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PORE STRUCTURE AND GROWTH KINETICS IN CARBON MATERTALS

Sudhangshu Bose

Materials and Molecular Research Division, Lawrence Berkeley Laboratory
and Department of Materials Science and Mineral Engineering
University of California, Berkeley, California 94720

ABSTRACT

Pore structure of glassy carbon (GC) and pyrolytic graphite (PG)
have been investigated. GC is one of the most impervious of solids find-
ing applications in prosthetic devices and fuel cells while PG is used
extensively in the aerospace industry. One third of the microstructure
of GC consists of closed pores inaccessible to fluids. The microstruc-
ture of this materials has been characterized using x-ray diffraction
(XRD) and high resolution electron microscopy. Small angle x-ray scat-
tering (SAXS) has been used to measure the angstrom sized pores and to
follow the evolution of pore surface area as a function of heat treétment
temperature (HTT) and heat treatment time (ﬁTt) at constant temperature.
From these measurements an analysis of the surface area kinetics was made
to find out if réte processes are involved and to locate graphitization
occurring at pore surfaces, PG on the ofher hand has been found to have
larger sized pores that comprise five percent of its volume. In addition
to being closed these pores are oriented. Some pore models are>proposed

for PG and the existing scattering theory from oriented ellipsoids is
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modified to include the proposed shapes.

The XRD line profiles of GC were very different from those of
crystalline mateiials. "High resolution eleétron microscopic lattice
images taken.using interference between direct rays and rays reflected
by.the layers showed fringes parallel to the layer planes. The density
of GC was measured as a function of HTt at predetermined HTT. GC was
found to give extensive SAXS which arose from angstfom sized pdres.

Part of the theory of SAXS dealing with nature of interfaces waé devel;
oped.

PG is a well characferized material whose pore structure was not
known because the pores were impermeable to fluids. SAXS theory devel-
oped with the help of neﬁ models has been applied to the pore structure
in PG. |

In GC the pofes, found to have sharp edges, are shown to belong
to two groups, one having layer planes forming the pore wails while the
other has pores in the layer planes. It is the latter group that accounts
for the coarsening of pores leading to most of the surface area reduction
with very limited graphitization. The activation energy of the coarsening
process determined from SAXS data agree very well with a vacancy migration
mechanism. The density of GC has been found to be constant independent of
HTt‘as long as HTT was kept constant, showing that pore volume did not
vary with HTt. This is consistent with a pore coarsening mechanism. Ihe'
decrease in density with increase in HTT is a composite effect of pressure
of pyrolysis gases trapped in pores and rupture of pore edges because of

thermal stresses generated by anisotropic thermal expansion.
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In PG the scattering data indicated thatipores are either ellip-
soidal or composites of half ellipsoids. The latter one is more consis-
tent with the variation of interlayer separation in PG as a function of
distance from substrate. From the scattering data pore parameters have
been determined. The circular and elliptical symmetry observed in the
two dimensional scattering pattern have been found to be consistent with
all the models of the oriented pores. It is concluded that scattering
data alone can not identify the actual model and one has to take recourse

to other facts to arrive at the correct pore geometry.
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1. INTRODUCTION

Graphite is the stable, thermodynamic equillibrium cyrstalline
form of solid element carbon at ordinary pressures. However, carbon'
can and does exist metastably in other crystallographically ordered
forms such as diamond and a wide range of disordered or 1mperfectly

~ordered structures.

A group of these carbons trénsform to'grapﬁite on héating to or
below 3000°C. They are termed "graphitizabl 'carbons. The other group
called "non-graphitizable" do not become graphite even on heating to
3000 C. The difference between these two groups of carbon is much more
profound than their crystallographic c-parameter indicate. Iﬁ this work
an endeavour has been made to study the cloéed pore étructure in the two
groﬁps of carbons. |

Glassy carbon (GC) has been chosen as a representative bf the
nongraphitizable class because it hardly graphitizes, is reproducible
in microstructure and properties, and holds great technological promise
in applications such as prosthgtic,devices, energy storage systems and
high temperature ceramics. GC has slit shaped closed pores that are
inaccessible by molecular means of conventional porosimetry. It has
been fairly established that a considerable fraction of the "graphitiza-
tion" that GC undergoes occurs around pores which are introduced artifi-
cally by sintering. In the present work techniques have therefore been

used which could probe the immediate vicinity of the inherently present



submicroscopic pores. .The microstructure of GC was characterized and
the pore structure investigated. The kinetics of pore evolution on
heat treatment is analyzed to arfive 5t'an activation energy.l A pos-
sible mééhanism.of the evolution is outlined.

‘The representative of graphitizable carbon chosen is pyrolytié
carbon, often called pyrolytic graphite (PG). PG has alreaay estab-
lished itself as a material for numeroﬁs technological applications in
aerospace, nuclear and other fields. The pores in PG are oriented and
have been interpreted in terms of a'théofy of écattering by oriented
ellipséids. A more realistic model of the pore geometry in PG is pro-
posed and the existing theory is modified accordingly. The pores in PG
provide an ideal vehicle to test the theory which could profitably be
used eventually to characterize oriented inhomogeneities in other mate—
rials systems such as elongated phases in spinodai systeﬁs decomposed

“in the presence of magnetic or stress fields.



2. GLASSY CARBON

I. REVIEW

A. Historical

An area of interest in the carbon field has been the production
of disordered carbons starting with thermosetting polymeric resins.
These materials are termed "glassy carbon'" (GC) mainly because they
are black, shiny, brittle solids that break with concoidal fracture.
The main objective of producing glassy carbon was to develop a mate-
rial which is impermeable to gases and liquids. It is different from
other forms of carbon in tﬁaﬁ even on a microscopic scale it is iso-
tropic owing to its tangled, lath-like microstructure with very small
apparent crystallite size. However, contrary to the behavior of other
forms of carbon, GC hardly graphitizes, even on heat treatment to
3000°C. Some of the properties of GC vis-a-vis those of graphite and
diamond are listed in Table 1. Several processes for the commercial
production of glass-like carbon are available now. These are reviwed
in outline by Noda et al., (1) and in detail by Jenkins and
Kawamura (2). Thermosetting resins e.g., phenolformaldehyde, furfuryl
alcohol, divinyl benzene, furfural benzaldehyde and napthalenédiol poly~
" merized in the presencé of catalysts such as ammonium hydroxide or
p-toluene suphonic acid have been used as precursors. Théy are cured,
carbonized very slowly and then heated at elevated temperatures. The
structure produced contains a significant volume of closed voids, about

30 percent. The material is a cavy aperture system. An integral part



of the microstructure, these cavities or voids. play a very important

role in the structure evolution of glassy carbon on heat treatment.

B. Structure of Carbon

The carbon atom has fourvorbitals in the valence shell; one 2s
orbital with a bond strength of unity and three 2p orbitals with a bond
stréngth of 1.732, Pauling (3) has shown that if the four bonds are
assumed to be equivalent and directed toward the corners of a regular
tetrahedron, then sp3 or tetrahedral bond will have a strength of 2.

