ﬁ"'v“ L e -
i

AN i 0 Ot A o AR A S et S iy R M I AR LI Pine i el AT A

AD-~-763 499

GLASSY CARBONS

Edward E. Hucke

Michigan University

Prepared for:

Advanced Research Projects Agency

June 1973

e T,

DISTRIBUTED BY:

Matioral Technical Information Service
U. S. DEPARTMENT OF COMMERCE
5285 Port Royal Road, Springfield Va. 22151




! 010189

| @)
f )] .
. <f ; Semi-Annual Progress Report
™ fur the Period January 1, 1973 to June 30, 1973
i ©
. e
i ;
I (zlassy Carbons
ﬁ June 1973
" ' Sponsored by
Advanced Research Projects Agency
. | ARPA Order No. 1824
": lcp'oducod;:lYAL TECHN[CAL
e Tlo
‘ ' monMATION SERVICE
| U G AT
- s\1Y o, | R G
at“ <Vp Department of Materials and Metallurgical Engineering
I -




GLASSY CARBONS 2

Semi~-Annual Progress Report for the Period
January 1, 1973 to June 30, 1973

June 1973

ARPA Order Humber: 1824

Program Code Number: 1D10 ]
Contractor: The Regents of the Univers.ty of Michigan

Effective Date of Contract: 1 June 1973

Amount of Contract: $150,000

Contract Number: DAHC1l5-71-C-0283

Principle Investigator: Professor Edward E. Hucke

Department of Mzt=rials & Metallurgical
‘ Engineering

The University of Michigan H

Ann Arbor, Michigan 48104

(313) 764-3302




The views and conclusions contained in this document
are those of the author and should no be interpreted as
necessarily cepresenting the official policies, either ex-
pressed or inplied, of the Advanced Research Projects Agency
or the U.S. Government.

e T i i
2. wiiaank JRRES L. SR




——— erc— ST
- -4 . . !

TABLE OF CONTENTS

SUMMAry. « « &+« o s « & o o s

I. Introduction . . . . . .
II. Materials Preparation . . . .

III. Structural Stuvdies . . . .

A.

Solid Structure. . . . . . .

X-ray Studies . . . . ., . .

Electron Microscopy and Diffraction
Thermodynamics . ., . .
Pore [Stryuctures: . o 1L L . .
Small Angle x-ray Scattering . .
Electron Scanning Micros=-opy . .
Pycnomethy. .o -0 ' & "5 s X . .
SUKEACEFArE s s b LA iy T e .

Mercury Porosimetry . . . . .

IV. Property Evaluation. . . . . . .

Hardnessieg “Sawiiig o TS NN I B
Compreszive and Ultimate Tensile Str
Sonic Modulus and Internal Friction

Resisthi valtyZe s (L3 Sata e S e I

References. . s X d ! & 3 s 5

Appending L an PR ERUREIPE B Lo o)

-

O YV @ WU

12
13
32
35
41

15
46
46
47
L7
L8
48

23




i

SUMMARY

Measurements of the physical and mechanical properties
of a large number of glassy carbon samples produced from con-
trolled pyrolysis of furfural alcohol resins has demonstrated
that the structure can be tailored very substantially. The
ability to control properties such as density and fine strvcture
leads to interesting and potentially useful mechanical, physical,
and chemical properties. Section thickness in excess of 2 inches
have been achieved in veiy fine pored (<100X3.glassy carbons in
processing times of less than six days.

The carbon's fine structure determined by electron micro-
scopy, electron diffraction and X~ray diffraction is not homo-
geneous on a size scale below 100 Angstroms. The material is
paracrystalline with the crystallite size ranging from 10-1003
depending on processing, and with some very crystalline .features
occasionally existing in sizes up to 500%.

Thermodynamic measurments of the configurational enthalpy
and entropy of various glassy carbons relative to graphite con-
firms that. their structures are significantly different. Com-
parison of the measured values with calculated entropies shows
that there must be substantial disorder existing within the solid
carbon rather than its structure being merely microcrystalline
graphite. The thermodynamic measurements also yield a measure
of the fraction of surface sites covered by oxygen which is

found to be higher for glassy carbons than for graphite.

Preceding page blank v
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Helium, xylene, mercury intrusion, small angle X-ray
scattering, surface area analysis, and scanning elcctron mi-
croscopy show the pore structure of glassy carbons may be either
isolated or interconnected, and in a size range from SR to
50 microns. Mechanical strength has an approximate inverse
relation to the pore size. The pore structure allows a decrease

in density, as well as the opportunity to vary mechasical pro-

perties and provide chemical filt=ring and ahsorption appliances

with substantial strength.
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GLASSY CARBONS

I. Introduction

This report covers work carried out during the period
January 1973 to June 1973. Results of the previous contract
periods are summarized in three previous semi-annual reports.!’?’?
Since various property evaluations are being carried out simul-
tanesouly, the data tables included in this report are cumu-
lative and nave been revised to reflect additional samples as
well as corrected in certain instances where more reliable
measurements were obtained. Cumulative data tables are given
in Appendix A.

Glassy carbons have already been shown t¢ have an unusual
set of properties, particularly with respect to inertness and
high strength to we2ight ratio. These attributes, together with
the ready availability and high temperature capability of carkon
naturally lead to potential applications in a wide variety of
extreme conditions, such as reentiy vhields and sliding seals.
Aside from machanical aprlications, the unusual inertness in the
human body has lead to various bkiomedical cpplications, while
its electrical properties have shown experimental promise as a
semi-conductor switch®, and its molecular sieve properties
suggest applications in chemical separatiornsS.

Glassy carbon is still a new material and at present is

Ll . e m i AR b 5 P




costly and available commeréially only in thin sections. The
high cost and section limitation both stem from the need to use
very long pyrolysis cycles in order to obtain material without
cracks. A major objective of this research has been to achieve
larger section bodies with rapid processing times.

