval uated and comnparisons are nade wththe available literature data

41 The BEfect of Te nperature onthe Foam Structure

Inthis part, the effects of operatingte nperature on foamstructure are i nvestigated
Three operating tenperature of 300 °G 350 °C and 450 ° C are selected for the
i nvesti gati on of t he effect of thete nperat ure on carbon foamstructure. The choi ce of
these tenperatures was based on previous study reported by Eksiliogu [63], and
goi ng beyondtheli mt of thisstudy. Hgure 4.1 givesthe SEMi nages of the carbon
foamsanples obtained a three different te nperatures.

The SE Mphot ographs of the foamproduced at 300 ° Care giveninthe Figure 4. 1a
Inthe same figure; b and ¢ are the SEM phatographs of the foans produced at
350 ° Cand 450 ° Crespecti vel .
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H gure 4 1 SEMphotomcrographs of foamproduced a dfferent tenperatures
(all sanples carbonized at 1050 °Q (a) T=300°G (b) T=350°C,
(0 T=450°C

Fromt he SEMphot ographs, it is clear that the foamproduced at 300 ° C has a well
formed cell structure with evenly distributed rather uniform circular pores
interlinking the adjacent cells. Liganents, junctions and walls are well for med and

surfaces are rather uniform A the tenperature of 350 ° G the cell structure
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deteriorated such that the cell is distorted from spherical geomnetry, liganents,
junctions and wall for mation weakened and interconnecting pores are reduced in
nunber, increased in size and defor ned from circuar geonetry. A the highest
tenperat urethe structural defor mation continued Itis notedinliterature [49, 64-68]
that the alignnent of ligaments, junctions and cell walls are due to generated stress
by the evolving volatiles at noderate tenperatures and pressures. This is well
illustrated wththe processing envel ope given for the nesophase pitch usedinthis
study as shownin Fgure 33

As tenperatureis increased from300 ° Cto 350 and 450 ° C the volatile natter
evol wionand gas nobilityareincreased A the samneti ne, the viscosity of the pitch
decreased M diumbhas fewer propensitiesto wthstandtothe stress generated byt he
vol atiles. In other words the nmesophase pitch becones tooflu dtoretainthe bubble
shape i nposed by the volailes. A a consequence of thesethe deteriorations in cell,
liganent, wall and i nterconnecting pores geonetry and structure has taken place at

the higher te nperat ures.

The starting point of foamng is the softening tenperature of the pitch [63]. In
literat ure operati ngte nperat ure of t he carbon foamis reportedt o be around 10-40° C
above the softeningtenperature [11, 10]. Inthisstudythe best foamformation was
achieved at the te nperature of 300°C Thisjudgnent is based onthe i nvestigation
of scanning electron mcroscopy phatographs which gives clear i nfor nation on the

for mation of cells, liganents, junction and general structure.

4.2 The Hfect of Polynmer Additives onthe Foam Structure

Inthis part of the experiments, polyners like Poly et hyl met hacrylate (PMMA) and
PS Pol ystyrene (PS) are used as additives at various ratiosin order toinvestigatethe
effect of additives on carbon foamstructure and properties. The opti mum process
conditions usedinthese experi nents are 300 °C 68 bars and 5 seconds pressure

rel ease ti ne.

The SEM phatographs of foans produced without additive is illustrated in
Houre 4.2a Inthisfigure, b and c represent the foans wth 10 %P MMA and 30 %
P MMA additi ves respectivel y.
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(9

H gure 4 2 SEMi nmages of foam wth 10%and 30 % MMA additive and the foam
produced wthout additive (all sanples are graphitized at 3000 °Q

The nunber of the formation of cell and interconnected pore increases wth the
addition of the PMMA As it can be seenfromt he SE Mi nages of surface of carbon
foamproduced without pol yer addition shows stacked planes, irregular flakes, and
fibers. These textures seemto be nodified towards a conparatively less rough
surface. This suggeststhat thereis some degree of surface nodificationas aresult of
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PMMA addition Generally speaking, a nore unifor mstructure is achieved. In
previous studies on additives such as graphite, isotropic pitch and different sol vernts,
a distinct deterioration of carbonfoamstructure was observed at t he carbonized stage
[63]. The results obtainedinthis study shows that PMMA additionis conpatiblein
terns of cell, liganent, and wall. Aso pore fornmation evaluate at the end of
graphitization stage. This result shoul d be eval uated wth respect tosone neasured

characteristics.