If on the other hand each atom has three strong bonds at 120° to each
other, trigonal bonds will form with strengtﬁ 1.605. These are the
covalent bonds of diamond and graphite respectively. Cubic diamond has
interatomic distance of 1.54A. The high co-ordination number supported
by strong covalent bonds renders diamond the hardest known material
with a high density and melting point.

It has beeﬁ commonly accepted that graphite is made up of layers
in which C atoms form trigonal and T bénd with three neighboring atoms.
The unit cell is hexagonal with 4 atoms per unit cell. The layers are
stacked in such a manner that any two pairs alternate i.e. the sequenée'
is A-B-A-B-A. Occasionally a sequence A-B-C-A-B~C-A is encountered,
usually on mechanical grinding with a rhombohedral unit cell and 6 atoms
per cell. Since this form has never been isolated it is treated more as
a stacking disorder than as a separate phase. To explain the apparently
low basal plane compressibility in graphite compared to that of diamond
Pauling-(4) proposed that the layer planes in graphite have é 1-4 quin-

oid structure. In this structure each carbon atom forms one bond that
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has a large amount and the other two smaller amount of double bond char-
acter giving the bond lengths 1.453A (70% double bond character). Bond
angle ére expected to be 1120, 124° and 124°. Ergun (5) claimed that
his data on pyrolytic graphite indicated an apparent quinoid structure
in the graphite layer. Later, however, Donohue (6) detected serious
error in Ergun's analysis. Neutron and x-ray diffraction studies by
Trucano and Chen (7,8) confirmed the classical Bernal structure with the
refined C-C distance in plane 1.422 * 0.001A and unit cell parameters
a = 2.461A, c = 6.706A at 293°K. To date there has been'norexperimental
confirmation of Pauling's quinoidal structure of graphite.

In addition to cubic diamond and hexagonal graphite, carbon has
been found to occur in other crystallographic forms. The most interest-
ing of these forms, in recent years, have been the linear carbonsvcalled

'Carbynes’.

C. Structure of Glassy Carbon

The structure of GC has been investigated By a number of workers
using a varietyvof techniques (2). But the structure is not Qéll under-
stood. The micfostructural development on pyrolysis of resins have been
followed by Fitzer et al. (9). They foﬁnd that the material shrinks on
pyrolysis up to 800°C wheﬁ it reaches almoét a constant volume. Micro-
pore volume, BET surface area and water adsorption measurements pass
through a maximum éround 700—80000. Beyond about>1000°C there are no
‘detectable pores left even though the densiéy remains far less than that
of graphite. The material produced is féétureless when viewed in the

optical microscope, SEM (10) and conventional TEM.
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The bonding in GC has been the subject of considerable contro-
versy. Ergun and Tiensuu (11) sﬁowed that clusﬁers of tetrahedrally
bonded carbon atoms give rise to diffraction peaks in the same region
where (10) and (11) reflexions of graphite-like structures occur. Noda
and Inagaki (12) have analyzed the radial distribution functioﬁ of GC.
They concluded that there are both trigonally and tetrahedrally bonded
carbon atoms present in the structure. Furukawa (13) has suggested.the
presence of an irregular 3-dimensional network that contains trigonal,
planar doublé, triple, conjugated aﬁd tetrahedral bqnds. Kakinoki (14)
favored a model that éonsisted of two kinds of domains composed either
‘of tetrahedral or trigonal‘atoms.' These domains are, according to him,
bouﬁd to each other by oxygen bridges. Laser Raman studies of GC have
not been conclusive (15, 16). Saxena and Bragg (17) have studied the
K-emission band from diamond, pyrolytic graphite (mounted With c-axis
parailel to incident radiation) and three samples of GC heat treated at
1000, 1800 and 2800 for 1 hr each. They observed that the peak x-ray
wavelengths of GC lies between those of diamond and pyrolytic graphite.
It was concluded that GC contain both trigonal and tetrahedral bonds.

Ergun and Schehl (18) used Fourier transform technique to analyze
the GC structure. They found.that stacking of layers ié extensive but
faulty and that the hekagonal rings were distorted. Réusseaux and
Tchoubar (19, 20) have studied the structural evolution of GC.as a
result of thermal treatment between 1000° and 276090 dsing XRD and
1atticé imagiﬁg. They claim that the layer diameters in GC are actually -

larger fhan the scattering domains obtained by XRD analysis'and that the



growth of scattering domains occurs in a direction perpendicular to the
primary carbon chains produced'from the carbonization of polymer chains.
Oberlin and Rousseaux (21) believe that all hard carbons are com-
posed of three phases wheﬁ they are heated above 200000; non-graphitiz-
able carbon, graphitizable carbon and gréphite. Whittaker and Tooper
(22) have reported observation of single crystal diffraction patterns of
various crystallographic‘forms of carbon in fragmented GC. They pro-
posed yet another model of GC in which carbon is bonded in all its pos-—
sible crystalline forms 1iké graphite, diamond, Lonsdaleite, chaotite,
carbon IV etc. Similar observations were made by Kaée (23) in selected
area electronbdiffraction pattefns of GC. However, unlike those of
Whittaker and Tooper, Kaae's samples were made by ion-thinning. A spec-
imen mechanically thinned initially to about one mil in thickness was
further thinned bombarding it with 6 keV Argon ions until the specimen
was perforated. Kaae could‘hof index theAelectron diffractiog patterns
completely'bécause many spacings of forﬁs like chaotite were missing.
According to him most of the single crystal inclusions had crystalline
turbostratic regions in their vicinity. Saxena and Bragg (24) also
reported observing single crystal spot patterns of GC using specimen pre-
pared by crushing. Tﬁey contehd that the spot patterns arise from the
diffraction at relativély defect free regions freed by the removal of

strain on grinding.



D. Graphitization

Kinetics of graphitization has been réviewed in detail byFischbach.
(25) ana Pacault (26). ‘Graphitization of 'soft' or graphitizable car-
bons now seem to be accepted as a thermally activated transformation.
The work of Saxena aﬁd Bragg (24) on the kinefics of graphitization of
GC seems to be the first comprehensive report‘for this material. ‘Inter-
layer separation and crystallite size were used to characterize the
changes induced by thermalvtreatments;' The activation energy of the
transformation is foupd comparable to that for graﬁhitizable carbons.
The resistance to graphitization in GC is attributed to the thefmodynam%
ics of the GC = graphite transformation. The freevenergy change‘associ—
ated with fhis.reaction is rather small and Das and ﬁuckle (27) havé
éven found it fo be positive for some cases. |

One of the most important aspects of graphitization of GC has been
the part played by poroSity. While studying galvanometric?properties of
GC Yamaguchi (28) observed that two samples, one dense and impermeable
to gas, and the other porous, shoﬁed different grafhitizability.v He was
of the opinion that not dnly did the porous GC grabhitize more bﬁt its
graphitizétion was non-homogeneous, Kawamﬁra and Tsuzuku (29) used sin-
tering to produce GC with Qarying amounts of macroscopic porosity. Sinée
"magnetoresistance is a physical quantity indépendent of porosity", they
measured magnetoresistance of GC samples, all heat treated at 2700°¢.
If all the samples had graphitized to the samé‘extent, magnetoresistance
should have rgmained constant. However, it was obserﬁed to increases
with increased porosity until‘at a certainbpoquity it reaéhed a maximum,

Porosity was theréfore thought to enhance graphitization. Another
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interesting study of the effect of porosity on graphitizability is
available in the work of Kamiya and Suzuki (30). Two samples of GC were
made from phenol-formaldehyde resin. One was relétively more porous
than the other with average pore size of 100u. After heat treatﬁentto
various temperatures between 1600°C and 2700°C in nitrogen gas, x-ray
diffraction patterné were taken. The porous carbon seemed to develop
more prominent graphitic components in the x-ray diffraction, (XRD) lines
of the samples. Polarized light microscopy indicated that the graphite
layers are preferentially aligned around pores.