All of the glassy carbons are made from a variety of
polymers and gaseous precursors and are hard, strong and light;
but many subtle variations exist and considerable tailoring of
propertics is possible. A major dilficulty in comparing the
various :arbon materials is that no simple criteria are avail-
able to distinguish one from the other. In general, many of
the physical and wmechanical properties show significant differ-
ences and one can give a comparison of one material with another
only by specifying a complete property set. All of the properties
derive ultimately from the structure and therefore it is important
to be able to elucidate, control, and specify the stiructure of
the material. The lack of a well-defined crystalline structure
severely complicates matters since not only ars the usual micro-
structural features (.1 to 100 microns) important, but also
variations in the ultrastructure (3 to 10( Angstroms) are en-
countered. Even a seemingly straight-forward property such as
real density becomes elusive because it can vary on the size
scale of the order of 503. .

With an understanding of structural variations possible,
extension in the range of properties achievable can be made.

From data previously available in the literature and the early
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results of this program?’?, it has become obvious that "glassy
carbon" is not a single material, since even though it contains
essentially only carbon atoms, its structure can be varied at

all size levels. It seems more appropriate to think of glassy
carbon as a material that may have short range atomic coordination
with a variable state of crystallinity; but in addition, where
rather large fractions of thermally stable voids can be arranged
at size levels from 5 Angstroms to 50 microns. Thiz accounts for
the low density and extremely wide variation in prcperties that
can be achieved. The incorporation of voids into materials is

not unigue. However, it is unique to have up to 30% void remain
stable in material at temperatures close to sublimaticn when the
pore size is well below 100 Angscroms.

The porosity is often on such a fine scale ana so stable
that it must be considered as a feature of the crystal structure.
The pore structure may be completely closed giving the material
a gas impermeability or interconnected yielding sieve-like
properties.

In addition to the pore structure, previous results3’/%¢7
have shown the presence of a small amount of very crystalline
regions ranging upwards in size to a micron. The regions are
well crystallized graphite and other crystalline polymorphs of |
carbon. f

The bulk of the structure also possesses some crystal-
linity on a scale of the order of 100 Angstroms or less, but

the perfection of the crystallites is very poor by usual standards;




and while the crystalline perfection may improve after heating

to verv high temperature, a well-defined graphitic structure is

not achieved without unusual methods. The structure is better
described ac para-crystalline in the sence used to describe

certain polymers. In fact, the glassy carbon structures are best
considered polymers with vanishing contents of other than carbon .
atoms. The carbon structures are related to the polymer structures
from which they evolve during pyrolysis. This observation follows
from the differences obtainable in structure and properties of
carbons after heating to 30C0°C by merely changing the thermal
history of the polymer in a temperature range below 100°C where

polymer structure is being formed, Thus, even though must of the

atoms present in the precursor polymer are later removed, the
resulting carbon inherits part of the structure.
The present study is largely concerned with structures
obtainable together with the simultaneous measurement of certain
key physical and mechanical properties. It is desired to achieve
in different samples as wide a variation in structure and proper-
ties as possible.
The materials are.being investigated from the viewpoints
of the solid structure and the pore structure, which of course }

are related. Since significant differences can be induced in

both over a size range of more than four orders of magnitude, no
single technique is sufficient. Instead, combined techniques
must be used. Each is discussed in the following sections of

the repor-. Representative property measurements are being
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carried out in conjunction with the structural examinations.

Due to the large number of samples processed, complete
structural and property evaluations are not attempted on every
sample. Apparent density, real density, wide angle X-ray
diffraction, scanning electron microscopy, and strength measure-
ments are made on every suitable sample. Small angle X-ray
scattering, selected area electron diffraction, transmission
electron microscopy, thermodynamic analysis, surface area analysis,
mercury porosimetry, electrical resistivity, hardness, modulus of
elasticity, and internal friction aru carried out on a selected

small number of samples.

IX. Materials Preparation

Oduring this report period over 380 samples of glassy
carbon were prepared with over 100 different processing conditions.
The work has continued to concentrate on furfural alcohol and a
furfural aicohol resin, Durez 16477 as a carbon yielding material,
with para-toluene sulfonic acid (PTSA) as the polymerization
catalyst. A single sample made from an axperimental heat setting
resin (Hercules H-54) has also been produced by molding according
to the manufacturer's recommendations. While glassy carbons are
obtained in all cases, the yield of good material and response
varies for each system. Thus far, the best results have been
obtained with the Durez-P1SA system, although this may be due

only to the greater expericnce with this system.




Catalyst levels from 2 to 204 by weight based on the
mopomer or resin content have been cxplored. “Temperaturc: fon
addivion of the catalyst and suuseqguent curing time and Poempera-
tures have been varied from geveral minutes to soveral weoks with
temperatures from -i1°C ro 150°C. In all cases where a particularly
interesting sct of proverties has been found, a duplicate set of
specimens has been made to check reproducibility. In general,
reproducibility is fair, but only if meticulous care is exercised
to exactly reproduce all conditions. Standard sample cylinders
approximately S cm in diameter and 20 cm in length have been
adcpted. Samples up to 15 cm in diameter have been produced
from coarser pored matierial, while a few samples of 5 cm have
been made from very fine pored (<1OOZ) material. The latter
samples are far thicker than any other similar material previously
reported even though the pyrolysis time of 6 days is much shcrter
than usual commercial practice.

The yield of crack free material has continued to improve
due mainly to increased care in catalyst additica and prevention
of trapped bubbles prior to and during casting. The presence of
bubbles has been found to cause cracking in the subsequent pyrolysis
of the samples.

~n order to yield good material, it has been necessary to
perform the hardening of the resin systems with a minimum tempera-
ture gradient thioughout the piece, which often requires cooling
after addition of the catalyst. The length of time curing, curing

temperature and .atalyst level have been varied over wide ranges




in order to vary structure.

