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The effcet of twelve differens ealeined cokes (the conl tar pitel binder being kept the same) has been
investigated with respect to the physieal properties of graphitized carbon, molded plaes produced
therefroms.  The cokes include materinls that are used comsmereinlly, at present. as the filler in the
manufneture of earbon bodies.  Changes in the bulk density, weight and volume of the carbon plates
as they proceed from the green through the baked to the graphitized state are presented. True,
helium, and apparent density data are presented for the caleined cokes and their graphitized plate
eounterparts.  The gas reactiviby. coeflivient of thermal expansion, electrical resistivity, and tensile
brenking strength of the graphitized carbon plates are related to the specifie surface area, total pore
volume, tota] open-pore volume, total cosed-pore volume, apen macropore volume, and intensity of
the (002) X-ray diffitaction pealk for both the caleined eokes and graphitized plate material,  Explana-
tions for thevarintons in these fonr important properiies of the graphitized carbon plates are presented.

I. INTRODUCTION

One of the primary difficulties in duplicat-
mg the properties of carbon and graphite
products is the great variation in properties
of caleined petroleum cokes which are used.
Since the eoke usually constitutes ca. 85%
of the final body, its properties are of extreme
importance. Unforfunately, petroleum coke
is a by-product of the petroleum industry. It
is the residue from a process designed for
optimum production of more valuable iguid
hydrocarbon products. Its properties are
not determined or controlled to give an
ideal raw material for the manufacture of
carbon and graphite products,  Nevertheless,
petroleum coke is still the best general raw
mnterial that has been found for the graphite
industry. Since it is a by-product of the
refining operation, this results in its having a
lower price than would otherwise be the case,

#his paper presents the results of one phase of
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Commission.
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which is of a distinet advantage to the carbon
industey, The fact remains that it is
imperative for the carbon industry to be able
to relate the properties of caleined petrolenm
coke to those of the finished earbon and
graphite bodies. With this ability, the in-
dustry will be able to purchase more wisely
petroleum coke supplies, when it has parti-
enlar applications for the final carbon products
in mind.

In this research, twelve dilferent coles,
supplied by various companies, were used.
Nine of the samples were produced by the
usunl delayed coking procedure and represent:
some of the most important sources of raw
cokes now available to the carbon industry.
"Two additional petroleum cokes investigated
were fluid coke and gilsonite coke. One
sample of coke produced from coal tar piteh
was also used. Throughout the work the
same harrel of Barrett No. 30 medium pitch
was used asthebinder material. Graphitized
carhon plate samples were produced from the
above raw materials using anidentical operat-
ing procedure in each case.
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Properties (specific surface aveu, total pore
volume, closed-pore volume, X-ay densily,
degree of orientation, chenical analysis,
among others) of the caleined cokes were
contpared with properties (specific surface
area, tolal pore volume, closed-pore volume,
Xoray density, degree of orientation, reacti-
vity to carbon dioxide, coefficient of thermal
expanston, transverse breaking strength,
electrical resistivity, among others) of the
baked and graphitized carbon plates.

IL BXPERIMENTAL
AL Culeining of Ruw Coles
The raw coke samples were ealeined using
one of four experimental procedures. In
procedure A the coke was caleined in an
indivect fired retort. The calcination cycle
required approximately 12 hr and the coke
temperature was controlled to 1100-13060°C.
Method B was a direct fired caleination
process involving a process cycle of about
5 he with the coke reaching a temperature of
abont 1300°C, The furnace used in cal-
cining by the method C consisted of a gas
fived crueible melting furnace lined with a
sificon earbide refractory. The coke to be
caleined was placed in a Tercod erucible,
farnace sealed against infiltration of air and a
neutral atmosphere maintained by control of
the fuel mixture. Cyele was about 6 I with
the coke temperature reaching 1200°C for o
period of 2 hr.  In Method D the coke was
placed in a large metal sagger which was then
packed in sand in a large box fype kiln,
Tiring cycle involved several days with the
coke reaching a temperature of 1200°C.

B. Pregreration of Plate Seagiles

The mix formulation consisted of equal
amounts (250 g) of 35 X 63 mesh (Tyler
Series) and 65 x —200 mesh {60%, through
200 mesh) caleined petroleum coke and 170 ¢
of —10 mesh pitch. This is equivalent to
34 16 of pitch per 100 Ib of coke aggregate.
The petroleum coke particles were placed in a
Veeley mixer and preheated to about 125°C
for 15 min prior to pitch addition. The
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niixing time i all tests was 20 min.  After
allowing the mix to cool to room temperature,
it was broken up until it passed a 20 mesh
screen.

The steel mold and plunger were preheated
to 120°C prior to introducing the sample.
Upon its introduction into the mokd the mix
was allowed to heat up for 6 min. The
pressure was then raised to 1090 Ihfin® and
held for 10 sec and finally raised to 3270
h/in® for 1 min.

The green specimens were placed in clay
saggers, sand packed, and loaded inte a
furnace where a temperature of ca. 900°C
was reached within three days. The baked
samples were graphitized in a resistance
furnace to ca. 2300°C within 48 hr.

C. Low Lemperature tias Adsorption dpparatus

A standard gas adsorption apparatus was
employed and has been deseribed recentlyl.
Surface areas were determined from nitrogen
adsorption at liquid nitrogen temperatures
using the BET equation®,

D. Merciry Porosimeter

A description of the design and operation of
the mercury porosimeter used has been given
recently?, The porosimeter was used to
determine the velume distribution of macro-
pores in the sample over the radius range
175-150,000 A and the apparent density of
the samples, by mercury displacement under
an absolute pressure of ca. 300 mm mercury,

L. X-vay Diffraction Appearatus

A 164° (20) General Tleetric X-ray diflvac-
tion unit, XRD-3, with copper radiation
was used to determine interlayer spacings
for the carbon samples, as previously dig-
cussed?,

1P, L. Walker, Jr., R, J. Poresti, Jr. and C. €,
Wright, Tndustr. Engng Chen, 48, 103 (10953),

2P, H. Emmett, A89VAL Teck, Pull. 51, 05
(1941).