In addition to the effect of porosity, the effect of pressure on
graphitization of GC has also been investigated by a number of workers.
Noda and Kato (31) found that in the case of GC a graphitic material
with ¢ = 6.72A was obtained after heat treatment at 2500°C under 10
Kbars pressure. This value of ¢ has never been achieved by heat treat-
ing GC even above 3000°C under atmospheric pressure. Chard et al. (32)
found in GC sintered at 2700°C that the contacts between angular parti-
cles were frequently associated with areas of intense optical anisot-
ropy. They contend that the contact regions had been the sites of
strain and plastic deformation during sintering and the localized stress
was responsible for graphitiZation.. A similar explanation has been put

forward by Kawamura and Tsuzuku (29).
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IT. OSAMPLE PREPARATION

A. Material

GC samples available from Tokai (Japan). Beckwith, Lockheed
Missiles and Space Company . (LMSC) ana Polycarbon, Inc. were examined
under SEM (10) to determine the homogeneity and.absence of large voids.
Beckwith GC had many large pores.l Its physical propertiés indicated
that Beckwith GC had inferior mechanical properties. Polycarbon GC is
made by a process deveioped at LMSC. This GC was foﬁnd to be the most
reproducible in terms of measured properties.

Plates of GC of size 8" X 2" X 1/16" were bought from Polycarbon,
Inc., North Hollywood. These plates were cut with a diamond saw into
small pieces 2"X1"X1/16" . The materials received from the manufac-
tures were already heat treated at lOOOOC for 1 hr. For x-ray, TEM
and pore growth studies thése pieces were heat treated at selected =

temperatures for various lengths of time.

B. Heat Treatment

Part of the heat treatment was done in a Pereny furnace with large
heat.capacity, with a power supply of 20 kva, and the rest in a small
Astro furnace (Model 1000—2560—PP20) using a power sﬁpply of 12 kva.
Both the furnaces used graphite resistance elements. The space between
the heating element and the wall of both the furnaces was filled with
insulating carbon black. ' GC samples were then placed in»graphite cru-—
cibles. In the Pereny furnace the crucible was rested on a PG disc

that was screwed on to a graphite rod, the whole assembly in turn being
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screwed to the bottom of the furnace. The graphite heating element was
a cylinder with the top and the bottom ends‘thiéker than the rest. In
the Astro furnace, however, the crucible was placed on a graphite cylin-
der which rested on the carbon insulating block at the bottom end. The
heating element had slots made in it to accommodate thermal expansion
and the resulting stresses. A Lee&s andANorthrup opﬁical pyrometer
(catalogue number 8622) calibrated in the temperature range 1000°-3000°C
was used to measure temperature. Above 2000°C the precision was % 20°c.
While thg temperature control in the Pereny furnace was automatic, for
the Astro furnace prior calibration curves were made to control the tem-
perature manually. Before heating the furnaces, they were.purged with
a 5 cf/hr flow of Argon gas for abogt 10 minutes. During heating the
flow was reduced to a steady 1 cf/ﬁr for the Pereny and 0.1 cf/hr for
the Astro furnace. Water circulation with a flow of 2 gals/min was
,maintained to cool the metal casings of the furnaces. In case of water
loss, both furnaces had intelocks to shut them off. The heating rate

was between 70°C/min and 100°C/min.
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ITI. MICROSTRUCTURE

~A. Transmission Electron Microscopy

1. Samplé preparation and lattice image: GC heét treated at 2700°C
for 10 hrs was ground to a thickness of 2 mils. A 2mm disk was then cut
ultrasonically. This disk was mounted in an ion-mill where Ar ions im-
binged on it at 5 keV. 1In about 100 hrs the disk was perforated at the
center giving a thin wedge shaped region suitable for electron micros-
copy. It was examined in an electron microscope. (Philips EM 301) oper-~
ated at 100 kV. In the phase contrast mode an aperture allowed imaging
in the two beam (00.0 - 00.2) situation.

The image formation in an electron microscope is discussed by
Cowley (33). The technique and the underlying theory have been reviewed
briefly by Gronsky (34). Using the two beam technique we obtained over
large thin'areas lattice fringes corresponding to the (00.2)'plane§ of

graphite. Micrographs were taken slightly under focus.

2. Results and discussion: The selected area diffraction pattern
is shown in Fig. 1. Reflexions of the type (hk.1l) (h,k ¥ Q) are absent.
This is a consequence of the turbostractic nature of the stacking of
layers in GC. The diffraction pattern.consists of broad and relatively
continuous rings. No single crystal spot patterns were detected.

The lattice imége in Fig. 2 shows fringes with no overall preferred
orientation indicative of the isotropic nature of GC. The fringe pattern
resembled the '"Jenkins nightmare' model (35) shown in the inset. The

1ayérs show extensive bending, Fig. 3, and stackihg disorders are
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encountered at places. The thickness of each packet of layers and the
distance of contihuity of the fringes parallel to the layers correspond
to the two cryétallite.sizes La and Lc respectively; The layer spacing
was 3.4A for the specimen used, while the crystallite sizes were roughly
L, ~50 A, L.~ 20A 1in good agreement with XRD measurements.

In conclusion, high resolution electron microscopy has cleaily
shown that glassy carbon is not in fact amorphous. Our conclusions
agree well with those of Ban and Hess (36), Jenkins et al. (35) and
Philips (37). Our work on lattice image has been accepted for publica-
tion in J. Amer. Cerém. Soc., January 1978. A preprint is available as

LBL Report (38).