The single-most important rfactor in obtaining crack free

e mzterials in pyrolysis is obtaining a upiform slow heating rate.
While heating rates hLave been varied from 5 to r0°C per hour in

; the range of room temperature to 1000°C, the yield of crark free

[ : material is much greater at the slower rates. Rates up to 200°C
i per hour appear to cause no difficulty in heating material pre-

viously pyrolyzed to at least 700°C. Bcth flowing nitrogen and

o s i
-

reduced pressure pyrolysis have been employed. Thus far, flowing

ritrogen appears to yield less difflculty with respect to cracking.

On selecteu samples, carbon reccvery and shrinkage data
. have been gathered. In both cases *he data are comparable with
those of the literature, namely a carbon recovery based on the
total resin weight of about 55% and linear shrinkage cof about 29%.
However, differences in both shrinkage and reccvery of about 10%
can be noticed with varying of curing and pyrolysis schedule.
! The Hercules resin H-54 gave a particularly high carbon
recovery of 90.9% based on the original resin weight and a very

[ small shrinkage (8.7%). For these reasons this resin merits . l
further study. i ‘

Rather subtle differences exist in the cured resins which ! ]
result in different properties after pyrolysis. Thus far no | J
satisfactory means for quantitatively studying the resin have been
developed.  Exploratory work using scanning calorimetry has been

initiated in an effort to see if the differing final results can be

|
detected from the thermal changes occuring in the polymer stages. A




The single-most important processing variable is the

maximum pyrolysis temperature (HTT) which has long been known

to affect the structure and properties. However, all the »ther
processing variables have some influence even though at this time
the data shov. no clear~cut correlations. Part of the difficulty
in finding a correlation is undoubtedly due to the fact that the
exothermic polymerization causes heating of parts of the sample
above the temperatures of intended control. It is also probable
that many of the effects noted in mechanical properties may be

due to the existence of very fine cracks or possibly residual
macroscopic stresses in specimens that appear to be macroscopically
sound. In this case, a particular processing change may appear to
cause a large effect on the properties, but may only aid in

yielding a more flaw free sample.

III. Structural Studies

While the eventual goal of this study is to correlate
structure at various stages of the process with properties, the
results thus far are largely drawn from samples taken at only
two processing stages. The first stage corresponds to a maximum
temperature exposure in the range 650-1000°C, while the second
stage is that formed at about 2000°C. Some samples have bcen
examined at HTT between 1000°C ani 2300°C, since for given pro-
cessing conditions maximum values of mechanical properties were

noted in this range.

The technigques chosen for structural examinaiion fall

et




into two broad categories with respect to the information yielded.
The first yields information predominantly about the state of the
solid make-up of the structure, while the second deals mainly

with the void structure. 1In the first category this study is
emploving bright field and dark field transmission electron micro-
scopy, electron diffraction, wide angle X-ray diffraction and
scanning ané¢ electron microscopy. The last two methods also yield
information on pore structure.

Additional techniques used to establish the pore sturcture
are small angle X-ray scattering, helium pycnometry, mercury
porosimetry, and surface adsorption.

An attempt is also being made to gain structural infor-
mation through a precise measurement of the thermodynamics of the

equilibrium

Cgraphite W Cglassy

Since the effort required to carry out the above tech-
niques varies substantially, a complete set of data is collected

on a limited number of samples after screening with more routine

tests.

A. Solid Structure

X-ray Studies

Several useful measures of the state o’ non-graphitizing
carbons can be derived from wide angle X-ray arffraction. The

usual data for d(002), LC, d(lo), and La have been measured for




a sample from each processing condition with the results repor ted

in Table 1 of the appendix. 'The procedures are the same as

previously reported’. ‘“The "crystallite size" parameters, Lc

ant La are in reality only line broadening parameters and can
not be literally inteirpreted as the size of graphite crystals,
since the analysis considers only size broadening of highly {

cryst:lline material and ignores strain effects® and the possi-

bility of a distribution of layer spacings. However, these
parameters are useful for comparing different samples of glassy

carbon and they do correspond very roughly to a paracrystall’ne

size determined by electron diffraction and microscopy. i
The results obtained to ¢ “te are similar to others in
that they show an increasing Lc and La' and decreasing d(002) as ’

the pyrolysis temperature is raised. One such example of this

- ————

variation can be seen in Figure 3. These results are consistent
with the idea that the structure is based on imperfect layers ‘
from 15 to 50 Angstroms thick with a layer spacing significantly

o
larger than graphite (3.35a). i

As previously reported, a large number of samples, but |
not all, show multiple reflections within the (002) line giving |
the impression of a multiple phase material. These samples have { 1
been designated as 2P, 3P or NVS in Table 1 where other than a ;
smooth broad 002 peak exists. Thege results give strong support | J
for the behavior postulated by Houska and Warren® for carbon
blacks where they concluded nearest-neighbor pairs of layers

]
assume the ordered graphite relation independently. Layer spacings B

-10- '
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of 3.35% and 3.443 exist presumably corresponding to ordered
and disordered pairs, respectively. 1In the present study the 2P
or 3P samples show very good agreement with these values. There
is a strong tendency toward multiple reflections with higher
pyrolysis temperature, and some correlation with longer curing
times and higher catalyst concentration. However, there are many
reversals and no satisfactony reason can now be offered to ex-
plain why this behavior is sometimes present and sometimes not.
It is possible that sharp lines are always present in the (002)
but that their intensity is too low to allow resolution in all
but exceptional cases. The electron diffraction results support
this finding.

The only clear-cut correlation between the X-ray data
and any processing variable or measured property exists with HTT.
While additional correlations may be possible, it appears at
present that the X-ray data are not very sensitive indicators
of the structural differences that influence the measured proper-
ties. The table below indicates the relation of Lc to pyrolysis

temperature.