The scanni ng el ectron phat ographs of foamproduced wthout PS additive are shown
inHgure 4.3a Inthisfigure, aand b represent t he scanning el ectron photographs of
foamproduced wth 20% and 30 %P S additive respectively.
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(9

H gure 4 3 SEMi nages of foam wth 20%and 30 %S additive andthe foam
produced without additive (all sanples are graphitized at 3000 °Q

As it can be seenfromF gure 4.3 beside the surface nodification effect due to PS
addition, thereis also deterioraioninthe foamfor mation nmuch nore effective t han
the case of the PMMA addition The for mations of spherica cells are not fully
realized
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The boundaries are nat clear bet weenthe cells and t he for mation of ligaments and
junctions are nat conpl eted Anat her observation isthat the pores areinless nunber
at PS addition In addition sone areas having defects and non porous structure are

observed

4.3 The Hfect of Pressure on Properties of Graphitized Carbon Foam

Green carbonfoamsamples were produced at various operating pressures of 38, 48
58, 68 and 78 bar at constant te nperature (300° O) and pressurereleaseti ne of 5 sec.
Furt her t hese carbon foans were stabilized carbonized and graphitized The quality
of carbon foam products obtained at 38 and 48 bars are poor therefore the

discussions and presentations are gvenfor 58 68 78 bars only.

The scanning electron microscopy phatographs of the graphitic carbon foans
produced at three different pressures are givenin Hgure 4.4 Inthisfigure; a, b, c are
the SEMphat ographs of the foans produced at 58, 68 and 78 bars respecti vel y.
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(@]

H gure 4.4 SEMphoat ographs of carbon foamproduced at various pressures
experi nents (a) P=58 bar, (b) 68 bar, (c) 78 bar

Itisevident fromthei mages at Fgure 4. 4athat the for mation of the cells is nat well
developed for 58 bars and there are few non spherical cells formed. Aso
interconnections of the cells are very poor. The non uniformand less ordered
graphitic structureis observable. Low pressureis believed do nat provide suffident
stress affect on the formation of cells. In a way that alignnent of the rod-like
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mesophase nol ecul es at the bubbl e grown and pressurerel ease stageis not suffidert.

As it can be seenfromt he H gure 4. 4b, the nuber of t he cell and pores arei ncreased
andtheir geonetryare more spherical conparedtothe carbonfoans obtained at | ow
pressure. Carbonfoamproduced at 78 bars shows spherical cells wthinterconnected
pores which are seen fromthe SEMphotographsin Hgure 4 4c. The number of the
cells as well as the pores increased conparedtofoam produced at 58 and 68 bar.

Moreover liganents between the pores are indication of better alignnent of the

mesophase nol ecul es.

The skeletal densities of the foans are neasured by Helium pycnonetry. Total
percentages of the carbon foam produced at different operating pressure are
measured by using Equation 3.5 The skeletal density and the tatal porosity are
2 g/cmi and 748 %respectively for foans produced at 68 bar. This value is in
reasonable agreement with the val ues reported in literaure. Kett and co- wor kers
[26, 27, 28 29] reported 73-85 %porosityfor the graphitized carbon foa mproduced
from mesophase pitch In a previous study Gencay [68] reported that porosity of
carbonized carbon foam changed between 69-86% wth applied pressures of
38 and 78 bars

The x-rayresults of t he different foamsanple producedinthis study and somne ot her
materials reportedin literature that are conpiled Table 4 1 The interlayer spacing
calcuated wth Brag equation ( Equation3 3). The crystal size and stacki ng hei ght are
calculated by Scherrer equation ( Equation3. 4).
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Table 41 Conparison of X Ray dffraction results and the degree of graphitizati on
of carbon foam sanples produced at dfferent pressures, various carbon
fibers and foam

Interlayer | Stack | Orystal
spacing | Height | size | gp*
ooz L L | (9
(nm | (nm | (nm)