P L. Walker, Jr., F. Rusinko, Jr, and E, Raats,
J. Phys. Chem. 59, 245 (1955},

1P, L. Walker, Jr., H. A. McKinstry and J. V.
Pustinger, Industr. Engng Chem. 48, 1651 (1954),
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The interlayer spacing and earhon-carhon
spacing in the layer plane were used to cal-
culate the true density of the carbon in the
standard manner, Phe intensity of the
{002) diffraction peak was used, as previously
discussed?, as a measure of the tendency of the
carbon particles to orient on the glass Xoray
slide.  Carbon placed on the Xeray slide
from Dhoth the eokes and graphitized plates
consisted of —200 mesh material.  As shown
presently, this orientation tendency is appar-
ently paralleled hy the disposition of the
carbon particles to line up with their basal
planes perpendicular to the molding direction
during sample fabrication.

F. Reaction Rate Apparatus

The reactor was the same as that used in
previous gasification studies!, Plate samples
1§ in. long by 1in. wide by }in. thick were
reacted with carbon dioxide at 1000°C and
atmospheric  pressure. The samples  were
suspended in the reactor from a 4 in.diameter
two-hole ceramie thermocouple  tube, A
tungsten wire, which passed throngh one
hole in the thermocouple tube through a
1 0. hole drilled I in. from the top of the
sample, and out the other hole in the thermo-
couple tube, actually supported the sample
in the furnace. Insignificant reactivity of
the tungsten wire with carbon dioxide was
ohserved. No catalytic effect of the tungsten
wire, where it came into contact with the
sarbon, was found,

G. Heliwm Density dpparatus

The helium densities were deternined by
the conventional method in which a measuredl
quantity of helium is expanded into a sample
tube of known volume containing a known
sample weight. The apparatus {thermo-
stated at 30 4 0.1°C) was of the constant
pressure type; that is, after the expansion of
the heliuny into the sample bull, the pressure
was increased to its initial value by decreas-
ing the apparatus volume using mercury
displacement.  From the volume of mercury
required to return the helium pressure to its
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original value, the volume of solid sa mple plus
elosed pores (and, henee, its helium censity)
could be determined. Equilibration time of
one hour was allowed after exposing the
sample to the heltum gas,  Helinm density
determinations could be duplicated to within
40.5%.

H. Thermal Bepansion A pptratis

The values for coefficient of thermal
expausion (C1'E) were determined by measur-
ing the linear expansion in the graphite
sample bar upon raising the temperature
from 20°C to 100°C. The measurement
was made along the 5 in. length of adin X
a1 3¢5 in. molded bar, Thus, the measure-
ment was made perpendicular to the molding
direction or in the direction of preferred
orientation imposed by the molding process.
In the CTE apparatus used, the specimen iy
bolted in a jig having an Invar (iron-nickel
alloy) base. The difference in expansion
between the Invar standard and the graphite
specimen is measured by means of an optical
lever device, The CTE values are reported
I wnits of °C-1 with g precision  of
0.1 3¢ 1075 °¢-1,

The reported results have been corrected
to give values comparable with a C7E
method previously used in this laboratory in
which the measurement was made over the
temperature range H00-600°C, Therefore,
the results reported herein are comparable
within the series since they were all run by
the same C7T'E method, They may not
necessarily check values published in the
literature for other graphite bodies hecause of
differences in material used, manner of sample
preparation, and the method of O 7'F measure-
ment,

L Electrical Resistivity A Pparatus

The electrical resistivity was determined hy
a potentiometrie method. The sample was
placed in a spring-loaded * jig” to insure
good clectrical contact, A pair of knife-
edges of 3 in. span was placed in contact with
the sample, and the difference of potential
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between the lknife-edges measured by a

potentiometer. The current through the
sample was determined front the voltage drop
across a standard zesistance in series with the
sample.

J. Tvansverse Breaking Strength Apparvatus

A plate sample was placed on two knile
edges 3 in. apart,  Pressure was applied by a
third knife edge at the center of the sample
and measured by a Dillon fibre stress tester.
The knife edges were rounded to a ¢ in.
radius.

III. RESULTS AND BDISCUSSION

A dsh and Sulfur Contents in Calcined Coles
and Ash in (raphitized Plates
Table I presents data on the ash and sulfur

TABLE 1

Aok eend Sulfur Contents in Cdeined Cokes
und Ash in Oraphitized Plides

Simher | descrition | Welkhi % ah i
Cokes Plates
(h | fe* (.20 0.04 3.9
(2) | etupeest 0.23 .10 0.04
(3 | ped 15 0.10 1.2
(4) e {L16 11 1.2
3y | noe 0,19 AR (.85
[{8)] e 0.30 0,09 IRt
(7 p.e. P0G 0.27 0.7
(8) | pe I L 0.13 0.24
" | pe I ¢ i 1 0.23 1.5
(1) | ged . 0,20 0.20
(t1y f pe. ) .06 1.4
{12 p.e. N ) S B 13 1 14
! i i

* Floid coke,

1 Coal tar pitch coke,
I Petroleum eoke.

§ Gilsonite coke.

contents of the caleined cokes and ash in the
graphitized carbon plates. The only coke
sample which has an unusuaily high ash con-
tent is the gilsonite coke.  Tlnid coke is scen
to have a high sulfur content, and the coal
tar pitch coke a very low sulfur content. On
graphitization, the ash content in the carbon
plates has been materially reduced, as
expected.