HTT °C Lc, Angstroms
700 15-18
1300-1450 18-26
1500-1700 19-29
2000-2200 25-110

However, for a given HTT, a variation outside the experimental
uncertainty exists for samples with no other apparent processing

aifferences.

1
i
-z
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Electron Microscopy and Diffraction

Transmission electron microscopy (TEM) is being usced
to examine the microstructure of selected glassy carbon samples.
Samples for direct TCM and selected area electron diffraction
(SAED) are prepared essentially the same wav reported carlier'r” /'

No new features have been observed by any of the clectron
microscopic techniques, although .any additional examples of all
those reported previously’ have been encountered. It may be
concluded that all the glassy carbons thus far 2:xamined are
gquite heterogeneous on a size range below 1002. The various tech-
niques used yield structural parameters that are at least approx-
iinately consistant within themselves and with the wide angle
X-ray datea.

A large pcrtion of the material is very disordered and
appears to be granular on a size range of 20 to 602. The size
and crystalline perfection of these areas increases with HTT but
never very closely approaches graphite. The granular material
is arranged in platelets (150~5003) and in : few cases rod-like
morphology. In addition there is a small but definite amount
of very crystalline material which sometimes is larger than 500%.
Of this crystalline fraction, most gives a well-defined graphite
pattern while some give patterns definitely not assignable to
graphite. These areas are detectable well before any evidence
is seen in X-ray diffraction patterns. In general, these findings
parallel those of Whittaker’, and give a hint to the cause of the

variability of properties achievable in the material.

S




i Thermodynamics

i~ The measurements nf the Gibb's free energy change for

the equilibrium

CGraphite = CGlassy
have shown encouraging results as a means of structurally
differentiating various glassy carbons. This measurement as
} a function of temperature allows the evaluation of both the
configurational enthalpy and entropy. The first gives a measure

| of the energies of missing atoms, strained bonds and similar
defects while the seccnd relates to the disorder relative to
perfect crystalline graphitel!r2¢3:10,

The measurement currently employed measures electrically
the difference between graphite and glassy carbon maintained in
their respective equilibrium oxygen partial pressures at a given

tempeyr: ture. It has been demonstrated that the cell yields a

przcise value for the equilibrium

Coz(g) + C = 2CO(qg)

Graphite

when one side of the cell is held at a known oxygen partial

pressure, i.e., air. It was also previously shown that the cell

gave near zero output with the same graphite on both sides and

i gave the expected linear free energy versus temperature relation
when an unknown glassy carbon was used on one side. The equili-
brium could be attained on either heating or cooling and was

stable in the temperature range studied, 700°-1025°C. Additional
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examples of this behavior are given in Fig. 1 for a commercisl

carbon and for an experimental resin (H-54) supplied by the
Hercules Chemical Company. The lines shown are least square fits.
The configurational entropy and enthalpy are the slope and inter-
cept at zero absolute teaperature, respectively.

Values for all the samples thus far analyzed are includad
in Table 4 and presented in graphical form in Fig. 2. On this
plot the origin represents perfect crystalline hexagonul graphite.
It is quite apparent that the various glassy carbons are remark-
ably different in thermodynamic properties. It should be pointed
out that the earlier fused salt runs are less precise and subiect
to some uncertainties due to electrolyte evaporation and other
experimental problems. At least several additional runs are
planned in order to further check consistency of results between
the two kinds of :cll.

The grapnite used for the reference is ICC-grade AGSR.

Run ZC-15 shows a trial run using a stress recrystallized graphite.
In this case the EMF was 1 mv or less throughout the temperature
range giving rise to a rather large experimental uncertainty.

Both AH and AS, while small, are opposite in sign from the ex-
pected result. Refinements in experimental apparatus and tech-
nique may vield more information on this point.

The measurements are for the free energy of carben
saturated with oxygen at a total pressure of 1 atmosphere. Fecr

many of the samples the oxygen partial pressures under these

condidsi tions are below 10~1!'® atmospheres. These conditions are
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marginal'® for the calcia-doped zirconia electrolytes and there-
fore yttria-doped thoria and other oxygen sensors are under study
at present to extend the measurement range. The lower range is
set by time required to reach equilibrium and the conductivity

of the solid electrolyte. It appears that 650°C is about the
lower practical limit even with crushed samples.

Thus far, one series has been completed where only one
major variable was chunged. The results are shown in Fig. 3,
together with a number of other properties measured on the same
samples. The entropy and enthalpy show the expected trend,
however, it is apparent that not much change cccurs from 1250°C
to 1800°C. The enfhalpy shows a somewhat larger change in the
same range. Both entropy and enthalpy are quite large, but are
neither the largest nor smallest of ali the samples now measured.
Values of ~1500 cal/mole and 5 cal/mole-°K for enthalpies and
zntropy have been reported from other types of measurements on
related sys:ems!'!.

The X-ray data correlate roughly in this series with the
thermodynamic measurements. However, d(002) shows a significant
change while the atomic configuration'is almost constant. This
may well be due to strain relaxation which is confirmed by the
lowering of AH. These findings are consistant with the formation
of closed pores as indicated by the steady drop in xylene density.
This is confirmed by the drop in surface area open to nitrogen

(Table 7) and the trend of intrusion pore volume as measured

by Hg porosimetry (Table 8). Unfortunately, no reliable void 3

-17-
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measurements from small angle X-ray scarteri~? are yet available
for these samples.

It is also worthwhile to note that ~ ¢ .ven value of
d(002) does nct necessarily correspond to a givan disorder. For
example, the 3eckwith-2000°C sample shovws X-ray parameters roughly
equal (Table 4) to those of 321-13-1%00°C, but it has far higher
dis der, i.e., 10.5 versus 4.23 cal/mole-°K.