Carbon Miterias

Graphitized carbon foam produced a 58 bar | 0.3375 | 2916 | 2330 | 76

G aphitized carbon foam produced at 68 bar 0.3375 | 3L40 | 28.40 | 76

G aphitized carbon foam produced at 78 bar 0.3379 | 3L40 | 26.52 | 71

Mtsubishi ARA24 Foam A 20] 0.3364 | 482 118 | 88
Mtsubishi ARA24 Foam H 20] 0.3362 | 46,6 17.8 | 90
Conoco Foam A[20] 0. 3369 295 16.7 | 83
Conoco Foam H 20] 0. 3366 387 13 86
A enson R bbon [20] 0. 3369 19 62 83
K1100 [20] 0. 3366 62 109 86
Pitch A ber [20] 0.3364 66 102 | 88
H xed catal yst VGCF [20] 0. 3366 37 40 86

*gp= degree of graphitization andis defined as (0.3440-d_spaci ng)/ (0. 3440-0. 3354)
where 0.3440 and 0. 3354 aret he d_spaci ng of t urbostratic graphite and single crystal

(perfect) graphite [66]

Carbon foans produced at 58 and 68 bars have interlayer spacing of 0.3375 nm
Asotheinterlayer spacing of carbon foamobtained at 78 bar is 0.3379 nm These
val ues are close to pure graphite val ue (0 3354nm). The crystal sizein c-direction
(L) ranged from29.16 to 314 nmand the crysta size in a-drection (L;) ranged
from29.16to 3L 4 These crysta sizes are si mlar to other reported value inthe
literature [20, 52, 66-68]. Table 4.1 shows that crystal sizes in bath directions are
si nlarto highther mal conductiwvity carbon fibersand ot her ki nd of carbonfoam In
addition carbon foans produced at different pressures have si mlar graphitization

degree to aher types of carbon foans and fibers.
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The ther mal conductivity of the carbonized foans is very low at the level of
1-2 Wm KJ[20]. Ater graphitization the thermal conductivity of the foans is
reported to be bet ween 0.4-210 W m K[6972]. Ther nal conductivity of foans
iIs managed by lattice vibration as nmentioned in section 2 7.26 Foam produced
58 bar have l ower crystal sizeinc direction solattice vi brations arerelativel ys nall.
Aso examnation of SEM phatographs denonstrated that the interconnected
structure and pore for mation of foans are conparatively weaker thanthe other foam
produced at 68 and 78 bars. Therefore the ther mal conductivity nmeasurement is not
perfor med for this carbon foamsanple. Ther mal diffusivities of the sanples are
measured by LFA 427 apparatus. Later, ther nal conductivities of the foans are
cacuated by Equation 3.1 Ther mal conductivities of the foam produced at
68 and 78 bars are 36.6 WmK and 236 W mK respectively. Decrease
inconductivity may be explai ned by preferred orientati on of t he foamsanples. Foam
produced at 68 bars has | ow d-spacing and hi gh crystallite size conpared to foam
produced 78 bar. Therefore heat transfer and | attice vi brationis rel atively hi gher for
the former one. Consequently foam produced at 68 bars has higher ther nal
conducti ity

Ther mal conductivity of the foans are calcuated for different tenperatures and
showninHgure 45 Wiletenperatureincreases, matching withthe defects andthe
probability of collision bet ween the phonons increase. Defects and interactions
disrupt ther mal conductivity. Defects cause interruption of phonons wvibration
Interactions bet ween the phonons i npede vibration of lattice Wile tenperature
increases. As a result, ther mal conductivity decreases when tenperature increases..
This is expected and common behavi or for all graphite’s.
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Thermal Conductivity & Temperature
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H gure 4.5 Ther nmal conductiuty of foans accordingtothe tenperat ure

The ther mal conductivity of the foamsanples withthe various carbon foans are
shownin Table 4. 2 Produced carbonfoamsa nples have hi gher t her mal conductivity
than Touchstone, Utramet, first Mer Foam But the ther mal conductivity of the
foans studiedis well belowfromthe conductivity val ues of other Mer’s and Qrnl’s

Foa rrs.