B. Change in Some Physical Properties of

Carbon Plates {n Going From Green to
Gragihitized Samples

Table 1T presents data on the change in
various physical properties of carbon plates
in going from green to graphitized samples.
It is seen that, in all eases, the bulk densities
ol the plates are decreased upon baking.
For most of the samples, the bulk density
continues to decrease upon graphitization;
but for several of the samples the decrease
in volume offsets the decrease in weight and
sonie increase in densiby is found,

As would be expected, the majority of the
weight loss upon heating the green samples
ocours during baking, where the prepond-
crance of the volatile constituents of the pitch
is released. If 15 is assumed that all the
weight loss during baking is attributed to the
release of volatile constituents from the piteh,
it is caleulated that between 32 and 459, of
the piteh is lost during this operation,
Anticipating results to be discussed shortly,
it is seen that samples (7) and (8), which haw
the lowest weight loss upon baking, also have
the lowest open micropore velume {Table IV)
and the lowest closed-pore volume (Table IV)
for thelr graphitized plates. This would
suggest that the magnitude of these pore
voluntes are, at least in part, determined by
the weight loss in the binder upon baking.

IF it is assumed that the only weight loss
in the calcined cokes upon graphitizing the
baked plates is a result of removal of the
ash and sulfur, the total amount of the pitch
volatilized from the samples can be caleu-
lated. Table IT lists the weight per cent of
binder in the finnl, graphitized plates cal-
calated on this hasis. Undoubtedly some
additional, small amount of material would
be volatilized from the caleined cokes upon
graphitization, which would malke the figures
for per cent binder in the plates too low;
but the results ave thought to he essentially
correct.  Again anticipating some results to
be discussed shortly, Fig. 1 presents a qualita-
tive relation between total open-pore volume

[ I .
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TABLE I1

Change in Some Physical Propertics of Carbon Plates in € foing from Creca to Graphitized Sumples

Balk ilensities (/rm®)* Weight Joss (%) Vol cliange {9 Weight =,

B i et
" Creen Hakeal (:r;:&:ﬂil- baking ('ﬁ)il;::," ‘ Net | Baling ! ”?;_zﬁgi- Xei i plades
13] LG4 LA | 8.0 51 1 1T 4040 ] -4k — 3.8 17.0
(%) 170 148 .8 RN 12.5 +3.5 —5.0 —1.b 1.8
(3 174 1.5 3.3 27 IRy {67 | — L2 ~— .5 171
{-+) 169 1.53 84 3.5 FES S0B6 0 1.8 — L& 16.3
() 1.6p 1.53 7.8 3.4 112 ~ 1.2 — 2.8 —3.9 16.7
{6} 1.64 L.54 7.6 3.8 14 — 17 —843 . =26 17.3
{7} 1.67 1.58 6.4 3.3 8.2 - 1.6 — L3 —3.4 18.8
(%) L.70 1.660 7.2 1.0 8.2 ~— 1.4 —32.6 —3.6 18.8
() 1.71 1.55 1.5 3.5 13.0 --0.31 — 1.6 — L3 15.5
(1 ioLGd 1.580 8.6 H.0 13.6 0,10 | —8%.6 —9.7 16
() 1.75 .54 0. a9 128 1 427 | 4Ls | 42 16.2
(12) L6 1.55 .4 3.1 FLG ~ 1.4 — L1 —2.9 | ¥R

# Cleulnted from weight wnd dimensions of plate,

E ] @
T T T

IN GRAPHIYIZED PLATES
T
1

WEGHT PER CENT BINDER RETAINED

1
1«] : L 1
as

005 a0
TOTAL OFEN PORE VOLUME 1% CALCINED COKES, cc /9

Ta. 1. Qualitative relation between total open-
1
pore volume in ealeined cokes and amount of
hinder retained in graphitized plates.

in calcined cokes (Table IV) and the weight
per cent binder in the graphitized plates.
The greater the open-pore volume, the
greater the amount of binder retained. This
suggests that the larger the percentage of
pitch which is able to diffuse into the open
pore system of the coke, the greater the
coking value of the piteh.  This is as expected
since the deeper the pitch. migrates into the
pore system of the body, the longer the time
required for the volatile products from the
C.C—42

piteh to reach the exterior of the sample.
The longer the time the volatile products
require to diffuse from the body, the more
completely they will be cracked and con-
verted to carbon.  Of course, a quantitative
correlation of the data shown in Fig. 1 would
hardly be expeeted since the time which the
volatile products spend in the hody would
also be a function of the size and depth of
pores from whieh they originated.

Also listed in Table I are the volume
changes of the plates upon haking and graphi-
tizing. With the exception of sample (11},
the plates are found fo contract upon
graphitization.  There is a rough correlation
between the extent of contraction and the
percentage of open microporosity in the cal-
eined cokes. Samples (3), (9) and (11),
which show the lowest percentage of open
microporosity, also show the least con-
traction, if sample (1) is disregarded. Samples
(5) and (10), which show the highest per-
centage of open microporosity, show the
areatest contraction.  Undoubtedly some of
the contraction in the plates can be attributed
to a decrease in microporosity in the coke
particles upon graphitization, as a result of
evystallite growth and orientation.
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G Density Date for Culeined Coles  wnd
Grapdritized Plutes

Density data for caleined cokes and graphi-
tized plates produced therefrom are pre-
sented in Fable IEL.  As is seen, there is little
variation in the true densities for cither the
cokes or graphitized plates. Tt is thoughs
that the densities for the calcined cokes are in
slight error since the ash and sulfue content
(and probably a little hydrogen which should
be present) are neglected. The density
is calculated solely on the basis of the unit
cell parameters for the carbon determined
from X-ray diffraction data, as previously
discussed. It is impossible to decide
whether the densities are too high or too
low, however,

The true densities for the graphitized plates
are quite acourate, because of the small level
of impurities in the samples. Furthenmnore,
the densities approach closely the value for
natural graphite, 2.269 gfem?, indicating that
the samples have been highly graphitized.