There is also some indication that the atmosphere of high
temperature treatment is importanc. Sample 321-13 shows a higher
disorder after treatment to 2000°C in N, than 1800°C in vacuum.

It is also worth noting from Fig. 2 that the highest
values of disorder do not necessarily indicate a high value of
enthalpy.

The cell measurements also yield useful information about
the fraction of sites occupied by oxygen by using an independently

measured value for the oxygen exchange egquilibrium:
CO2(g) + Ce = CO(g) + Co I

pCO'Co

K =
I Poo,Cs

Lo i Cf - Ct

In this formulation C refers to the number of sites for
surface oxygen per unit weight and the subscript designates the
total number (C,), che number of occupied (Co)' and the number

free, (Cf).

]9~

e e ——




The value for KI determined in the raage 800°-1400'C 1

in K

- --Ll—.f....-—.575
b ¢ o

+ 8.50

The same value of KI applies for activated graphite, activated
charcoal, and Ceylon graphite and it is therefore presumed to be

independent of type of carbon'?.

Simultaneous exchange of oxygen and carbon can Hccur

according to the reactican
CO = CO(g) + n C£ (1)

vhere n is either 0,1, or 2, depending on the type of surface
oxygen complex.

If one considers the bulk reactions,
C(s) + COa2(g9) = 2CO(g) II
Co(g) + 40:(g) = CO,(q) (2)
CGraphite " Cblassy s

together with reaction I, it is possible to derive an expression

for Co/ct as a function of the experimentally measured quantities,

-G, .. /RT
Co _ %o _ Ky -1+/1+5-P—‘ IXI
Ce X 7 11

X'o

In this expression P is the total pressure and is well approxi-

mated by




[

'E

while X  and X, are the fraction of occupied and free sites,

respectively. Of course,

Xo + Xf = ]

and

in KII T

Figure 4 shnws the results for 1 atmosphere for graphite and
Zor sample 321-13 with HTT of 1060°C and 1800°C. On the same
plot the measured AGIII are shown for comparison.

An interesting observation is that for 321-13 (1800°C)
the fraction of occupied sites is significantly higher than for
graphite. This may well account for the well-known lower
reactivity of glassy carbon relative to graphite.

Various attempts to calculate the thermcdynamic propertics
from assumed models of structure are being made. While it may,
of course, be possible to find models that yield agreement with
the AS and AH measurement, it will of course never be possible
to establish the existence of the particular model in this manner.
It is, however, possible to show that some structural models are
not censistent and can therefore be ruled out.

First, it may be asserted that the relatively large
configurational entropies already measured can not be rationalized
with a purely microcrystalline model. If the material were per-
fectly crystalline, there would be no configurational entropy

associated with the solid. 1Introduction of large numbers of

-21-




.

i
1
t
]
&
e

#ﬁ’c 321-13-lhr-vac
0.024} —-4000
'
g 8)-
0.020} b
\ _
. 0016 ‘ / ~{~2000
g W
~
S colzf \5'\69‘;6 ’\
i =
52 C N
0.008 0
0.004 Gropnite
A
ol 8 - 2000
600 800 1000 1200

TEMPERATURE (°C)

FIGURE 4

o=

AG (cal /gm-male)




atomic defects within layer planes is unlikely and still would
not yield entropy values of the magnitude observed.

If one uses the estimate of surface area (500 mz/gm)
derived from small angle X-ray scattering me:suremeuts!® together
with reasonable values for surface entropy (1 erg/cm?-°K) and
energy (2000 ergs/cm?) for carbon, it would be possible to account
for nnly 1.5 cal/mole-°K in entropy and 3000 cal/mole-°K enthalpy.

Assuming a crystal size approximated by Ec and 1, from
X-ray data would yield as an upper bound interfacial entropy and
enthalpy of 1.2 cal/mole~-°K and 2500 cal/mole, respectively.

Since many of the carbons studied have yielded entropies
substantially in excess of any of the estimates, it is concluded
that there must be substantial disorder on a scale of atomic
dimensions within the solid phase.

A first approximation calculation of the entropy intro-
duced by introducing stacking faults through random mixing of
rhombohedral stacked sequences and hexagonal sequences can be
made as follows:

Consider an ensemble of N carbon atons stacked ideally
i1 n, layers of equidistant and parallel planes. Let the
fraction of cerbon atoms participating in rhombohedral and
hexagonal stacking be x and y, respectively, then

No. of atoms in rhombohedral sequences = Nx
No. of planes in rhombohedral sequences = Nx * - = n

No. of planes in hexagonal sequences = ney

=)=




n,*x
No. of seqiences of planes stacked ABC = g

n, e
No. of sequences of planes stacked AB = 5

Total No. of sequences = nz(x/3 + y/2)

The number of ways Q of arranging the n, planes in the

above sequences is

X
[n, 3+ H1

X
(nzg)!(n£§)!

The usual Sterling's approximation yields

n,x n,x n,y n,y
= E A SR g P g L L
Lnf n£(3 + 2) ln[n£(3 + 2)] 3 n 3 5 Ln 3
NP T ¢
The encropy can then be calculated using G il el for perfect

graphite layers.

X(%) S, cal/mole-°K
1 .020
5 .078
10 .120
25 .216
50 . 296

where X is the percent oi carbon atoms participating in rhombo-
hedral stacking.

If it were assumed that the planes were not made up of
hexagons as is usually thought, but were instead quinoidal as

suggested by Ergun'®, each plane would have three angular

-24-




——

rotational positions. In this case the total entropy would be

increased, but still not to the values observed.

X(%) S, cal/mole-°K
1 1.11
5 1.17
10 1., 22,
25 1,30
50 1.23

Another model has been assumed using mixed tetrahedral
and trigonal bonding. While there is inadequate direct evidence
to substantiate the contentions of Ergun and Tiensuu'!®, Noda and
Inagaki'’, Kakinoki'® and Kakinoki et al.!® that glassy carbon
contains some tetrahedral bonding, there is inadequate precision
in the radial distribution functions'?r2° to rule out this
possibility.

