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The bonding of svnthetic graphite and chemic¿lly purified ceylon graphite was studiecl atpressures ranging from 20,000 psi. to 80,000 psi. It was found thaidenriti". or the order of 2.06g/cm3 could be attained by cold compaction or the purified outu.uttyo."r..irrg -uturiut, whereasJ he,sv-,n l,Et ic 
fl f nlile f ai t od !o sh o1y 

""Érrdirrg.teñdency.uxrdatron of both graphite-types To varibüle*i;nt; 's; ' ieuns of Brodie,s mixture producedpronounced increases in the c-spacing w'ith a corresponding reduction of crystallite diametersperpendicular to the c-direction. This suggested the formation of broken C-C bonds and devel_opment of fresh edges, so-tha^t pressing olpartially wet oxidized synthetic graphite enabled com-pacts to be produced at g0,000 psi. having a deosity of l.g g/cm.a
Heat treatment of partl¡'weü oxidized"graphite to 2600"C in a helium atmosphere resulted in

:t-ftsr$:ff,:f 
13%-14% and a densitv d-""'lu.e. Hot pressing,r'"*.á, yh¿ed a final densiry

I. INTRODUCTION

Preliminary investigations into the pro-
duction of a dense graphite of high purity
rvere carried out using a synthetic electrode
graphite (National Carbon Grade AGX)
ground to pass a 200 mesh sieve which vas
bonded with various proportions of a 300"F
pitch. Using a pressure of 10,000 psi. and a
temperature of 170oC., specimens 2.55 cm.
diameter and 0.5 cm. thick rvere pressed
from a range of compositions after which
the compacts were broken, ground to pass a
100 mesh sieve and subsequently re_pressed
under the same conditions. fhis . Vieljp.d

,compAqtq glgJgqler density than could be
achieved by a single 

"prepping 
op_eration

rvithin ihe range of pressures ri"a u, shorvn
in Fig. I.

Blends containing between 12% and 16%
pitch yielded the optimum pressed densities

y"'ranging from 2.025 g/cm, 1o 2.A29 g/cmz.
Heat treatment of specimens falline iuitfri"
this range of density to 1000.C embedded in
lamp black, produced a density decrease as

* Now at North American Refractories Co.,
Cleveland, Ohio.

Calculations by Mrozowskil taking into
consideration the strongly anisotropi. th"r_
mal expansion and cross linking charac_
teristics of graphite have indicated that for
polycrystalline graphite a density of the
order of 2.1 g/cms is the maximum likelv tcr
be achieved by industrial graphitization. 

"The

To.-q", 
promising method whereb-v high

clensrtles might be aehieved appeared to
invólve the elimination of bonding materials
having considerable weight loss whln heated.

..and attsrtion was therefore directed to thá
- bonding properties of synthetic and natu_
rally occurring graphite under pressure.

II, BONDING OF PURIFIED CEYI,ON GRAPHITE

As a source of natural graphite, Ceylon
flake containing 11.g% ash was selected"ano
gu{tqd¡g+ effected by milling in alco,hol

1 S. Nlrozorvski, This volume, page 31.
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Frc. 1. l)ensitY of Pitch-bonded
graphite comPacted at 10,000 Psi.

for 72 hours, sieving through a 200 mesh

followed by drying and digestion with

hydrofluoric and sulfuric acids to decompose
silicates. Conversion to chlorides and subse-
quent washing out of soluble salts completed

the process whereby a graphite containing

-9.4% ash resulted'
In carrying out the purification process

on a quantitative basis several samples

containing Il.6% ash were purified to an

ash content of. 0.1% by heating to remove

SOa fumes prior to conversion to the

chlorides. A rveight loss -pl-J2.9%--w.qs
recorded algl :lg¡ing-¡bhe lallg1stage- o-f tl+e

¡q^ ""-t -si Sa'-e-blq.k t¿lg-L p-a!-eg+.1--v..ac
observed to distil off' Up to the present

G*", ;h[ di..t"pá"óy between the neight

loss and ash contents has not been investi-
gated.