40



Table 4 2 Ther mal conductiwvity of carbon foans produced and different kind
of carbon foans

. Density Ther rrgl_
Materia (gcm) Conductivty
Wm K
Car bon foam produced at 68 bar 0.54 36. 60
Car bon foam produced at 78 bar 0.48 23.60
Touchst one[ 69] 0.16 0,40
Touchst one[ 69] 0.16 1390
Touchst one[ 69] 0.40 0.80
Touchst one[ 69] 0,40 17 50
Utranet [70] 0.04 0.09
Mer [71] 0.02 0.05
NVer [71] 0.16 50.00
Mer [71] 0.32 150, 00
Mer [71] 0.42 180. 00
Mer [71] 0.62 210.00
Ol foan [72] 0.26 50. 00
Ol foan [72] 0.47 107.30
O nl foam [77] 0.52 120,70
O nl foan [72] 0. 60 132 90
o nl foanml [72] 0.31 4150
O nl foanil [72] 0.35 56. 10
o nl foanml [72] 0.43 86.60
o nl foanml [72] 0.59 135,40
Ol foanill [72] 0.67 147.60
O nl foanll [72] 0.69 163 90
O nl foanll [72] 0.70 17850

41



The ther mal properties of alumnumand copper and studied carbonfoans are given
Table 4.3 Specificthermal conductivity of foans produced at 68 bar is hi gher than
the val ues of alumnumand copper. The ther mal conductiuty of t he foam produced

at 78 bar is bet ween the val ues of copper and adumnum

Table 4 3 Ther mal properties of foans produced, copper and alumnum

De nsit Ther nal Specific
aterid (g’crﬁ)y Conductivity | Ther nal
(WmK Conductivty*
Carbon Foamproduced 68 bar | 0.54 36. 60 67. 80
Carbon Foamproduced 78 bar | 0.48 23.60 4920
Copper 890 400 44,94
Aumnum 2.77 150 54.15

* Specific ther mal conductivity =ther mal conductivity/ density
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5. CONCLUSI ONS

Inthis study, the effect of tenperature on the properties of carbonized foamis
investigated In addition the effect of P MMA and PS addition onthe properties of
graphitized foam structure is studied Further more, the effect of pressure on the
properties of graphitized carbon foamis examned The resuts are concluded as

fdlowvs;

1 Carbonfoans obtained at tenperatures hi gher than 300 ° Cresultedin poorer
foamfor nation indicated as deteriorationin the cell, liganents, junctions

and wall for nation and structure in general.

2 PMMA and PS additions to nesophase pitch resuted in s noaother carbon
foamtopography. This structural change was acconplished wth loss of

foamng quality for the case of PS addition conparedto PMMA

3. Interns of structural paraneters of interlayer spacing stack height, crysta
size and graphitization degree of graphitized carbon foamthat is obtai ned at
68 bar pressure, 300 °Ctenperature and 5 seconds pressure release time

resulted in better graphitic struct ure.

4. The highest specific ther mal conductivity result is obtained for graphitized
carbon foamobtai ned at 68 bar pressure, 300° Cte nperature and 5 secondsin
this study.
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6. RECOMMEDATI ONS AND FUTURE WORK

I nvesti gati on and characterizati on of graphitized and carboni zed foa munder different
process conditions is studied As a result of the findings of this study followng

researchtopics nay be considered for further i nvestigation:

1 To nodify process conditions in order to wden application areas enable to
talor foamfor specific applicati ons.

2. Toreduce the process stepsinorder toi nmprove econonic feasihlity of the
pr ocess.

3. Increase the ther mal properties in order to i mprove the standing of the
product of continuing study anmong the referred nateria reported in the
thesis.

4. Toinvestigatethe affect of different kinds of polyner onthe foamstructure
and properties.

44



REFERENCES

[1
[2

[3]
[4
[3]
[6]
[7
[8]
[9
[10]
[11]

[12]

[13]

[14]

Ford W, 1964 Mthod of Miking Celluar Refractory Ther nal Insulating
Materia, Uhited Saes Patent, No: 3121050,

Marsh H, 1997, Carbon materias. an overvew of carbon artifact,
Inroduction to Carbon Technologies, pp 1-34, Eds. Mirsh H,
Heintz, E A, and Rodriguez- Reinoso, F, Uhiversaded de Aicarte,
Secretariade de Publicaciones.

Savage. G, 1993 Carbon Carbon Conposites, ppl-10, Chapnan &Hall,
London, UK

htt pr// www edi nfor natics.comt math_science/c_atomht mdated Dece nmber 1,
2004.