Of many crystalline forms in which carbon exists, only
four, i.e., hexagonal and rhombohedral graphite and cubic and
hexagonal diamonds, can be completely characterized, and these
are true allotropes, all occuring naturally. }

The following coherency relationships have been found?! P
in hexagonal graphite and hexagonal diamond:

(100) Hexagonal diamond//(001) Hexagonal graphite

{001] Hexagonal diamond//[210) Hexagonal graphite
[010] Hexagonal diamond//[010] nicxagonal graphite
The planar and linear atomic densities along the above planes

and d.rections match within 10%. In the proposed structural model




various crystalline forms of carbon are coi.sidered. It has becn

assumed that the structure is basically layver type, and the vacant
sites and different kinds of carbon-carbon bonds do not interact
with each other.

A statistical method has been used to calculate the
configurational entropy by Boltzman's equation and a first nearest
neighbor quasi-chemical approach has been used to compute the
configuraticn.l enthalpy. The presence of other types of bonds
is assumed not to change the energetics of the existing bonds.
Configurational enthalpy, entropy, and the corresponding vibra-
cional contributions have been combined to obtain the total
Gibb's free energy of the defective crystal. Then, the equilibrium
structural properties have been predicted by minimizing the total
Gibb's free energy.

Consider an ensemble composed of (N+n) atom sites, out of

which there are n vacant sites and N occupied by carbon atoms.

Let the percentage of tetragonal bonded atoms be X and the real
density be d. gr/cm®. Every trigonal and tetragonal atom

(N(1-X/100) and X/100, respectively] has 3/2 c-c bonds in the

plane and % c-c bond out of the plane. The number of bonds of
all kinds <onsidered in this model along with their bond lengths ' ‘
and energies are listed below. The numbe» of bonds have been 4
culculated using first neurust neighbor interaction and the bond I J
energy has been computed using the bond length-bond energy

relationship as proposed by Feilchenfeld??. !
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Quasi-Chemical Parameters

Bond Energy
Kcal/g-mole

No. of Bonds Reid %ength bonds
Kind of Bond (Pij) A (Eij)
AA 3/2N(1-X/100) 2 1.415 =109
BB 3/2N(X/100) 2 1.555 - 82
AB 3N (X/100) (1-X/100) Variable Variable
A'Aa’ kN (1-X/100) 2 335 = B8
B'B’ LN (X/100) 2 1.555 - 82
A'B' N(X/100) (1-X/100) Variable Variable

A and B refer to the trigonal and tetragonal atoms,
and the dash refers to the bonds out of the plane. The configu-

rational enthalpy of the disordered crystal is:

-H_ (Kcal/g-mole) = Z = 167.5 - 7(X/100) (1-X/100)

PilE!.
iy 13743

The configurational entropy of glassy carbon of density d, and

having X% of tetragonal atoms is:

R d; . AT P
SC = a4 dzzn[dl}+(d, dz)zl:l——al—'

X X X X
- 4R [m-[l"m] in 2 + [l-m] ln[l"m]

* [xbs]on (st

The density of the glassy carbon without missing atoms (d,) can
be calculated based on the unit cells of hexagonal graphite and
hexagonal diamond. Both the structures have four carbon atoms

per unit cell, and hence the volume of the unit cell composed




of X percent of diamond type of atoms would be
Vy = [35.17 - 12.51(x/100)] x 107 **cm?
The density would therefore be:
d; = 2,27 (1-0.003557x)"!

It is evident from the papers of Takahashi and Westrum??® and
Takahaski et al.?" that the heat capacity, and hence both
vibrational enthalpy and entropy of glassy carbon approach the
value of graphite at higher temperatures. Hence, in formulating
the total Gibb's free energy at higher temperatures, the

vibrational enthalpy and entropy of graphite have been used.

This implicity but unfortunately assumes that the heat capacity
of glassy carbon is not a function of its density, d2, and the
degree uf disorderness, X.

In the proposed model the: appropriate values of energy
are reasonably well-known for graphite-graphite and for diamond-
diamond bonding. However, recent work?® on vaporization indicates
that a significant amount of the carbon that vaporizes is in
moleécular groups. This would affect the value used somewhat.
The most serious uncertainties lie in selecting the values to
be used for the mixed bonding of the type A'B' and AB.

It is reasonable to assume that these energies are
bounded by the values for graphite-graphite and diamond-diamond
and therefore the calculation has been carried out using three

sets of values. Probably the best guess is that the in plane
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bonding approaches diamond and the between plane bonding
approaches graphite. The results of the free energy minimization
for this case are shown in Fig. 5 and 6. The minima always occur
at d; = %% » but the shapes and locations of the curves are not
very much affected by density. This model yields several inter-
esting features. The system displays the characteristics of
phase separation except that it should be noted that in this case
the overall X of a material may change since it is not subject to
conservation of mass considerations. The results clearly show
that at low temperatures, phases of nearly perfect graphite-
graphite and diamond-diamond are most stable. The graphite phase
is, of courve, slightly more stable. As the temperature increases
the minima shift away from the end points. It should be pointed
out that the minima are very "shallow", i.e., very small free
energy differences are involved with shifting of the fraction
diamond bonding near the end points, and there is a significant
free erergy barrier to jump between the "pure" phases. In this
c+<C any local regions that by way of early structural arrange-
ment in the precursor polymers involved substantial mixed becnds
would tend to move toward the closest pure phase, but could

not easily jump the free energy barrier between. Any regions
starting with pure bonding would at high temperature develop a
modest amount of mixed bonding, but the free energy changes are
very small as can be seen in Fig. 6 which shows an expanded

scale view of the end point regions.
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If the mixed bonding energies are changed to assume the
interplane and intra-piane mixed bonding of graphite, the
diagram assumes a different character. In this case shown in
Fig. 7, a minimum exists in the mid-region cf the diagram. The
minimum is very shallow at low temperatures. These parameters
would predict a substantial amount (“50%) of diamona bonding
shouvld exist at high temperature.