B. XRD Work

Unlike that of crystalline materials the XRD line profile of GC is
characterized by broad and diffuse peaks. Typical raw data, taken on a
GE XRD 3 diffractometer using CuKa radiation and 2° source, HR Soller
and 0.1° detector slits, and pulse height.discriminator is shown in Fig.
4. The detector was a scintillation counter. Goniometer speed was 2°
20/min, chart speed was 1"/ﬁin and time constant of the electronics was
0.5 sec. The characteristics of the XRD pattern is ﬁhat the first peak
is asymmetric, the background intensity is fairly high and some of the
peaks are so close to each other that they form the so-called (lik) band.
To derive meaningful structural and microstructuralrparameters from such
an XRD pattern a standardized procedure was developed (39). Among the
corrections to be effected are removal of the low angle scattering in-

tensity whose logarithm was found to be proportional to some negative
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powef of sin®, the background, the geometrical factor, the angular
variation of.atomic scattering factor and speéimen absorption. The cor-
rectéd profile shown in Fig. 5 1s the true interference function with
effect of strain still present. In the absence of higher order.peaks
removalbof strain broadening was not feasible. Thus the actual crystal-
lite sizes would be slightly larger than what the uncorrected line pro-
file implies. It has been found that without corrections one is likely
té overestimate layer separation by 0.06A. Whem it is recalled that
the range of d(00.2) between completely disordered (3.44A0).and com-
pletely ordered (3.35A) carbon is 0.09A, it is clear that highly érro—
neous conclusions could be reached about ''degree of graphitization" of

GC material. Typical values for two samples of GC are:

2700°C d(00.2) = 3.41A
' L = 44.8A
a
L = 21.8A
.C
1200°¢ d(00.2) = 3.54A
L = 26.5A
a
L = 11.8A
C

These values agree very well with those observed in the lattice image of

GC discussed earlier.
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IV. PORE STRUCTURE

A. Introduction

Glassy carbon has a low density (~ 1.5 g/cc) compared to that of

| single érystal graphite (~ 2.25 g/cé). However, their crystallographic
parameters i.e., c and a afe not'Significéntly different and therefore
can not account for the low density of GC. Thus it is obvious that GC
must contain a large volume of pores. Such pores were not observable
wheh the pyrolysié of the precursor polymef and subsequent‘microstruc—
tural development was monitored (9). Conventional bright and dark field
electron microscopy does not show these pofes either. These ébserva—
tions indicate that the pores must be in the size ?ange of a few A. N,
condensation studies and BET measurements give negligible volume and sur-
face area. When coupled with véry low permeability of Helium gas
C“ld-g cm2/sec)’these observations indicate that the pores are closed.
Lattice image of GC discussed earlier leads us to the séme conclusions.
The pores arise out of microstructural constaint imposed by the lath-
like fibrils of layers during pyrolysis.

The importance of porosity in graphitization has been established
(28-30). Howéver, in previous work the pores were introduced artifi-
cially so as to make them visible in the optical micrqscope. The inher-
ently present pores were not aﬁenable to monitoring because of their ex-
tremely small sizes.

A practical application of the knowledge of the pore structure in
GC would be to open them up by some'process>thereby producing an extremely

activated carbon (surface area ~600 m2/cm3)more active than carbon black.
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‘Measurement of density and its changes on heat treatment is the

first step in studying these pores.

B. bensity Measurements

1. Dafa. Densities of GC heat freated at several témperature for
various lengths of time were measured using room temperature water aé
the pycnbmeter fluid, because previous works>have shown that density
using helium gas a pycnomeﬁer fluid was identical, within limits of
experimental error, with that determined using water. Figure 6 shows
the variation of density at each temperature as a function of heat
treatment time (HTt). Figure 7 shows density as a function of heat
treatment temperature (HIT) keeping the samples for 10 hrs at each tem-

perature.

2. Results and Discussion. Contrary to the behavibr of many other
kinds of carbon, the density of GC is seen to decrease as HTT is‘in—
creased. Thus the pores must be swelling with rise in HIT. However,
the kinetic aspect of deﬁsity shown in Fig. 6 clearly indicates that as
long as fhe HTT is kept constant the total volume of the voids.remains
constant.

Fischbach and Rorabaugh (40) have also observed a similar trend of
the density of GC as a function of HTT. However for some samples heated
above 2700°C densification occurred. The increase in porosity below
27000C was attributed to tﬁe deformation due to the preésure of gases
generated within the closed pores. Slower heating rates were shown to
result in smaller increase in volume presumably because gases had enough

time to diffuse out.
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A part of the increase in porosity must be due to opening of the
pore ends because of anisotropic thermal expansion and consequent
‘stresses developed at these sites. Oﬁé can maké a rough estimate of the
thermal stresses at the pore edges by making the assﬁmption that at these
sites the interface aiong which two 'crystallites' are joined is pérallel
to the layer plane of one and the prism plane of the other. In such an

idealized case the thermal strain on heating the material by AT is
(Otc - aa) AT
where o's are the thermal expansion co-efficient in appropriate direc~

tions. The corresponding maximum stress will be

og=2¢C neglecting other terms compared
11
to C
11
using

= 106X 10tt dynes/cm>  (80)
a = 26.5X 107%/°% at 2000°C  (81)
a, = L2X 1078/ at 2000°C  (82)

o 5 X 1011 'dynes/cm3

This stress is comparable to failure stress of graphite in the presence
of 'Grifith flaw' of size ~ 10A. Thus thermal stresses will be a sig-

nificant source of opening of pores reshlting in increase in porosity.
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C.:_Small‘Aﬁgle X-Ray Scattering (SAXS)

1. Introduction. SAXS.technique was successfully appliéd by Guinier
to‘study the kiqetics of GP zone formation at a time when'the technique
of TEM had not been.invented. SAXS was thérefore one of thé appropriate
techniques to study voids in GC (41, 42) and moﬁitor changes occurring to

the pores on heat treatment.

2. Theory. When the periodicity in the electron density distribu-
tion in a structure is large compared to the wavelength of incident radi-
ation, detectable SAXS occurs. The basic theory of SAXS is treated by

Guinier and Fournet (44).

(a) 1If p(ﬁ) is the electron density at a point uin a parﬁicle relative
to the surrounding matrix, then the SAXS amplitude will be the Fourier

transform and the intensity scattered at angle 20 from a volume V is

I(h) = [ [ p(u) p(u + T) dV— exp(ih-T)dV= .
v v u T

Using Debye's correlation function defined by

C(r)

[l

[ p@ p@E+ DIV (pD av= (1)
\'J
one gets

I(h) = V (0D [ c(r) exp(ifi-T) d\ir. @

For a centro-symmetric particle, Eq. (2) is identical with

I(h) = V<pD [ 4me? c(x)lSin hr/hr]dr.
0
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Some limiting cases of Eq. (2) are:
h - 0 (Cuinier region, small angle in SAXS)

I(h) = V ¢ pD exp(- 1/3 hRg?) (3)

where Rg is the electronic radius of gyration, sometimes called
Guinier radius. For an infinitely long and narrow slit collimator
(applied to experimental set up mostly used) Eq. (3) remains intact

except for a constant factor dependent on Rg'
h + o (Porod region, valid at large angles of SAXS)

I(h) = 27 (pZ)S/h4 where S is the interface area of the two phase
scattering system. For infinitely long and narrow slits this

equation reduces to
J(h) = X p2> S/h3. : (4)

The integrated intensity for slit collimation is

[o0]

[ 3 hodh = 4f<AVe(l-c)
0

where c is the fraction of volume occupied by one phase, say pore
in GC. Using Eq. (4) with the last equation one gets an expression
for specific surface area S/V:

o)

S/V = 4c(l-c) LimhoJ(h)/ | hi(h)dh. C(5)
0

(b) The correlation function C(r) has properties similar to those of the
Patterson function of crystallography. If one end of a vector r is with-

in a particle, then C(r) is the probability that the other end of T is
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also in the particle. 1In general, for small values of r, C(r) can be

expressed as a power series (43);

C(r) =1~ ar + br2 + Cr3 + oo

where a and b are positive and the coefficients depend on the geometry
of fhe interface. Porod et al. (43) showed that for a smooth (i.e., no

abrupt change in curvature interface)
b=0and C = (klkz)/ 12+(kl—k2)2)/32 S§/4Ve (1-¢)

where kl and k2 are the mean principal curvature. For a smooth interface
b # 0. |

Now referring to‘Fig. 8, Porod showed that thevdifference in the
areas,

Al -.A2 = 16ﬂ2b for slit smeared SAXS. Thus for the case of smooth
particles A1 ~jA2, one expects the profile (a) while for particles with
sharp edges and corners, Al > AZ’ one expects a profile like (b). These
cases have been verified by Tchoubar and Mering (45) using dilute disper-
sion of épherules (smoéth) of Teflon, cubic crystals (sharp) of MgO and

a porous compact (sharp edges of pores) of Teflon.