Burchell, T, 1999 Sructure and Bonding in Carbon Mterias, Carbon
Mat eridsfor Advanced Technol ogies, pl-29 Amsterdam New York,
Per ga non.

http//en wkipedia org/ wiki/ Danond dated December 1, 2004.
htt pr//hore. att. net/ ~cat 6a/all & _carbon-1.ht mdated Dece mber 1, 2004.
htt pr// dendritics. comtscales/ c-all aropes. asp dated Dece nber 1, 2004.

Marsh H, 2000, Sructure in Carbons and Carbon Atifacts, Science of
carbon meterids, ppl-90, Eds: Marsh H, Rodriguez- Reinoso F,
Uni versaded de Aicante, Secretariade de Publicaciones.

Marsh H, 1989 Carbon For ns, Introductionto Carbon Science, ppl0-15,
Butter worth&Co. Lt d, England

Kearns, K M, 1999 Pitch foam products, United States Patent, No:
5961814 dated Qctober 5, 1999,

Murdie N, Parker, C A, Agford J F, Narasi nhan D, Ollon F, 2000.
Process of making carbon-carbon conposite material nmade from
densified carbonfoam United Staes Patent, No: 6077464 dated June
20, 2000.

Bonzom A Grepaux A.R, Mutard A E J, 1981 Process for preparing
pitch foans and products so produced United States Patent, No:
4276246 dated June 30, 1981

Stiller, A H, Stansberry, P G, ZondoJ W, 2002 Mthod of making a
carbonfoam material and resultant product, United States Patent, No:
6346226 dated February 12, 2002

45



[19]

[16]

[17]

[18]

[19]

[20]

[21]

[22]
[23]

[24]

[29]

[26]

[27]
[28]
[29]

[30]

S nmand, R F, Brown, J D, 1994 Mcrocell uar carbonfoamand net hod,
United Sates Patent, No: 5300272 dated April 5 1994.

M nton CS,FRankin C H, 1977. Mthod for the preparation of vitreous
carbon foans, United Staes Patent, No: 4022875 dated My 10,
1977.

Raley, Jr., Charles, F, Asher, D R, 1976, Process for preparing
macroporous open-cell carbon foam from nor nally crystalline
vinylidene chloride po ymer, Lhited Saes Patent, No: 3960770
dated June 1, 1976.

Hopper, R W, Pekala R W, 1988 Low Density Mcrocelluar Carbon or
Catal ytically i npregnated carbon foans and process for their
preparation Uhited Sates Patent, No: 4756898 dated July 12
1988.

Reznek S R, Mssey, R K, 2002 Carbon foans and nethods of making
the sane, United States Patent, No: 6500401 dated Decenber 31,
2002 dated Dece nber 31, 2002

htt pr// www ns. ornl. gov/ ott/ publications/sanpe98.pdf dated Decenber 5,
2004.

Kett, J, Hardy, R, Romne, E, Wills, C, Burchell, T, 2000. Hgh
ther mal -conductivity, mesophase-pitch-derived carbon foans: effect
of precursor on structure and properties, Carbon, 38 953-973

Kett, J, 200L Pitch-based carbon foam and conposites, United States
Patent, Nbo: 6261485 dated July17, 2001

Luhleich H, et. a., 1975 Mthod of naking carbonaceous bodies, United
Staes Patent, No: 3927187 dated Dece nber 16, 1975.

Mnton C, Frandin C, 1975 Mthod for the preparation of carbon
structures, United States Patert, No: 3927186 dated Dece nber 16,
1975.

Kearns, K M, 1999 Process for preparing pitch foans, United States
Patent, No: 5868974 dated Februray9, 1999,

Googin J, Naper, Scrivrer, J M, 1967. Mthod for nanufacturing foam
carbon products, United States Patent, No: 3345440 dated Cctober 3
1967.

Kett, J, Burchell, T, 2002 Pitch based carbon foamheat sink wth phase
change naterial, Lhited States Patent, No: 6399149 dated June 4 200

Kett J W, 20000 Method for extruding pitch based foam United States
Patent, No: 6344159 dated February 5 2002

Kett J W, 2000. Process for naking carbon foam United States Patent,
No: 6033506 dated Mrch 7, 2000.