The same general features are shown in the model where
interplane mixed bonding is that of graphite while intra-plane
mixed bonding is that of diamond (Fig. 8). This is the case
of the fabled diamond cross-link. In this case a minima occurs
in the center region of the diagram, but the free energy of
this minimum is substantiaily lower than the cther cases. Such
a model would predict that glassy rarbons would have substantial
diamond bonding. The predicted density of 1.37 gm/cm® is not
far from the experimental values.

From the foregoing resulits, it is clear that mixed
bonding could very well be present in glassy carbons, but that
the form of the free energy curves is quite =ensitively affected

by the exact energy of the mixed type bond.

Further work in refinement and extension of model
calculations is continuing.

B. Pore Structure

The details of pore structure are being investigated

with a variety of technigues, including small angle X-ray
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scattering, scanning electron microscupy, pycnometry, surface

adsorption, and Hg porosimetry.

Small Angle X-ruy Scattering

Small angle X-ray scattering is being used to study
microporosity of selected glassy carbon samples. Recent theo-
retical developments®®~?*® in small angle X-ray analysis allow
the determination of genera! structural parameters of both the
solid and pore phases. Determination of pore size, pore shape,
distribution of pore sizes, internal surface area, length of
coherence, range of inhomogeneity and X-riy density can be done
when a detailed analysis is made. In addition to these parameters,
a knowledge of the helium density permits the determination of
closed and open porosity.

Thus far, only preliminary investigations on a few
selected samples has been accomplished due to experimental
difficulties. Guinier's analysis is used to determine the pore
size. The analysis also indicates whether a sample is monodisperse
or polydisperse. Porod's plot is used to obtain a preliminary
idea of the variation of electron density in the samples.

For the evaluation of Gulnier's radius, R., of pores

the approximation

1(s) = n? expl[- % n? Ré 8]

is considered valid at sufficiently small angles. Here I(s)

is the scattered intensity, n’ is a constant for a particular




S

sample @aad s is 26/) (20 = scattering angle, A = wavelength of
radiation). The plot of log I{s) - s? should be a straight line
if the sample is monodisperse, i.e., pore size distribaition is
very narrow. The size of the pores may be calculated r:om the
RG if shape of the pores is known.

Porod's plot (log I(s) versus s) has been shown to be '
linear over a wide range of s values if the density transitions
between the vhases are sharp.

A Rigaku-Denki small angle unit equipped with a pro-
portional countuir, automatic step-scanner and digital print-out
is being used to measure the scattered intensity. As reported
earlier®, the slot collimation is being utilized because pinhole
collimation gives a very small intensity requiring very long ex-
periments. As expected, slit collimation has reduced the ex-
perimental time considerakbly.

Ni-filtered Cu Ka radiation is used with a pulse height
discriminator to insure that the proportional counter registers
counts from a narrow wavelength range. A graphite crystal mono-
chromator will be employed to provide a more perfectly monochro-
matic wavelength for accurate analysis.

Figures 9-11 show the Guinier's plots for some of the

samples studied. 1In these plots I(s), the observed scattering

intensity measured using slit collimation, requires correction
for slit smear.ng. A computer program for making the collimation ‘
correction is in progress. The present results have been drawn

using the smeared intensity and should be interpreted cautiously. }3
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In most of the cases the log I(s) -s? plot is found to
obey Guinier's law; i.e., a linear relationship from very low
s? to about s = 2x10-* A-2, Figure 9 shows the plots for five
commercial samples which obey Guinier's law very well. The RG
values fcr these samples along with the reported values are
given in Table 5. As can be seen, our values are much higher
than values reported in the literature. One possible reason for
this discrepancy may be the collimation corrections yet to be
made.

Guinier's plot for several samples which obey the law
well are shown in Figure 10. One can, however, see that in all
of these cases the intensity tends to rise at very low s? values,
whereas this was not observed in any commercial samples. This
indicates that in the samples shown in Figure 10, pores larger
than given by RG are present though probably in small percentages.

Figure 11 shows Guinier's plots for samples 311-'9 (750°),
312-31 (2000°) and 318-42 (2000°), none of which obey Guinier's
law well. In 312-31 (2000°) and 318-42 (2000°) a straight line
portion at higher s? values may be imagined. However, 311-19
(750°) does not follow a linear relationship at all. It may be
inferred for 312-31 (2000°) and 318-42 (2000°) that most of the

pores are of a size given by the respective R. values, however a

G
substantial fraction is of larger size. The sample 311-19 (750°)

is completel; polydisperse. Table 6 gives R. values for samples

G

made at the University of Michigan.




The wide range of pore size sometimes encountered is

contrary to the no-ion that glassy carbons have a very narrow
pore size range.

Figures 12-14 show Porod's plots for various samples
studied. Figure 12 shows equivalent plots for commercial samples.
Al) the plots have two regions. First, a very flat region at
lower s values. The second at higher s values is a straight linc.
The slopes of the straight line portion varies from sample to
sample between 2.8 and 3.5. The straight line portion indicates
sharp density transition from one phase to another as pointed
out by Porod.

Figure 13 shows that the regions at lower s values are
not as flat as observed for commercial samples, however, a
straight line portion is present in all cases. Figure 14 plots
for polydisperse samples show the absense of flat regions. One
can see that 311-19 (750%) whi.'h is completely polydisperse cbeys
Porod's law very well from very low to very high s values.

Further conclusions must await suitable corrections for colli-
mation.