() Equ;tion (4) is valid only when the electron density transition at
the inﬁerface is sharp. However, there are actual systems where the
interface is known to be diffuse. An endeavour is therefore made here to
provide a semiquantitative theoryvto éharacterize diffuse interfaces us-
ing SAXS (46). The content of this theory with,experimental‘verifica;ion

has been submitted to Met. Trans. (A). Following Hoseman and Bagchi (47)
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and Ruland (48) one can represent an electron density with a diffuse
interface as the convolution between an electron density of sharp inter-

face and a smoothing function such as a Gaussian. Thus
o diff(w) = [ g(@o@ + wavw = g()* p

where g(w) is the smoothing function. The new correlation function is

given by

. — S N
Casse®) = fv P gipr(WPgyep (¥ DIV 07 dV -

Upon inserting Eq. (1) into the above equation one obtains the relation

X %2
Cdiff(r) =C(r)*g(r).

Here the subscript diff means "for diffuse interface'" and *2 is a self
convolution. The intensity equation for the particle with diffuse inter-

face is obtained by taking the Fourier transform of the last equation

2
L e = I (6]

where G(h) is the Fourier transform of the smoothing function. Thus

B 1/2
G(h) = [Ty;pp(M)/I(0)]

which is equivalent to

| == _ 1/2
fv g(w) exp(ihew)dVe = [T, ()/T(I".

By inverse Fourier transform one is able to determine the smoothing

function

g = /2m° | [Idﬁf(h)/l(h)l‘l/2 exp (-iR-w)dVL
h
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A.simple approximation is to assume g(w) to be a Gaussian 1/k
exp(fﬂwz/k). Its transform is also a Gaussian G(h) = exp(-K2h2/4ﬂ).

Thus

Idiff(h) = I(h) exp(—KZhZ/Zﬂ).

In the Porod_region for K2h2/2ﬂ < 1 one can expand the exponential and

get

2 b 2 .2
_Idiff(h)_ = 21m¢p“) S/h —(pZ)K s/2n” .

.For an infinitely long and narrow slit collimation the last equation

reduces to
_ .2 S 2
Jyee® =7 ( 025 /B-K21 02 8/ 2h

3

thus h Jdiff

(h) = Trz(pz)S—K?‘n(pz)S h2/2

for a diffuse interface and

n3I) = 15 s
fof a sharp interface.

A plot of h3J(h) agalnst h2 will be a straight line of negative
slope for diffuse interface and zero slope for sharp interface. These
inferences have been verified by the author for spinodally decomposed
systems (46).

| Ruland (48) studied the case of density fluctions in bulk material.

In this case

h3J(h) ='ﬁ(p2)s-+(coﬂstant)h.
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3, Experimental Setup. The slit arrangements of a GE XRD3 diffrdc-
tometer were modified. The slit combination are as follows:
Incidnet beam slit 0.4°

HR Soller slit replaced by 0.4° source slit
in reverse

Detector slit 0.05°.
This slit arrangement was found to satisfy the qondition for infinitely
long, narrow collimation.
CuKu radiation was used in conjunction with pulse height analyzer.
Data were recorded on chart for 26 angle between 0.4° and 7°. FGC samples
were in the form of plates 1" X 2" X J/16" in transmission geometry.

Background corrections were made.

4. Results. Typical Porod plots of GC are shown in Fig. 9 where
intensity of SAXS is plotted agaiﬁst the modulus of scattering vector h
on a log-log scale. These are similar to the ones obtained by Rothwell
(41) and Peret and Ruland (42) except that in the region of large h a
slope of -3 is achieved. The rise in intensity at very small angles
(h ~ 2X10—2A—1) is known to be a composite effect of multiple scatter-
ing and doublé Bragg diffraction frém the layer type planes of GC. The
radius of gyration of the pores (44) was determined from the slope of a
graph of Log 1 against h2. As indicated in Eq. (3), a straight line is
expected whose slope gives the radius of gyration Rg. A typical set of
Guinier plots is shown in Fig. 10. The radii of gyration so determined
are weighted towards larger pores because it is the larger pores that

contribute more intensity in the Guinier region. A more fundamental
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quantity which is relatively independent of thevsize distribution and of
the geometry of the pores is the specific surface area of the pore-
matrix.interface. A determination of this parameter requires both the
integrated infensity and the Porod invariant h3J(h), as is clear from

3J(h) was

Eq. (5). To determiné the invariant for each sample of GC, h
plotted against»h2 shown in Fig. 11. The limiting value was determingd
from the horizontal portions of the curves. In calculating the inte-
grated intensity there is a considerable chance of error for large h‘be-
cause for h ~ o, hJ(h) is very small irrespective of tﬁe accuracy of J(h).
The procédure followed by Gerold (49) was adopted to improve the aécuracy.

An intermediate region h  was chosen from where onwards Porod's Law was

valid. Then

0o h o

0 3
f nJ(h)dh = f hJ (h)dh + f h K/h>dh
0 0 h
0
[ sy + 3
- nI(h) + =
0 h,

where K is the Porod invariant determined from Fig. 1l. Radius of gyra-
tion and specific surface area were calculated for each HTt at various
HTT in the range 2000-2700°C. The kinetics of Rg and S/V are shown

respectively in Fig. 12 and Fig. 13.

5. Discussion. Figure 11 does not show any maxima characteristic
of smooth interfaces. In the light of the discussion in the Theory,
Section (b), it is evident, therefore, that the pores in GC have sharp

edges and corners. This deduction is consistent with the microstructure
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determined from TEM lattice image shown in Fig. 2.

The large angle fegion of Fig. 11 is horizontal. Thus in the
Porod region h3J(h) is constant. As shown in the Theory, Section (c),
this means that there is no detectable density fluctuations on the pore
surfaces. For those pores which have their walls formed by the layer
planes, a density fluctuation would have meant large variations in layer
spacings near the pore.

While radius of gyration kinetics do indicate that rate processes
are involved, they could not be analyzed possibly because of the fuzzy
meaning associated with Rg when pore shapes are not known. However, the
specific surface area kinetics have been found to follow a first order

rate law:

dlde(s, - 8, = - k(S - S,)

where k is the rate constant and St is the specific surface area for

HTt = t and HIT = T. One thus obtains

St =S, + (SO - Sw) exp (-kt).