In all cases, except sample (11), the hellum
densities of the caleined cokes are less than
those of the corresponding graphitized plates,

THIRD BIENNIAL CARBON CONFERENCE

as would be expected. Furthermorve, there
is a rough trend indicating that the higher the
helium density in the caleined coke, the
higher the helium density in the geaphitized
plate, The anomalous behavior of sample
(11) in showing a deecrease in helium density
upon  graphitization parallels its equally
anomalous behavior in showing a volume
expansion in going from the green to the
graphitized plate. It would seem that this
unusual vesult is attributable to peculiarities
in the colce and not in the pitch.

In all cases, except sample (7), the apparent
densities of the calcined cokes are greater than
those of the corresponding plate samples.
This is a result of the intreduction of a large
maeropore volume located in the voids be-
tween the cole particles composing the plate
samples. TFurthermore, as shown in Fig. 2,
there is o qualitative relationship between
the apparent density of the caleined coke
and the decrease in apparent density in going
from the coke to the final graphitized carbon
body.  Of the three samples which fall mark
edly below the curve but show the same trend
themselves, samples (7) and (8) are from the

TABLE 11T

Density Data for Calcined Coles and Graphitized Plates

Snmple t True density (gfew} E Telinm fensity (o) Appurent density {gzfend?)
Cokes Plates Cokes Plates Clolkes Plates

{1} 2.210 2367 1.955 2.012 ¥ 1487
) 2,188 22067 2,018 2,052 —* 1.575
{3) 2186 2,268 2,000 2.07: 1,724 1.510
{4) 2,183 2268 2,010 2.067 1.670 1488
(5) 2,198 2.245 2014 2,088 L6206 1.514
(15) 2,106 2.268 2,005 2088 1.644:4 1.484
(7} 2,189 2.267 2,081 2,167 14T 1586
{8} 2186 2.267 20406 2,169 1AL 1.618
{9} 28T 2,268 1.583 2.001 1.861 1.535
(1) 2305 2.262 1,923 2,078 1.756 L4
(i 219 2.268 2070 24335 1.429 1.500
(12) 2,198 2.268 1.983 2.080 1.687 1.543

* Unfortunately apprrent densities could not be determined en these cokes since

the only particle size materiel avaitable was the eoke Hour.

This was toe fine to

be ased in the merewry porosimeler sinee the mercury would flont the material up

the dilatometer tube,
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030

250~

o
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g fee

j=d
[
(7]

CARBON PLATES,

040

0,04

DIEFERENCE IN APPARENT DENSITY BETWEEN CALCINED COKES AND GRAPHITIZED

H i |
1,60 165 .70 175 1,80

APPARENT DENSITY OF CALCINED COKES, ¢/¢c

.02 1 |

Fra. 2. The effect of apparent density of ealeined

cole on the decrease in apparent density of the

grnphitized enrbon plates over that of the ealeined
cole.

same petrolenm source and sample (10) is
gilsonite coke. The correlation shown in
i, 2 is as expected. Looking at a coke of
the highest apparvent density, graphitization
would be expected to produce the least
additional inerease in its apparent density to
offset the porosity introduced between ecoke
particles upen packing. On the other hand,
for a coke of the lowest apparent density, the
combination of & greater increase in ils
apparent density upon graphitization and the
addition of & graphitized pitch binder, prob-
ably having a higher apparent density than
the caleined cole, offsets the porosity pro-
duced between particle voids and results in a
density increase. The net resulf is that the
varfation in apparent density of graphitized
earbon hodies, where the same percentage of
hinder s added to the green mix, is con-
siderably less than the variation in apparent
density of the calcined cokes used to produce
the bodies.

649

D. Supfuce Avea, Pore Tolwme, and Orient-
ation Deta on Caleined Cokes and Graphi-
tized Plates

Table IV presents data on surface area,
pore volume, and orientation for the cal-
cined cokes and graphitized plates. 1t is
seen that in all cases the specific surface
areas of the caleined cokes are greater than
those of their geaphitized plate counterparts.
However, the magnitude of the area decrease
in poing from caleined coke to graphitized
plate is a function of the coke type—the
ratio of areas varying from 1.1 for the flnid
coke to 6.5 for the coal tar piteh coke. The
aren decrease could be due to at least four
reasons—i{1) decrease in surface area of the
caleined colees upon  graphitization, (2)
blockage of the pore system in the coles by
piteh, {3) decrease in surfnee roughness of the
coke particles hy coating with a smooth
layer of binder, and (4) lower specific surface
area in the graphitized binder than in the
caleined coke particles,

Unfortunately, area data are not available
[or the graphitized eokes, and therefore, the
extent to which point (1) resulted in an area
decrease cannot be judged. Tt is known,
however, that specific surface areas of carbons
do decrease upon graphitization as a result
of erystallite growth and orientation. Quali-
tatively, the higher the caleined coke surface
area the greater its decrease in area upon
graphitization should be. From Table IV
it is seen that cokes (8) and (10) have the
greatest surface area and also the greatest
decrease in aren in their graphitized plate
counterparts, which suggests that point (1)
is an important factor in determining aren
change.