IJsing carbon tetrachloride as the liquid
medium, graphite containing 0.4 % ash was

found to have a pycnometer density of 2.23
g/cmt, the original vaiue for the impure
material being 2'31 glcm'-

Attempts to press purified graphite into

p.Qttlp-acts 2'80 cm. diameier and 1 cm' thick
resulted in laminated specimens but by

mixing the material to a paste with alcohol

Pressu¡e  (ps i  x  lo " )

Frc. 2. Relationship between the applied pres-
sure, density, and relative alignment of graphite
crystallites in purified Ceylon graphite compacts.

TABLT] I

Relationshi,p Between the Applied Prbssure, Den-
si.tE, and, the Relatiue Alignment of Graphite CrEs-
tallites in Purif,eil Ceylon Graphite Compacts

Applied Pressrrre
Per Cent Relatire

Aligrunent

,sL

20,000
40,000
60,000
80,000

g/cMB

1 .98
2 .03
2 .05
2 .06

or ether to displace air, driving out almost
all the íffiIiÉmatóiiut i" a heated mould
and subsequently pressing, specimens free
from laminations were obtainé¿fát pressures
hnitiiig from 20,000 psi to 80,000 psi. In
Fig. 2 and Table I, the relationships between
the compacting pressure and the density
and relative alignment of the graphite
crystallites are shown.

Determinations of the degree of alignment
of the graphite crystallites in pressed
specimens rvere made on cut and sand
blasted sections, by measuring the intensity
of the 002 reflection of x-ray diffraction

üa.t¡et1¡q.*using a General Electric X-ray
spectrometer and filtered copper radiation,
according to the method of A. E. Austin2.
üutu"i-óT álignment were ealculated using
the expression:

2 A. E. Austin, Batelle Memorial Institute,

Columbus, Ohio. Private communication.
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7a relativealignment : It - I' 
X 100

1 1

rvhere 11 is the intensity of the 002 reflection
óf-a ?ácé-trormal to the direction of the
applieci 

"moulding 
pressure and 12 is the

intensitl óf ihe' O02'réfléótion of a face
paral.lel,to the direction of applied pressure.

The two surfaces studied rvere equal in
area, the line intensity being determined by
the difference betr,veen the backgrounc
intensity and the peak intensity of the line.
The greatest density obtained rvas 2.06
cl¡nliin pressure of 80,000 psi., this
speeimen shou'ing a g6% relative aliqnment
of the basal olane.

III. WET O*'NO"O* OF SY\TTHETIC GRAPHITE

Similar attempts to press syrrthetic
graphite compacts from electrode graphite
ground and passed through a 200 mésh
sieve failed to produce any bonding effect
n'hatever rvithin the same pressure range,
but by oxidation of the material usiirg
B_,rodie'q r_eaglio¡, b,o4ding wap achieved.

In conducting the rvet oxidation, 2.5 ml
of fuming nitric acid were added per gram
of graphite and the whole heated to 50"C

toooo
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Frc. 3. Development of a ne¡'refleetion and
graphite with Brodie's mixture.

when a suitable amount of finely ground
potassium chlorate \vas added in small
in c reme n ts, !bg_S uan trty* _q-{__dpf g!_e - bgllg
jcter'¡¡ined-.-n5.",tlre*"d9g19_e.'. of oxidation
,des.ired-, Digestion for I hour at 50"C ivás
follorved by a period of 20 hours at room
temperature after rvhich the green colored
oxidation product u'as rvashed free from
nitrates and chlorides, and the degree of
oxidation studi_e-day u'eight gáin and x-ray

"ánálysis. The available oxygen content of
the material rvas determined by reduction
with standard ferrous ammonium sulfate
solution under controlled conditions, and
subsequent titration rvith potassium per-
manganate. This reduction produced an
amorphous mateiial shou,ing diffuse bands
in the x-ráy'ilifi'raction pátte.n.