The rate constant is related to the HTIT through the Arhenius equation

k = ko exp (-AH/RT),

AH being the activation energy per mole of the associated process. A
plot of St vs exp(-kt) should be a straight line. By curve fitting the
values of k for each HIT were determined as shown in Fig. l4. A plot of
1nk against 1/T gave a straight line with a negative slope, Fig. 15,
where from the activation energy was determined to be 64 10 Kcal/mole

(2.8 £ 0.4 eV).
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This activation energy determined for GC pores should be compared
with that of rate processes in graphite. Table 2 lists some of the
activation energies of graphite and g:aphitizable carbons. Vacancy migra-
tion in the layer plane seems to have An activation energy closest to that_
observed. 'Because small pores are available which could both be the
source and sinks of vacancies, interstitial migration in the c-axix di-
rectionvhaving a similar activation energy seems to be a rélatively in~-
significant mechanism. Any model that is accepted as the predominant
activated process leading to the reduction in specific surface area of
pores in GC should be capable of explaining the following observations
discussed in the earlier sections:

GC undergées only limited graphitization

Pore surfaces have been shown to graphitize
preferentially. :

The total pore volume remains constant as long
as HIT is kept constant.

The tangled microstructure has its own constraints
and does not allow extensive realignment.

A model that could explain these observations is shown in Fig. 16. a
and b are pores with the layer planes making the pore walls. The layer
planes of graphite have very small surface energy ~ 100 ergs/sq. cm (56),
compared to that of any other planes. Thus the driving force from sur-
-face-area reduction would be very small. Any reduction in the pore sur-
face area of these types of pores would need a co-ordinated breaking and
making of bonds at the pore surfaces. This seems improbable. Thus the
pores of geometry a and b are stable. Pores c and d however are in

the layer planes going through the stacks. Their surfaces are mostly of
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high energy and obviously not constant over the whole surface because of
extreme anisotropy of the graphite structure. A large pore c situated

at a bend and a small one, d, at a relatively straight portion will have
two sources of driving force for surface area reduction. One is the re-
duction in surface energy and the other is the reduction of strain energy
on removing the bent reglons of the stack by migration of atoms around c
towards the smaller pore d. This is the same as vacancy migration from
d towards c, thereby coarsening the larger pore ¢ and shrinking the’
smaller one d.

In this work no effort is made to determine the relative importance
of strain energy vis-a-vis surface energy of pores. The model put for-
ward explains the "graphitization" around pores because here layer exten-
sions are occurring at pore site d. If, however, there are constraints
such as another stack. f blocking the growth of layer planes or if there
is no sink pores nearby, graphitization would be halted. Since the pores
of type ¢ and d are outnumbered by those of type a and b, and since there
are extensive constraints like f, only limited graphitization occurs. As
the total number of vacancies moving out of a pore equals that going into
sink pores, the overall pore volume does not change with HTt.

- The present method of iﬁvestigation probes only the regions near
the pores and therefore does not observe processes going on in the bulk
away from pores. Thus bulk graphitization may have an activation energy

different from that observed in this investigation.
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3. PYROLYTIC GRAPHITE

I. REVIEW

A. Historical

Pyrolytic graphite (PG) is made by the thermal decomposition of
hydrocarbon gases on a heated substrate, usually an electrographitized
mandrel heated to a temperature above 1500°¢ by passage of electric cur-
rent directly through the substrate. The temperature of the substrate
and the pressure as well as the rate of‘flow of the hydrocarbon gas are
adjusted so as‘to achieve the desired texture and properties of the final
product. In a number of in§estigations on PG it has been observed that
its electrioal, thermal and mechanioallproperties are considerably dif-
ferent from those of ordinary graphitized products. For example, the
tensile strength along the deposition surface is ten times higher than
that of ordinary graphitized products (57). The thermal and electrical’
conductivities are indicative of large anisotropy. They are higher in a
plane parallel to the deposition surface than in a perpendicular plane
because the crystallites in PG are highly orienfed placing their layer
planes parallel to the deposition surface. Most of the interesting
physico-chemical properties of PG are, thus, largely dependent on the
orientation'texture. However, the properties measured parallel to the
deposition surface do not show any dependence on direction because of the .

inherent isotropy pérallel to the deposition surface.
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B. Microstructure

The two major components of PG microstructure are:
(1) preferred orientation (PO) parameter

(i1) pore parameters;

There has been an exteﬁsive investigation of PO i.e., the orientation
depéndence of structure in PG (58-69). The orientation distribution
function f(w) = I(w)/i(o) is deterﬁined by measuring the intensity I(w)
of an (00.%) diffracfion peak (usually 00.2) as a function of the angle
w between the diffraction vector and the normal to the deposition sur-
face. Thus f(w) is proportional to the number of crystallites having
."orientation" w. It has been shown (58-62, 65) that f(w) can be repre-
sented quite well by the function Cosnw, where the exponent n can be em-
ployed as a measure of the degree of PO. Bragg et al. (63,64), however,
showed that f(w) is approximately a Gaussian exp(—w2/202). .0 can be
used as a measure of the degree of PO. Fischbach (69) showed that both
approaches are equivalent for the range of texture normally encountered.
A consequence of the strong PO is the "growth cone" microstructure of PG.
The microstructure shows cones originating from nucleation centers. For
substrate nucleated PG the cones with their apex at the substrate run all
the way up to the top surface while for regeneratively nucleated PG the
cones have apices at all levels.

The second aspect of the microstructure of PG, namely pores, ac-
count for approximately 5 percent of the volume as evidenced by the small-
er density of PG (2.10 g/c.c) compared to that of ideal graphite (2.25
g/c.c). These pores are closed and therefore are not amenable to the

conventional BET or permeability analyses. Since the pores are
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approximately‘ZOOA.in.size, optical micrographs are unable to detect
them. The inherent anisotropy of PG is.expected to be reflected in the
pore geometfy. Tﬁe first evidence of these submicfoscopic pores was
provided by Bragg et al. (70) in their study of the orientation dependent
SAXS. These authors suggested an interpretation of the SAXS as afising
from a dilute monodisperse collection of oblate ellipsoids of revolution
with the common minor-axis approximately perpendicular to thg déposition
plane. The presence of a strong texture in PG gives rise to "double
Bragg' diffraction that appears at very small angles (70). This éontrib-
ution can éither be'suppressed using suitable wavelengths that do not
Bragg reflect from the layer planes or it has to be identified éo as not

to confuse it with true SAXS.

C. Theory
Hamzeh and Bragg have proposed a theory (71) of SAXS by oriented

ellipsoids of revolution. The scattering has been shown to be in the
form of Rayleigh scattering by "Guinier spheres" whose radii depend upon

the orientation of the ellipsoids relative to the plane of observation.
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II. PORE STRUCTURE

A. Introduction

The following work attempts to study the geometry of the pores in
PG using SAXS. The SAXS is anisotropic and the theory proposed below
has general application for other anisotropic cases such as non-spherical
precipitates in two phase systems, spinodal decomposition in magnetic and
stress fields where the morphology of the minor phase is deliberately made

anisotropic for technological reasons.