H peints (2) and (3) are important in
effecting an arvea decrease, it would be
expected that a semi-qualitative correlation
would be found hetween the area decrease
and total open micropore volume in the cal-
eined cokes (most of the surface area con-
centrating in the micropore volume as
opposed to the macropore volume). Data in
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TABLE 1v

wnd Orientatiog

Surfuce dreq, Pore

Folume,

Data on ¢ “Hrined Cofeg and Craphitized Plutey
i

Sample I Specifie sirfice ; ‘Potui Pore Vol TiHat SDEN fre f Terdal t-luwlé-]guru ."J‘ul.-s{ UECE-THaerapnpes
L [ ey {msye) i (ende) Volitip {eme) J velune (em/y) I\ volie {2n)

———— ——— Mw%%mmmﬂm%
P Cokes f Plates | (lokps ’ Plates { Colies i Plates | Colkey J Plates i Cokes ! Plates

£ ) I } 1.4 x - 02804 | (}.1755! B s N B g
5 B 026 | _ 0.1938 — { 0.14743, — u.(msz{ — L0147
(3) | 1.6 f 0.80 | g,1995 (L2214 0.0800 I 0179G 0.0425 f 0015 | {LOT8G _' 0.1.463
) I Iy 1 g ,J 01407 0.2311 0.1013 | 01882 QO304 | (L0439 f 0.0804 f 0.1588
(3) } 23 | 0.69 T 01580 ().2[90/ 01185 ; hists | ({1} 0.0374 i W4T 01643
{6} 1.9 } 14 ‘! 0.1529 # .2300 P s 01020 IJ 0.0434 | 00380 {00064 O. 1648
(7} f 1.9 ! 0.30 1 01800 ! 01804 | L1475 / 01600 f 0.0234 0.0204 | 0.1307 l} 214690
() ' 4 1 o f 1373 0.1760 0.0860 ] 1570 | 0313 | 00199 ! G905 | 0.1570
{4 i 20 7 15 l‘ U.UUSHI 0.2106 00504 01733 \! 0.0471 } L0375 00500 [' 0.1395
£ B BT S A [ 01160 | 0,114 00405 | 0.1423 | (L0683 | 0.030; }f 00818 | 0, 1274
{11} [ 1.4 IJ 080 | g 0903 | 0.2260 L0636 | 01753 ; (L0267 | Q.0507 | 0.0644 / 01615
(12 f 1.3 [ 0.8+ 1 037y | {;.2{}74! 0.08875 | 01606 1 0.0493 (3.03?8; 0.0663 | 0.1148

! ! | i ! !

* Yolume he

|

hind pores greater than 475 3 iy rieehus,

Clnsed- pore Vol

TABLE 1v contd.

Mused-pope volue i

! |
Sieple {'E‘”':E‘J,llml':!'(l:.',illg'{-(;‘,';“rpfU!:mz mivruhure=s§f:v'{‘,’.',}r in totgg I(Jf)%‘!a“;‘ volunge I ‘ i"‘»t,(,;:,:;:,:fu('ﬁ:f;h' {U"fi‘j)“}\;-';fi_\"ylu-uk
h.ﬁ—hlm.mfm-“_w_i—%.%m.mlmuh—_ﬁ—‘:_.mM.M
| Cokes lf Plates | Cokes f Plates | Cokeg | Vlates | Cokes J{ Plates / ('.‘ukos'f‘/ Platesy
(1} o 0.0240 | 13.6 — 242 / _— 8.3 28.1 Higt
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Table 1V gshow
type, the stmplog

A rough correlation of this
(5), (7) and {10) showing
three of the fony highest micropore volumes
and the greatest decreases in specific ayen
in going from the aleined cokes 1o the
graphitized plates, Caleined cole samplog
(9) and (11) show 1o nicropore volume and g
small decrease in area,

It is not known whether a decrease in area
in going from calcined coke to graphitized
plate is, in Part, a rvesult of Jower specific

on recorder pape
1 Conntufsee obtained from Geiger countor

rruming from O to 100,
= > - -
and timep cirenit,

area in the hinder carbon, Appm'cm:ly,
however, addition of the binder, per se,
has little effect op surface areq singe markedly
different changes in surface area are found
for the addition, of the same binder content.,
It can be sajq that the surfaee area of the
graphitized hindep Phase appears to he not
too different tliay that of the eole, It is
interesting, however, (hat pon reacting
graphitized carhon bodies with an oxidizing
gas, the rapid, injtial increase specific
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area of the bhody is attributed primarily to
inerease in hinder area®. This, along with
the rapid incrense in helium density upon
small nrn-ofls of earbon hodies® does suggest
that the binder phase contains an appreciable
amonnt of aves in closed micropores.

Table IV also presents data on pove
volumes for the caleined cokes and graphi-
tized plates. The fotal pore volume is
arbitrarily defined as consisting of the sum of
the volume which is open to helium penctra-
tion and that which is closed. This total
pore volume is caloulated from the difference
of reciprocals of apparent and frue densities,
The total open-pore volume is caleulated from
the diflerence of the reciprocaly of apparent
and helium densities. The total closed-pore
volume is the difference between the total and
total open-pore volumes. The total open-
pore velume can he divided into total open-
micropore and total open-macropore velume,
with the dividing line arbitrarily being a pore
radius of 475 A in the present paper.

The total pore volumes and total open-
pore volumes of the graphitized plates are
fonnd to he greater thau those of their cal-
cined coke counterparts in every case. This
is a result of the introduction of void volume
between particles upon packing, as was
discussed previously in conjunction with the
apparent density data,

The total elosed-pore volumes in the cal-
cined cokes are found to he related to the
intensity of their (002) X-ray diffraction peak,
as shown in Fig. 3. Since the intensity of the
(002) diffraction peal: is in turn related to the
number of layer planes orientating parallel
to the X-ray slide, the conclusion is drawn
that the closed-pore volume is primarvily a
result of random stacking of carbon crystal-
lites, this random stacking producing closed
voids. This correlation for the graphitized
plate samples is not as good, probably becanse

§ (. N. Spalaris, J. Phys. Chen. 60, 1480 (1956),
¢ 1. M. Dresel and L. E, J. Roberts, Nealure,
Lond. 171, 170 (1953).
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Fra. 3. Relation bebween intensity of (602) Xoray
difiraction peak for caleined cokes and total cloged-
pore volume in cokes,

of the complications produced in averaging
the effect in a two-phase systent. .