X-ray diffraction spectrometer measure-
ments shou,ed a distinct decrease in the
intensity of the 002 reflection of graphite
observed at 3.36 Á lvith increasing amounts
of oxidation, and the development of a nev'
reflection rvithin the range of O.+ Á-O.S Á.
for oxidized synthetic graphite, and 5.8 Á-
6.3 A for oxidized Ceylon graphite. This
effect for natural graphite is shórvn in Fig. 3.
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reduction of the 002 intensity upon oxidation of natural
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Frc. 4. Effect of heating oxidized synthetic

graphite in various atmospheres.

TABL]' II

Relationship Between the Degree of Oridatíon of
Ceylon Graphite and the Density of Compacts

Formed at Various Pressures

Density,  g/cm3

care of the , Ceylo¡*-glephiig**tbau t-he
#

av:úhetis*-!gg.!e¿rel-:r+der*rd-e-u"ti$lcon-
difions.

When subjected to heat --c5r¡npletely
ffi i-

glldrzgq jylllrJtl !* graphrte exrrl DrLeo \ er]-
il-u.ked ?ffiEr-auiil-áf ltÓ'c in áii-at
iffiñ teñ"peiáiüñ 

-it 
ermal analysis cury,g'

Hffiét"&tmict péak. Heating in nitrog-
-ff3Ó0U 

falécl-tó próduce this disiü¡itii-

buflhe&ak. at ¡,9 Á disappeared ald rtñ-

-!wlaced--bJl-a-rs\Y onq at 4.32-. Á--as jndi-

cated in Fis. 4.

IV PRESSED OXIDIZED SYNTHETIC AND

CEYLON GRAPIIITES

Upon compacting Ceylon graphite oxi-

dized to various extents, it rvas found that

at conversions to "graphitic oxide" inexcess

of 3I%'rvhere the available oxygen content

exceeded 3.lI%, densities y-e-re, less than

tfr-ose obtained from non-oxidized material

but at 9% conversion corresponding to an

by-p.üa-b-Jp olygen. content of 1 1.3 %, densities

rya{e slightly Sraater than those apertaining

tg-üC u-noxidized material, the higbesü v-alue

lgip.g?.QQ.s/-eryl eerypared with ?,Q6. -g/q-'.
lor unoxiüzed graphite. Results recorded in
Table II and Fig. 5 shorv the relationships
betrveen the extent of oxidation and the
densities achieved at various compacting
pressures.
-Sin[af..-treatment of oxid-ized .synthetic
g.L4pblt-e, {gpylts of rvhich are shown in

laUg III and Fig. 6, produced compacts
' * : T ? * T - '  ,  , '
yliqh *!-%gg*---qy-i!.9. s!19nglv. Material
having a 20% conversion to "graphitic
oxide" and 1.447o available oxygen pro-

duced compacts of the greatest density for

any given pressure, the highest value beino

1.91 g/cm3 at 60,000 psi.

Compacts pressed at 80,000 Psi fr

synthetic graphite rvith a 207o conversion to

"graphitic oxide" having a density of 1.91
g/cm3 rvere heat treated to 300'C in air ¡

nitrogen. No'dimensional changg*9q-c.ql*
in either sflEñiiñeñEfffdei;iease in denst,, -^ " 
\a..LJ4--g,/sm3-Jook pl¿ce"in, both.instances- *

20,000
psr

.10,000
psr

ó0,000
psr

80,000
psr

100,000
psr

Nil
I

31
38

Nil
1 . 1 3
3 . 1 1

1 . 9 8
1 .96
1 .93
1 . 9 0

2 .03
2 .05
I  . 97
I  . 93

2 .05
2 .07
r  . 99
1 .94

2 .06
2 .08
1 .99
1  .95

2 . 0 8

1 .95

With complete oxidation, the 002 reflection

at 3.36 Á di.upp"ared entirely, and as

oxidation proceeded a decrease in the

crystallrte dlameter normal to tne c-
",iil= -.iñ;as " f óüñ?t':ffñich' iüggédted' the

fót''rt-ñr Ñú*" g:-Ó*boñdi áñdltt'e
development of fresh edges.