Mochida I, Korai, Y, Ku, C, Witanabe F, Sakai, Y, 2000. Che mistry
of synthesis, structure, preparation and application of aronatic-
derived nesophase pitch, Carbon, 38 305 328

46



[31]
[32]
[33]

[34]

[39]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[49]

[46]

Kearns, K M, 1999 Process for preparing pitch foans, United States
Patent, No: 5868974 dated February 9 1999,

htt pr// www ngc-a. cond ne wPr oducts/ nedi & ARBrochure. pdf dated Dece mber
5, 2004.

htt pr//acs. onmi booksonline. comt papers/ 1995 _46.pdf dated Decenber 5
2004.

Marsh H, 2000. Tar and pitchk conposition and application Science of
Carbon WMaterids, ppl73-203 Eds. Mmnendez, R, Bernejo J.,
Fqueiras, A, Universaded de Aicante, Secretariade de
Publi caci ones.

htt pr// www ns. ornl. gov/resear chgroups/ CMI/ FOAM over vi e w pdf dated
Dece mber 5 2004.

Banco C, Lu S, Appleyard S P, Rand, B, 2003 The stahilisation of
carbon fibres studi ed by mi cro-ther nal anal ysis, Carbon, 41, 165-171

Drbohlay, J, Stevenson W T. K 1995 The Oxidative stabilization and
carbonization of a synthetic mesophase pitch part I: the oxidative
stahilization process, Carbon, 33(5), 693711

Lavin J G, 1992 Chenical reactions inthe stabilization of nmesophase
pitch-based carbon fiber, Carbon, 30(3), 351-357.

Fanju, E, Granda, M, Santamaria R, and Menéndez, R, 2002 Onhthe
chemstry of the oxidative stabilization and carbonization of
carbonaceous nesophase, Fuel, 81 2061-2070.

Liedtke, V,, Hiittinger, K J., 1996. Mesophase pitches as matrix precursor
of carbon fiber rei nforced carbon: 1. Sabilization of nesophase pitch
matrix by oxygentreat ment, Carbon, 34(9), 1067-1079.

Yoon S, Korai, Y, Mbchida I., 1994 Assessment and opti mzation of the
stahilization process of mesophase pitch fibers by ther nal anal yses,
Carbon, 32(2), 281-287.

Drbohay, J, Stevenson W T K. 1995 The oxidative stabilization and
carbonization of a synthetic mesophase pitch part 1l: the
carboni zation process, Carbon, 33(5), 713-731

Gshida K, Bonnany S, 2002 Prinary carbonization of an anisaropic
mesophase pitch conpared to conventional isatropic pitch Carbon,
40, 2699-2711

Mura K, Nakagaws, H, Hashi noto K, 1995 Exannation of the
0Xi dati ve stabilizationreaction of t he pitch-based carbon fi ber t hrough
continuous neasurenent of oxygen che msorption and gas for nati on
rate, Carbon, 33(3), 275-282

Liedtke, V, Hiittinger, K J., 1996. Msophase pitches as matrix precursor
of carbon fiber reinforced carbon part I1: stahilization of nmesophase
pitch natrix by oxygen treat nent, Carbon, 34(9), 1067-1079.

Rogers, D K, Hucimski, J W, 2003 Coal-based carbon foam United
Staes Patent, 6656238 dated Dece mber 2 2003

47



[47]
[48]
[49]
[50]

[51]

[52]
[53]
[54]

[55]

[56]

[57]

[58]
[59]

[60]
[61]

[62]

[63]

[64]

Pierson H O, 1993 Carbons as an elenent, Handbook of carbon, graphite,
dianond, and fulerenes, Noyes Publications, pp 1-44, Noyes
Publications, USA

htt p// www ns. ornl. gov/resear chgroups/ CMI7 FOAM K ett-j natsci-2003. pdf

Savage, G, 1993 The properties of carbon carbon conposites, Carbon
Carbon Conposite, pp277-317, Chapnman &Hall, USA.