In going from the caleined coles to the
graphifized ylates, some of the elosed-pore
volumes are found to increase while others
decrease. This is the result of two counter-
halancing  factors—probable decrease of
closed-pore volume in the cole upon graphiti-
zation and introduetionof closed-pore volume
in the binder. If the reduction in closed-
pore volume in the coke is marked, a decrease
in total closed-pore volume would be ex-
peeted.  On the other hand, a small decrease
in eloged-pore volume in the coke would
resuit in an overall inerease in closed-pore
volume in the carbon plate,

1t is seen that there is substantial inerease
in total open-macropore volume in going
from calcined cokes to graphitized plates.
This 18 a result of the introduction of veids
hetween coke particles on packing, as shown
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in Fig, 4, where the maeropore-volume distri-
butions for the graphitized plates are pre-
sented. The accumulation of a large pore
volume in the pore radius range 3~10p is
characteristic of similar findings on commer-
cial samples of baked and graphitized carbon
bodies.

It is noted that the macropore volume
between 10 and 15y radius is unusually large
Tor sample (2), which has the coal tar pitch
coke as the filler material. Three explana-
tions appear possible.  The pitel binder more
completely entered the pores of the coke
particles and left a greater average pore
radius in the voids between particles, the
particles of coke grew somewhat on graphiti-
zation resulfing in larger voids upon its being

paclked, or the number of fine particles in this
coke was less.  The frst suggestion would not
seem to account for the resuls, since the
coking value of the binder in this sample was
low (Table II) which, from Tig. 1, would
suggest that a minimum of pitch went into
the pores, At this point, there is little to
choose between explanations (2) and (3). As
seen in Fig. 4, plate 4, and plates 7 and 9 to a
lesser extent, show a bi-modal distribution of
macropore volume, which has previously
been reported on commercial samples and is a
result of a bi-modal distribution of fine
particle-sized materiai®.

Also listed in Table IV are total open-
micropore volumes in the calcined cokes and
graphitized carbon plates. As has been
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previongly discussed?, these volumes are tao
high by the magnitude of macropore volume
blocked by wmicropore constrictions below
475 A in radivs.  Some ides of the amount of
macroporesity trapped in this manner can he
obtained by summing up the incremental
surfzce area over the macropore distribution
range and comparing 16 with the BET aread.
If the summed area is higher than the BET
aren, a significant volume of trapped macre-
porosity is indicated. This las not been
done for the curves shown in ig, £,

It is seen that the amount of microporosity
in going from the caleined cokes to the
graphitized plates increases, in some eases,
and decreases in others. This depends upon
the amount of microperosity in the coke
which is blocked by binder relative to the
amount of new microporosity introduced in
the hinder phase.

Open microporosity in the total porosity,
closed pore volume in the total pore volume,
and closed pore volume in the total sample

Tume, all expressed in per cent, are also
meluded in Table IV.

Intensities of the (002) Xeray diffraction
peale of the caleined coles and graphitized
carbon plates arve incladed in Table TV, As
discussed previously, this intensity is indica-
tive of the orientation tendency of the carhon
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Fiu. &, Relation between (#2} Xoray diflraction
peads for ealeined cokes and the carbons from
the graphitized plate counterparts.
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particles and their crystallites.  The relative
intensitives of the (002) peak for the carbon
from the graphitized plates should qualita-
tively parallel the degree of orientation of
erystallites  perpendicular to the molding
direction in the plates.  This fact will be used
presently in correlafing properties of the
araphitized plates,

From Fig. B, it is scen that theve is a quali-
tative correlation between the (002) peak
intensities of the caleined cokes and carbon
from the graphitized carbon plates. This
again emphasizes the extreme importance of
the raw material, ealcined coke, in affecting
properties of final carhon bodies,

L. Gus Rewclivities, Cogflicients of Thermal
Bapansion, Electrical Resistivities, and
Transeerse Breuliing Strengths of Graphit-
ized Carbon Plutes

Probably the four most importang
properties of haked and graphitized carbon
bodies are gas reactivity, coefficient of ther-
mal expansion, electrical resistivity, and
strength.  Almost without exception, it is
desired that a carbon body have a low rate of
reactivity to gases, a low coeflicient of
thermnal expansion, a low electrical resistivity,
and o high strength. Probably the most
critical of these properties, particularly for
refatively high temperature applications,
is the reactivity of carbon to gases. Carbon
burn-ofl very rapidly inereases the electrical
resistivity and decreases the strength of the
hody to a point where it is unusable. The
caeflicient of thermal expansion is particu-
larly important where the carbon hody is

exposed to a large thermal gradient andjor a

rapid increase in temperature, since the higher

the gradient andfor the increase in tempera-
ture, the more likely the body is to disinte-
grate. Bleetrical resistivity is particnlarly
important in electrodes where it is desirable
to carry a maximum current at minimum
voltage. The parallel of clectrical resistivity,
thermal resistivity, is particularly important
when earbon is used in heat exchangers and in
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moderators.  Strength of the carbon hody is
particularly important where it is to be used
as a structural material. It is to be emphas-
ized that the properties of earhon hodies are
usually Lighly anisotropic; and, as will be
shown, it is of extreme Importance to con-
sider the most desirable orientation of
particles within the body to obtain the
eptimum performance [rom the body under
given conditions.
TABLE V
Gus Reaclivitivs, Cocflicients of Thermal Erxpansion,
Fleetrical Resistivities, and Transverse Brealing
Strengths of Graphitized Curbon Plales