B. Theory

In their theory (71) Hamzeh and Bragg made the assumption that the
phase difference, 8§, between the beam scattered at Z = 0 and Z = Z, (Fig.
17 and Z axis coincident with E;) is approximately hZ, where |h|=4msin6/A.
This approximation is valid only for y close to zero. Rothwell had put
forward a treatment of SAXS from ellipsoids (72) which does not have this
restriction but it leads to the same intensity expression. However, the
possibibility of next generation of complicated geometries like semi-
ellipsoid, shapes that are composites of two semi-ellipsoids joined with
common major axis or skin of ellipsoids have not been considered so far
even though these geometries are consistent with the optical micrographs
showing "growth cones". The intensity calculations for these shapes are
done below referring to Fig. 18.

EQ(X) and S()\) are the incident and the scattered x-ray beams.

The path difference between the beam scattered at 0(Z=0) and at P(Z,r,q)

is given by
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A = r Cosa Siny Sin26 + Z Cosy Sin26.

For small scattering angles, Sin20 ~ 26, Cos26~1. Thus the phase dif-

ference

(418/1) Cosa Siny + (476/A) Z Cosy

(o]
i

h Cosa Siny + hZ Cosy.

The structure factor of a particle of electron density p and volume V

is
2T a : Q
f(h,y) = 1/v J da I r dr exp(ihrSinYcosa)J exp (1hZ Cosy) dzZ.
0 0 P
For a particle composed of two halves of volume V1 and V2 respec-
tively,

F(h,y) = (pVI)fl + (pv2)f2

where f1 and f2 are the values of the integral f(h,Y) for the two halves.

The scattered intensity from N particles
2
I(h,H) = NF"(h,Y).

The limits of integration for f1 and f2 are P1l, Ql, respectively. Then

for the case of

ellipsoid Vli=V2=V/2, P1=P2=0,QL=Q2= b
semi-ellipsoid (Fig. 18a) f2 =0, V=V1, PL =0, Ql = b Case (a)
composite (Fig. 18b) P1 =0= P2, Q1 =bl’ Q2 = b2 Case (b)

skin of ellipsoid (Fig. 18c) p1=0 = P2, Ql= bl’ Q2 =-b Case (c)

2
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Using (HH) = 3 [Sin(hH) - hH Cos(hH)1/ (hH),

H2 = aZSinZY + bzcoszY
and

/b

2

k =V2/Vl =b 1

one obtains the intensity

I(h,H) = NFz(h,ﬁ) = NFz(h,Y) N/4[ pV1$(hH1) + pV2 ¢(hH2)]2.

For the case of

1) full ellipsoid Hl1 = H2 = H, V1 = V2 = V and the plus sign
inside ﬁhe bracket is to be used.

(ii) semi-ellipsoid (case a) V2 =20,

(i1i) composite (case b) plus sign is to be used inside the bracket).

(iv) skin (case c¢) minus sign is to be used inside the bracket.

In the Guinier region h + o and the trigonometric terms can be

expanded to give

L(h,H) = (8/4) (V1 12k expl- 1/5h° {aZSinzy+(biikb§)/(1ik)coszY}}. (6)
h-+0

Here k = + for full ellipsoid

0 for case a
> 0 for case b

< 0 for case ¢
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Thus a plot of InI vs h2 should give a straight line with a negative

slope from which one gets the Guinier radius

1/2

H = [a2SinZy+ {(biikbg)/ (1#k) }Cos?y] (7

In the Porod region on the other hand h + « and hH Cos(hH)>> Sin(hH).
Thus,
2, by 2 2 2 22
I(h,H) = (IN/8) (pV1)“(1/h ") (H™+kH1") /H1"H2 (8)
h +>
k assuming the values indicated above for each case.
Equation (8), for long and narrow slit collimation (44) becomes
3,2 2,2 22
I(h,H) = (constant) 1/h~ [H2"+kHI1")/H1"H2"] (9)
h > o
while the Guinier Eq. (6) remains the same except for a constant factor
dependent on the size of the particles.

For k =1, i.e., full ellipsoid (Hl = H2) and k = 0 i.e., for semi-

ellipsoid one has

[h3I(hH)rl/2€=&onstant)[(az—bz) Sinzy+b2L

If the vaiue of k is close to unity or to zero the above relation still
holds good fairly well. However, if k is substantially different from

unity or zero the equatibn is no longer valid. A plot of the left hand
side vs Sinzy could therefore decide about the relative value of k. In
the case of k being unity or zero or close to these we expect a straight

line.
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C. Material

The foregoing analysis provides the existing theory and that devel-
“oped in the present work to characterize the oriented pores in PG. Mea-
surements were made on PG samples provided through the courtesy of M/S
Pfizer, Inc. The material received had the deposition surface charac-
terized by the designs on the surface. The éample was about 1" thick.
Specimen for measurements were cut as shown, Fig. 17a. The mode of pre-
paration of PG clearly indicates that it is isotropic in the deposition
plane, Fig. 17b with the common‘axis of revolution of the pores perpen-
dicular to it. The épecimen were thinned to the optimum thickness for
maximum scattering 1i.e., the reciprocal of the linear absorption co-

- efficient of PG for the wavelength used.

D. Experiment
SAXS was recorded by an AMR 6-220 x-ray low angle scattering

goniometer based on a design by Bonse and Hart (74). It consists of

two grooved perfect Ge crystals in parallel position with the sample
holder placed between them as in Fig. 19. The depth of the groove is
approximately 1.5 cms. The walls of the crystal grooves are parallel

to the (220) planes of Ge. The x~ray beam is reflected six times be-
tween tﬁe walls in each Ge crystal. This results in the effective elim~
ination of the tail of the reflection curve (74). The second crystal is
rotated about a vertical axis through the center of the sample by means
of a large barrel micrometer calibrated in steps of one second of arc

6. It is driven by a motor. The counter is a Philips scintillation

detector connected to a scaler, ratemeter, pulse height analyzer and a
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teletype output. A rocking curve recording the direct beam showed that
one could approach within 5 seconds of arc 8 of the direct beam. Cali-
brated Ni foils are mounted on a rotating disc to reduce the scattered
intensity by a known factor so that the counting rates were within the

range of linearily of the detector and the absolute value of I, deter-

0
mined.

The Porod region of PG was investigated on a GE XRD-3 diffractom-
eter with'slif arrangements discussed earlier in connection with SAXS of
GC. |

To investigate the isotropy of the pores in PG in a plane paraliel
to the deposition surface, the specimen of type Fig. 17b was rotated (¢)
about the incident x-ray beam and the intensity was measured at a fixed
scattering angle for various values of ¢ covering the four quadrants.
For the orientation, Fig. 17c, the specimen was rotated about the

incident beam (Y) and the whole intensity distribution was recorded for

each value of Y.

E. Results and Discussion

The scattered intensity distribution as a function of y for'twq

extreme cases is shown in Fig. 20. For scattering vectors smaller than

2><».10—2 At the presence of "double Bragg" diffraction is clearly evident.