Complete oxidation of Ceylon graphite

was accompanied by a ll'eight gain of 46.8%

andyie lded@
cApable of reactin llgular4lsg[il¡lL
s¡Ifule. Likewise, in the case of the synthetic

material, a'weight gain of 40.8% and 12.8%

available oxygen resulted from complete

oxidation. Tlre Ber-cent' -cgn¡¿exÉion*to'

"graphifu -oxidpll rvas abvays..gxeaier i.¡r..the"
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Frc. 5. Effect of the extent of oxidation on the
density of oxidized Ceylon graphite compacts
formed at various pressures.

TABLE II I

Relationship Betueen the Degree oJ Oxidation of
Synthetic Graphite (National Carbon AGX) and,
the Density of Compacts Formed, at Various
Pressures

8 D

A

B

D

38 Í  Conve rs i  on .

J l ' f ,  Conversion'

) ' f .  Conversion.

Not 0xid i  zed.

Per C-lent
Available
Orygen

Density (g/""t)

Frc. 6. Effect of the extent of oxidation on the
density of oxidized synthetic graphite compacts
formed at various pressures.

Y. CONCI,USIONS

In general, it may be concluded that

sÍñffiTiC""-áiaphite can Üe bonded under
-préSiíuiiñviihbui the addition''df a binding

-@ri[fthé'iñáterial is partially wet oxi--Tized.$.i._qtliarTióátméntoTÓeilóngiaphite

dqsp-npt.appe?r to offer an)a outstanding
advantage.
TñtüOnrgration of oxidized synthetic
graphite when heated in air, and the lack
of volume change on heating compacts of
the same material may be associated with
the rare of heating siues...,Il-elll}ig.:. ¡.as
reported that wet oxidized graphite fails to

"efl?g1alg 
ir-I'Sgt-"-a ¡q$qlenlly siouly in air.

l{o attempt has been made to investigate
the composition of the oxidation products in

3 G. R. Henníg, Chemistry Division, Argonne
N¿tional Laboratorv, Lemont, Illinois. Private
communication.
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x
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3 + 0
q
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0
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F

Per
Con.
T o i
it ic

2.01.6

Cent

20,000
psr

oo,ooo I so,ooo
DSr psr

l
bondingNil

1 . 1 1
1 . 4 4
2 . 8 L

t 2 . 9 6

1 . 7 3
1 . 7 6
1 .68

1 .82
1  . 9 1
1 . 8 0
I  . 3 6

I  .86
1 . 9 1
1 . 8 1
1 . 3 8

irsequent heat treatment to 2600"C in a
lum atmosphere extended the drop in

*cnsity to 1.66 g/cm3 but again no significant
change in dimensions could be detected. Hot
ri'{lssing of a compact of the same material

ling an initial density of 1.91 g/cm3 to

',00oC at 5000 psi produced a specimen
having a density of 1.93 g/cmt.

A loo' / ,  Convers ion.

B 32f  Conversion.

C  2O f  Conve rs i on ,

D  I  l f  Conve rs íon ,

Density, g/cma
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any detail since this rvas not u'ithin the
scope of the present tvork. According tc
Thielea, hon'el'er, the oxidation product is
capable of cation exchange reactions, and
investigations of the ion exchange capacity
of slightly oxidized graphites are being

a H. Thiele, Salt Formation and Base Exchange
of Graphi t ic  Acid.  Kol lo id Z.80,  I  (1931).

made rvith a vietv to developing casting slips
along the lines of the conventional methods
used in the ceramics field.
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