Electron Scanning Microscopy

At least one fracture surface of ecach sample has been
photographed by SEM. The pictures have proved valuable in
checking the uniformity and size of solids and voids in all but
the finest material having pore sizes below lOOR. The pore size
values obtained agree rcasonably with the pore size determined

by Hg porosimetry, while the particle size agrees reasonably
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with impregnated polished sections obtained with the light
microscope. No structural features in addition to those pre-
viously reported’’?s? have been encountered.

Pycnometry

Xylene immersion iensity measurements have been sub-
stituted for He density due to the inability to achieve accurate,
reproducible results. The xylene densities are quite reproducible
and show much less sample to sample variation. It was found
that the grinding of samples in either alumina or tungsten carbide
lined ball mills introduced enough wear material from the liner
and/or balls to cause a measurable difference in density. The
presence of Al;0; or WC was confirmed by X-ray analysis of the
powder . This is a remarkable result in view of the high hard-
ness of the liner materials. At present, samples are pulverized
by a small steel hand hammer mill. If prolonged crushing is
avoided, no significant iron is picked up.

Data for samples thus far measured, together with the
geometrically de ermined apparent densities, are given in Table 9.
Figure 3 shows one exuample of the variation of xylene density
with HTT.

Surface Area

Additional surface area data have been gathered since
those in Table 7 reported previously®. One series (321-13) was
run to establish the change in surface area with HTT. In this
case a sample heated only to 367°C was included. It showed a

relatively large surface area .57 m?/gm) 1. 't smeller than that

-45-
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found for many 700°C samples. At higher temperatures the surface
area falls continuously in line with expectation. ilowever, com-
paring the Hg pore volume and pore size distribution (Table 8)
indicates that this drop in surface must be associated with a
pore size smaller than 302, the approximate lower limit for Hg
intrusion.

Mercury Porosimetry

Mercury porosimetry was used to determine pore size
distribution, interconnected pore volume, density and median pore
diameter values. A summary of data obtained to date is shown in
Table 8. In most cases, a rather sharp pore size distribution
was observed, however, a few samples yielded a wide distribution.
Results to date indicate the possibility cf tailoring a pore
spectrum at all size levels.

Higher processing temperature (HTT} closes the very fine
pores and causes them to grow according to surface area and
X-ray scattering results. The macropore system, even though it
is very fine (N3OZ) in some cases, changes relatively little up

to 2000°C.

Iv. Property Evaluation

Because the glassy carbons under investigation were pro-
duced under a wide range of processing variables, a large degree
nf variation in structure and physical properties was observed.
The mz3:chanical properties investigated thus far include hardness

(DPH) , compressive strength, ultimate tensile strength (Dimetral

e
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compression) and sonic modulus of elasticity. In addition, in-

ternal friction and electrical resistivity were measured on
selected samples.

Hardness

Hardness testing has been temporarily suspended, since
it has thus far been impossible to find a technique that yields
meaningful data.

Compressive and Ultimate Tensile Strength

Further results are reported in Table 9 and presented
on "reduced” basis in Table 10. Values were revised where
additional data warranted change.

Various correlations have been attcmpted between strength
properties and processing variables, apparent density, real
density and pore size without great success. The vaw data show
a broad correlation with apparent density; with higher strength
occurring at higher density. Also, a fair correletion exists
with intrusion pore diameter, higher strengths with smaller pores.
An additional correlation between strength and mean carbon path
determined microscopically was attempted, but the results were
not encouraging.

The reduced data shown in Table 10 show less range *than
the raw data. As one method of data reduction, the various
mechanical properties are divided by density to yield value of
specific strength. On a specific basis these carbon miterials
compare very favorably with the best available structural

materials. Considering the high temperature capability of

L™




carbon, the comparison becomes even more favorable.

In addition, the area dependent properties have been

normalized by either multiplying or dividing by the area fraction

carbon, which is proportional to the volume fraction unavailable

to He (i.e., p /0, ), assuming all pores open to He. It can be
seen that this normalization considerably reduces the range of
vilues exhibited by the various carbons. However, since the
compressive and tensile strengths are certainly dependent upon
macro-structure as well as fine scale binding of carbon atoms,
some range of reduced properties is to be expected.

Sonic Modulus and Internal Friction

Additional sonic modulus data have been i:cluded in

Tables 9 and 10. No new conclusions can be drawn. However, the

previous conclusion that glassy carbons have a wide range of
modulus is again confirmed. This conclusion is warranted even
when made on an area reduced basis.

Internal friction measurements have been discontinuec
for the present. While remarkable differences in behavior of
the various samples have been noted, no straightforward method
of correlating these changes to structure has been developed.

Resistivity

Refinements of the measuring set-up have allowed more
accurate measurements, particularly at low resistivity. Cumu-
lative aata is presented in Tables 9 and 10.

It is interesting to note that the resistivity of

nearly all samples or. a reduced Ltasisz falls between 10-’-10-"
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l-cm which is the same as for other glassy carbon materials

pyrolyzed to 2000°C.

o S
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SUMMARY OF X-RAY DATA
(All values in Angstroms)

Symbols Used in the Tables

Exverimental Condition

All the samples were run in a Phillips-Norelco Diffrac-

tometer using CuKo radiation under the following conditions:

Tube Voltage: 4SKV

Tube Current: 1l4nA

Proportional Counter Voltage: 1.622KV
Proportional Counter Time Constant: 4 sec.

Chart Speed: 1/2 inch/min.

Scan Speed: 1.2 degree (26)/min.

Slits: 1°/006"/1° at Primary/Scattering/Secondary

Sample used of thiickness of 3mm in all cases except

where otherwise designated. The vaiue of d(10) refers to the
unresolved (100) and (101) peak.

(002) Peak Type

S: "Smooth" (or single phase) Peak
NVS: "Not Very Smooth" Peak

2P: "2 Phase" Peak

3p: "3 Phase" P2ak

LDy

(002)

Temp. Pea<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>