. Tranverse

“ o |Gas reetivl-) 0T B l:fi"“:“‘".t breaking
atugHe tivs (hry 10— 2 109 {?zl—lu]lti:;nsi(‘]i) "ilr;;;llﬁ‘j)'
{1} 0.21 3.9 235 2428
2) 0.88 4.5 138 2520
(4) 0.70 2.4 131 1300
+) (.68 28 126 1552
(5) | 076 23 0 135 570
(6) 0.05 27 138 1533
(1) | 067 2.8 118 1312
(%) 0.41 2.6 119 1158
(4 .47 2.9 138 37
[RRU] .90 6.1 151 2360
(1F) {628 1.9 114 1730
(12) 0.68 28 138 1454

Table V presents the data on the four
properties discussed above for the graphitized
catbon plates. Reaction rates as a function
of time were determined up to burn-ofts ol
40% on all samples. Typical eurvest 7,
showing an increasing reaction rate up to
ca., 5%, burn-oft and then a constant rate up
to ca. 359%, burn-off when expressed as grams
per hour reacking at 1000°C, were found.
Thest, from Table V, it is seen that different
cokey have a markedly different effect on the
reactivity of their graphitized carbon plate
counterparts. This variation in reactivity is
thought to be primarily due to a variation in
the percentage of the surfuce of the coke
particles (and their graphitized product)
which ig composed of erystallite basal planes.

7 P. L. Walker, Jr. and 1. Raats, J. Phys. Chem.
86, 364 (1050),
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Smith and Polley® have shown that a graphi-
tized carbon black, where the surlace is
completely composed of basal plane structure,
has an unusually low reactivity to air; and,
on the other hand, the original carbon black,
even though of essentially the same particle
size and low internal porosity, has a strikingly
higher reactivity, because a higher percentage
of its surface is composed of crystallite edges
instead of hasal planes,

A good indication of the relative amount of
basal plane structure in the surface of a
carbon partiele can usually be obtained hy
observing the tendency of this particle to
orient when depesited on a backing slide—
intensity of the {(002) X-ray diffraction peak
being used as a criterion of this, for example,
This is true since the degree of orientation of
the carbon particle is primarily affected by
the shape of the particle, which b furn is
affected by the orientation of erystallites
composing the particle. Random erystallite
arrangement results in the production of
particles of essentially symmetrical she
upon grinding; whereas, crystallite orienta-
tion results in particles of unsymmetrical
shape (long and flat), the degree of non-sym-
metry depending upon the extent of orienta-
tion,

The greater the intensisy of the (002) X-ray
diffraction peak for the carbon from the
graphitized plate, the greater is the {raction
of the surface of the plates which should be
composed of crystallite basal planes. In
Fig. 6, the intensity of the (002) X-ray
diffraction peak for the graphitized carbon
plates is plotted versus the reactivity of the
plates; and a qualitative corrvelation s
obtained, confirming the importance of hasal
plane orientation on the surface of the plate.

Sample (1) is & marked exception to even
the qualitative correlation with its low
reactivity and low (002) Xaay diffraction
intensity. 1ts result presents another con-
sideration of major importance. Sample (1)

¢ W. R. Smith and M. H. Polley, J. Phys, Chem.
60, 680 (1056).
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INTENSITY OF (002) ¥-RAY DIFFRACTION PEAKS FOR GRAPHITIZED CARBON PLATES

Fra. 6.

Relation between the intensity of (002) Xaany diffraction pealk for

enrbon from graphitized carbon plates and reactivity of the plates {o carbon
dioxide,

is composed of the fluid coke. The fluid coke
particles are actually spherieal in shape and
upon graphitization, would be expeeted to
form a particle tie surlace of which is com-
posed of pentagonal and hexagonal faces, as
discugsed by Kmetlko™ in the case of carbon
Slacks.  This means that the surface of the
graphitized fluid coke can be expected to
consist of basal plane structure almost
entirely, which would result in this material
having a low reactivity in anology with the
findings of Smith and Polley®,

It is seen then, that to produce carbon
bodies of minimum reactivity to oxidizing
gases, the graphitized coke particles should
ideally be of either of the two structures
presented in Fig. 7. Structure A is the ideal
material which would be strived for when con-
ventional cokes are used as raw materials,
and structure B is the ideal material when
carbon blacks or fluid cokes are the raw
materials. Structure A represents a particle
which is composed of one carbon crystallite
{a single erystal). Obviously, even for this
particle, reactivity along the e¢-dimension
will be higl; and, therefore, it is desirable to
have the ¢ to a ratio approach zero in the

0 A, Kmetko, Proc. st and 2ad Carbon Conf.
University of Buffalo (1956), p. 21,

¢ —]

8
Fri. 7. Tdenl structures of graphitized coke par-
ticles for the production of carbon badies of low
ang reactivity.
limit. Structure B is a polyhedron, with
reaction fo oxidizing gases being primarily
confined to points wlhere the basal-plane faces
join. Probably in practice it is easier to
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realize @ greater pereentage of basal plane
structarre in the surface of particle B than

particle A, Curbon frone hodies composed of

structure A plus a binder would produce the
uitimate in intensity of the (002) Xoray
diftraction peal; whereas, carbon from bodies
composed of structure B plus a binder would
produce the lowest (002) X-ray diffraction
intensity. Furthermore, the experimental
atio of mtensities for the (002} and (100)

THIRD BIENNIAL CARBON CONFERENCE

their reactivity,  As far as a correlation with
specifie surface area of the plates is concerned,
it s seen that the aren of sample (1) is close
to the maximum area found and yet its
reactivity is the lowest; sample (2) has the
lowest surface aren and yet the second hi
reactivity found.