The region from which the "Guinier radius'" was determined had scattering
vectors larger than 2 X 10'2Af1' to make sure that no misinterpretations
arise. The graph of logarithm of intensity against h2, called "Guinier
plot" usually gives a straight line if the Guinier exponential law is

obeyed. From the slope of the straight line Guinier radius is determined.
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Typical Guinierbplots are shown in Fig. 21. The scattering from a spec=
imén of orientation Fig. 17b was found to be independent of‘thé angle

of rotation ¢ of the sample abodt the incident beam. This is shown in
Fig. 22. A direct measurment of 2a was made from the Guinier plots of
the data used to obtain Fig. 22 using Yy = 90° in Eqs. (6) and (7). This
gave 2a = 214A, From the plots like Fig. 21, values of H was deter-
mined as a function of Yy using Eq. (7). Since the number of voids is of
the order of 6X 105/cc, their average separation exceeds 500A, much
larger than pore size. Thus for all practical purposes the influence

of interparticle interference (44) on Guinier radius may be neglected.
'Figure 23 shows the observed Yy dependence of H along with the calculated

least square fit curve using

228A, 2b = 152A (ellipsoid and semi-ellipsoid)

N
Y
"

]
<]
1

228A, 2(bi:tkbi)/(lik)1/2 = 1528 with k = 0.9 (composite).

For the skin of ellipsoid model a good fit needed a large value of k
which has been unable to explain the behavior of the Porod region dis-
cussed below.

In the Porod region the intensity measured with an effectively
long and narrow slit geometry has been found to follow h3I = constant,
the constant differing for each value of y. This is shown,in Fig. 24.
 One can see that for larger values of h the product indeed becomes con-
stant for each vlaue of y. These constant values were used to plot
h31f1/2 against Sin2Y shown in Fig. 25. The curve obtained is a straight

line. This is exactly what one expects for a full as well as semi-

ellipsoid. However, if k is close to unity (composite) or to zero (skin)
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a straight line dependence would also result. Since the skin model
'ﬁeeded a relatively large value of k in the Guinier region it is re-
jected. Theifull ellipsoid, the semi-ellipsoid and the composite that
give exactly the same agreement in both the Guinier and the Porod region

yield

2a = 228, 2b 152A (full and semi-ellipsoid)

2a = 228A, b 804, b, = 72A, k = 0.9 (composite).

Since it is well known that diffraction pattern'of an asymmetric
object will have a center of symmetry (76), it is not pos#ible to dis-
tinguish by x-ray scattering experiments alone betweenva full ellipsoid,
semi-ellipsoid and a composite model. However, it has been found that |
the interlayer separation in PG, as determined by XRD, increases as one
goes from the heated substrate further up. In other words this means
that the closer a region is to the substrate the more ordered it will be.
vThis indicates the unlikeliness of the two halves of the ellipsoidal
pores to be equal, or in other words it speaks in favor ofAthe model of
Fig. 18(b), by* b,. '

A striking demonstration of the asymmetry of SAXS from PG is shown
in Fig. 26 and Fig. 27. The data are computer printouts of two dimen-
sional SAXS data using position sensitive detectors. The connected
curves are isointensity contours. The data show clearly that in orien-
tation, Fig. 17(b), the scattering is approximately isotropic, i.e., of

circular cross-section on the average, and the isointensity contours are
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approximately elliptical for Fig. 18(a-c).
The work on the pore structure of PG has been presented in two
conferences (77, 78) and has been accepted for publication in J. Appl.

Phys., Preprint (79).
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FIGURE CAPTIONS

Selected area electron diffraction pattern of GC.

Lattice image of GC showing (00.1) planes of spacing 3.4A,
Inset shows the "Jenkin's Model".

Bending of the layer planes.

XRD pattern of GC before correction.

Corrected XRD line profile of GC.

‘Kinetics of density change iﬁ GC.

Density of GC as a function of heat treatment temperature.
Effect 6f sharp edges and corners of particles on the
SAXS profile;

Typical Porod plot of SAXS from GC.

Typical Guinier plot of SAXS from GC.

Plot to determine the Porod invariant in SAXS from GC.
Radius of gyration kinetics of pores in GC.

Specific surface area kinetics of pores in GC.

Specific surface area of pores in GC follows a first order

"rate law with k as rate constant.

Activation energy of pore evolution in GC.
Pore model in GC.
Geometry of voids

(a) Block of PG :

(b) Voids project as circles

(¢) Voids project as ellipses
(d)  Scattering at voids



Fig. 18.

Fig. 19.
Fig. 20.
Fig. 21.

Fig. 22.

Fig. 23.
Fig. 24.
Fig. 25.

Fig. 26.

Fig. 27.
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(a) SAXS from a full ellipsoid
(b) Composite ellipsoids

(c) Skin of ellipsoids

SAXS set up.

Typical Porod plots for oriented PG.

Typical Guinier plots for oriented PG.

Isotropic scattering from a PG specimen cut parallel to the
deposition surface.

Dependence of Guinier radius on orientationm.
Verific;tion of Porod's Law at large values of h.
Dependence of Porod constant on SinZY.

Circular symmetry of scattering from a PG specimen cut
parallel to the déposition surface.

Elliptical symmetry of scattering frbm a PG specimen

cut normal to the deposition surface.
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Figure 26
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TABLE 1
SC = Single crystal
PC = Polycrystalline
Properties Graphite Diamond GC(2,000)
Density (g/cc) 2,25 (SC) 3.52 (sC) 1.40
1.60 (PC)
Compressive strength (PSI) 8000 (PC) -— 200,000
Tensile strength (PSI) 2000 (PC) — 25,000
Young's Mod (PSI) 6X106c (sc)
150x10%a (sc) 114x10° 3.5x10°
0.5-3X106 (pC)
Thermal Cond 0.19 (PC) 1.5 0.01
cal/em/°C/sec
Stability Below 130 kbars Above 13 Unstable

Thermal exp/°C

Electrical Cond
(Qcm)—l

Gas permeability
(cm4/sec)

Bond strength
Kcal/mole

Unit cell A

X-ray reflections

kbars thermodynam-
ically. Graph-
itizes above

10 kbars
-) 1.5X107% (sc) 1.2x107° 5x107°

28x10”% (sc)

3000 a (SC) 10—15

0.3 ¢ (SC) 200

0.01 (EC) —— 1077
in plane 80 60 -—
normal 4.4

2.46 a 3.56 2.5 a

6.71 ¢ . 6.9 ¢
hexagonal
if 1 even all even or  hko
h+2k #3(n+1/2) all odd 001
if 1 odd with of graphite

h+2k # 3n htk+1 = 4n




"TABLE 2

VARIOUS ACTIVATION ENERGIES FOR GRAPHITE

Mechanism Energy eV/atom Reference
Vacancy formation 7.0 £ 0.5 (50)
Interstitial formation 7.5 £ 1.8 (50)
Vacancy migration (a direqtion) 3.1 £ 0.2 (50)
Vacancy migration (¢ direction) > 5.5 (50)
Interstitial migration (a direction) < 0.1 (50)
Interstitial migration (c direction) 2.8 £ 0.2 (51)

Self diffusion

Synthetic (bulk) 1.7 (52)
Synthetic (grist) ' 2.0 (52)
Single crystal 7.2 ' (53)
Synthetic pile grade 3.5 - 6.5 (54)
Heat of sublimation 7.43 - (55)

Graphitization (graphitizable carbon) 11.3 (25)