Turton R, 2000. Thermal Properties, The Physics of Solids, pp 183-208,
Oxford Uhiversity Press, USA

Gallego N, Hett, J, Walls, C, M Mllan A, 2003, Therde of structure
onthe properties of graphitic foans, Cak ridge national laboratory
irternal report, USA

htt pr// www ns. ornl. gov/ resear chgroups/ CMI/ FOAM one-pagers. pdf  dated
Dece nber 5 2004,

htt pr// www ornl. govinfo/arnlreviewv3s 3 02/tool.sht nh dated Dece mber 5,
2004.

htt pr// www ornl. govinfo/arnlreviewv3s 3 02/v35 no3 02review pdf dated
Dece nber 5 2004,

Patel, N, Okabe, K, Oya, A, 2002 Designing carbon materials with
unique shapes using polyner blending and coating techniques,
Carbon, 40, 315320

Hulicovay O Oya, A, 2003 The polymer blendtechnique as a nethod for
designing fine carbon materiads, Carbon, 41, 1443-1450

ASTM G 781-96. 1999 Bor onated graphite components for highte nperature
gas cod ed nuclear reactors, USA

htt p:// www ns. ornl. gov/ht nhho e/t puc/l-flash kil dated Dece mber 5 2004.

Lifshn E, 1999 Xray Characterization of Materids, Wley-VCH
Ger many.

Suryanarayana, G Norton G M, 1998 Xray DOffraction: a practical
approach, HenumPress, USA

Savage, G, 1993, Carbon Carbon Conposites, ppl3-26, Chapnan&Hall,
London, UK

Kanno, K, Tsuruya, H, Fujiura R, Koshikawa, T., Wtanabe, F,
2004. Carbonfoam graphite foamand production processes of these,
United Saes Patent, 6 689 336 dated February 10, 2004.

Eksiliog u A, 2003 Hfect of tenperature, sd vent type, and additives on the
properties of nesophase pitch, MSc. Thesis, I TU Institue of Science
and Technol ogy, Istanbul.

Kett,J, Mmllan A, Gallegob, N Gallego G, Wlls, C, 2003 Hfect of
heat treat nent conditions on the ther mal properties of nmesophase
pitch derived graphitic foans, Cak ridge national laboratory, Metals
and ceramics dwsionirternal report, USA

48


http://divit.library.itu.edu.tr/patroninfo/1026131/patframe2&1092830/search*tur/aSuryanarayana%2C+C/asuryanarayana+c/-2,-1,0,B/browse

[65]

[66]

[67]

[68]

[69]

[70]
[71]

[72]

Kett,J, Mmllan A, Gallegob, N Gallego G, Wlls, C, 2003 Hfect of
heat treat nent conditions on the ther mal properties of nmesophase
derived graphitic foans, Oak ridge national laboratory, Mtals and
ceramcs dvsioninternal report, UBA

Kett,J, 1998 Hghther nal conductivty, nesophase pitch derived carbon
foam Proceedi ngs of t he 439 I nternational SAMPE Sy nposium My
31-June 4, Anahei m Cilifarnia

Murdie, N, Parker, C A, Agford J F, Narasi mhan D DOllon; F, 2002
Process of stabilizing carbonaceous pitch-based foam United States
Patent, 6342171, dated January 29, 2002

Gencay, N, 2003 A nesophase pitch derived carbonfoam effect of pressure
and release tine, MSc. Thesis, ITU Institute of Science and
Technol ogy, Istanbul.

htt pr// www i ndustri al heati ng cond CDAl Atid el nfor nati on/features/ BNP__F
eatures_ Iteni 0 2832 87444, 00. ht nh dated December 5 2004

htt pr// www ultranet.com'd d 8 ht mdated Dece mber 5 2004

htt pr// www ner corp.com’ nercor pff CQ aphiteFoans/ C_Qaphite_Foa ns. ht nh
dated Dece mber 5 2004

htt pr// www ns. ornl. gov/researchgroups/  MTECH foanifoans. it m  dated
Dece mber 5 2004.

49



Cl RRI CULUMM TAE

Aysenur GUL was born in Istanbul, Turkey in 1978 She was graduated from
Wskudar Science Hgh School in 1996. She entered Istanbul Technical Uni versity
Depart ment of Chemcal Engineering in 1997. Ater graduation as a chenical
engineer in 2002 she started her MSc studied at Istanbul Technical Uni versity
Depart ment of Miteria Science and Engineering inthe sane year.

50