The ideal structure of graphitized coke
particles insofar as producing a earbon of low
gas reactivity is concerned, is not necessarily
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INTENSITY OF (002) X-RAY DIFFRACTION PEAK FOR GRAPHITIZED CARBON PLATES

Fra. 8.

Relation between intensity of (002) X.ray diflenction penk lor

graphitized earbon plates and their eleetrical resistivities.

diffraction peaks should be considerably
greater than the theoretical ratio, based on
structure factor considerations, for carbon
fromt bodies composed of structure A and
essentially in agreement for bodies eomposed
of structure B,

It 1s also appreciated that other properties
of carbon hodies sueh as mineral impurity
content, porosity, and surface area may play
& part in determining reactivity. In the
present work, however, there appears to be
little relation hetween the ash content or
porosity of the graphitized plate samples and

the ideal body when other important proper-
ties are considered. Bodies composed of
filler of strncture B would be expected to have
a higher electrical resistivity in the direction
perpendicular to molding pressure than bodies
composed of structure A, 'This is shown to
be the case by comparing the resistivity of
sample (1) with those of other samples in
Table V. Disregarding sample (1) because of
its very high resistivity, the -electrical
resistivities of the graphitized plates are
plotted against the intensity of their ((02)
X-ray diffraction peak in Fig, 8. It is scen
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CCEFFICIENT OF THERMAIL EXPANSION OF GRAPHITIZED
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RECIPRGCAL QF THE PRODUCT OF THE INTENSITY OF (0D2) PEAK AND TOTAL
SPECIFIC PORE VOLUME FOR GRAPHITIZED CARBON PLATES

Fra. 9.

Relationship between the reciprocal of the product of the intensity

of the {002) peak and total specific pore volume for graphitized carbon plates
it their coefiicients of thermal expansion.

that a qualitative correlation exists, in spite
of the variations in porosity and surface area
of the plates, which should affect the results,
This correlation is readily understandable

nee the resistance to current flow along the
hasal plane of ecarbon is considerably less than
across the hasal plane. Thus, the. greater
the orientation of basal planes parallel to the
direetion of eurrent flow, the lower the elec-
trical resistivity should be, all other factors
equal,

The coefficient of thermal expansion of
carbon bodies perpendicular to the molding
direction should be inversely proportional to
hoth the extent of hasal plane orientation in
this direction and to the total pore volume
in the body. Iigure 8 presents the data for
the eoeflicient of thermal expansion versus the
reciprocal of the product of the (002) X-ray
diffraction peak and total specific pore volume
for the graphitized carbon plates. A good
gnalitative correlation of the data is obtained,
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Fa. 10, Relation hetween infensity of (M02) X-ray diffraction peak for

eleined  cokes and Lransverse breaking strength of their graphitized plate
commterparts,



which explains the results for coeflicient of
thernal expansion,

From Fig, 10, 1 1s seen that the nature of
the cole has n marked effect on the trans.
verse breaking strength of the graphitized
coke body. According to Mrozowski'!, when
a carbon body yields under stress, a process
of yielding has to ocenr in the hinder hridges
because here the stresses are the highest.
Nevertheless, a general correlation of the
strengthi-results obtained in this work shows
that the caleined cokes, having the highest
degree of disorder in their erystallite arrange-
ment (samples (1}, (2} and (10)), produce
final graphitized carbon bodies of the highest
strength. This fact can he a result of the
high inherent strength which such fller
material gives to the body and/or the effect
which different fillers have on the interaction
of the coke with the binder phase. Accord-
ing to Mrozowskil!, for hLigh strength the
binder does much more good when it is
between particles serving as bridge material
than within the pores of the particles (or,
according to Mrozowski, the strength is
aflected by interaction of the two materials).
If interaction were playing a part in the
present case, it would be expected that cal-
cined cokes of the lowest pore voline, which
would thereby be expected to permit the
smallest: pitch penetration into their pores,
would preduce the highest strength in the
graphitized plates. Such s found to he
qualitatively the case, with calcined eoke
sample (10) having the lowest total pore

188, Mrozowski, Proc. Ist and 2nd Carbon Conf.,
University of Bultulo {1956), p. 194,
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volume (of those samples veported) and the
highest strength, However, on many of the
other sanmples, no systematic relationship on
this point is found,

1V, CONCLUSIONS

Different caleined cokes arve found to lave
a marked effect on the properties of their
araphitized plate counterparts. Probably
the most important property of the cokes
found in affecting subsequent gas reactivity
is the fraction of the surface of the coke

particle which exposes crystallite hasal
planes, A high percentage of hasal planes in

the surface of the coke particles results in a
low reactivity of the graphitized plates
produced therefrom. Ability to orient the
coke particles so that the maximum per-
centage of basal planes lie parallel to the
direction of current flow is found to produee ¢
minimum  electrical resistivity. The reci-
procal of the product of the tendency for the
coke particles to orient with their basal planes
parallel to the measuring divection and ©
total pore volume of the graphitized plates 1s
found to correlate with the coeflicient of
thermal expansion data for the graphitized
plates. The strength of the graphitized
plates is found to be affected by the coke used,
The greater the degree of disorder of crystal-
lite avrangement in the caleined coke, the
greater the strength produced in the graphi-
tized plate. It is, therefore, seen that many
of the important properties of graphitized
(and baked) carbon bodies can be predicted
{on a relative basis} in advance, from the
properties of their caleined coke counterparts
discussed herein,



