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THE STRUCTURE AND PROPERTIES OF ARTIFICIAL 
AND NATURAL GRAPHITE* * * 

T . J. N e u b e r t / J . Royal,''"'*' and A. R. Van Dyken 
Argonne National Labo ra to ry , Chemis t ry Division, Lemont , Il l inois 

1. INTRODUCTION 

It was pointed out in 1942 that graphite was expected to exhibit 
changes in i ts physical p rope r t i e s when bombarded with fast ne u t rons . l l / 
Such neutron-induced changes do take place and have been the subject of 
extensive invest igation. 1^/ The purpose of this paper i s to r e c o r d the 
var ious physical and chemica l p roper t i e s which cha rac t e r i ze the ini t ia l 
unbombarded graphi te . No c la im is made that the p resen t review i s c r i t i ca l 
or exhaust ive. What data have been l is ted a r e principal ly those which have 
a pecul iar i n t e r e s t re la t ive to the problem being invest igated. 

2. THE GENERAL NATURE OF GRAPHITE 

Graphi te c rys t a l s have rhombohedra l s y m m e t r y . The s t r uc tu r e 
cons i s t s of plane l aye r s of carbon a toms a r r a n g e d in a hexagonal , honey­
comb pa t te rn with adjacent a toms 1,42 A a p a r t . The center of each hexa ­
gon in each sheet h a s , both d i rec t ly above it and d i rec t ly below it , a carbon 
a tom of an adjacent sheet . Eachof the l a y e r s i s a giant molecu le , s epa ra ted 
f rom adjacent l aye r s by 3.36 A. This d is tance is so la rge that t h e r e can be 
no covalent bonding between the l a y e r s | super imposed l aye r s a r e held t o ­
gether only by weak van der Waal ' s forces . (3) 

Graphi te some t imes occurs na tura l ly in the form of s ix - s ided , t a b ­
u la r c r y s t a l s . Natura l graphi te has a g reasy feel , a meta l l ic l u s t e r , and a 
dark s t e e l - g r a y co lor . Rela t ively it is a good conductor of heat and e l e c ­
t r i c i t y . Thin laminae of graphi te a r e flexible and inelast ic ,(4) 

* Based upon work done at the Meta l lu rg ica l Labo ra to ry , Univers i ty 
of Chicago (now Argonne National Labora to ry ) during the period 
1943 - 1945 and published a s U.S. Atomic Energy Commiss ion 
Repor t No. ANL-4022 (Aug. 7, 1947). 

* * This a r t i c l e was or iginal ly intended for publication as paper 3.2 of 
Vol. 10-B, Radiation Chemis t ry , of the National Nuclear Energy 
Ser ies (Plutonium Pro j ec t Record) under the edi torship of Milton 
Burton. 

' P r e s e n t a d d r e s s : Depar tment of Chemis t ry , Il l inois Insti tute of 
Technology, Chicago 16, Il l inois 

"'"'' P r e s e n t a d d r e s s : A m e r i c a n Medical Associa t ion L a b o r a t o r i e s , 
Chicago, I l l inois . 



Graphi te is widely d is t r ibuted in na tu re , being found especial ly in 
many metamorpMc r o c k s . The mos t famous sources of na tu ra l graphi te 
a r e Madagasca r , S iber ia , and the Island of Ceylon. Good graphi te c ry s t a l s 
a r e , however , ve ry r a r e and difficult to obtain. Most of the na tura l ly o c ­
cu r r ing c r y s t a l s a r e badly deformed or s t rongly twinned. The bes t c ry s t a l s 
s e e m to be obtained when a g raph i te -bear ing rock m a t r i x is dissolved. The 
graphi te occur r ing in the l imestone at Ticonderoga , N. Y., and that at 
F rank l in , N. J. , have been pa r t i cu la r ly recommended.(5) Graphite c ry s t a l s 
f o rm during cooling of molten m a t e r i a l s in which carbon is dissolved, e.g. , 
m e t a l s and s i l i c a t e s . They a lso form in the solid s ta te by c rys ta l l i za t ion 
f rom solid sy s t ems s u p e r s a t u r a t e d in carbon. This l a t t e r phenomLenon is 
mos t fami l ia r in the case of the '^graphitization^' of s tee l . Graphite c ry s t a l s 
produced ar t i f ic ia l ly a r e , however , usual ly even l e s s perfect than those 
which occur na tura l ly . 

Na tu ra l graphi te i s , in genera l , not v e r y pu re . It i s used in industry 
l a rge ly in the fabricat ion of c ruc ib les for high t e m p e r a t u r e p rocess ing . 
Since t he re a r e many indus t r ia l appl icat ions of graphi te for which na tu ra l 
g raphi te i s not sui table , a c o m m e r c i a l p r o c e s s for the production of a r t i f i ­
c ial g raphi te was developed which cons i s t s of form.ing "amorphous" carbon 
with a b inder and firing the fo rmed objects at high t e m p e r a t u r e s . This con­
v e r t s the carbon to a m a t e r i a l with p rope r t i e s s imi l a r to na tu ra l graphi te . 
Ar t i f ic ia l graphi te has the advantage that it i s p u r e r and s t ronge r than na tu ­
ra l g raph i t e . 

3 . THE MANUFACTURE OF ARTIFICIAL GRAPHITE 

Since the National Carbon Company was the pr incipal suppl ier of the 
graphi te used by the Manhattan Dis t r i c t ( p r ecu r so r of the U.S. Atomic Energy 
Commiss ion) , the descr ip t ion of the production of ar t i f ic ia l graphi te will be 
based p r i m a r i l y upon what i s known of the manufactur ing p r o c e s s e s within that 
organiza t ion . The re levant information was obtained f r o m D r s . V . C. H a m i s t e r 
and H. G, M a c P h e r s o n , e i ther in l e c tu re s to the Meta l lurg ica l Labora tory(6) 
or in pr iva te d i s cus s ions . A ce r t a in amount of information was obtained 
f rom the chemica l engineering l i te ra ture . (7 ,8 ,9) 

The raw m a t e r i a l s for ar t i f ic ia l graphi te a r e pet ro leum coke and 
c o a l - t a r pi tch. The pe t ro leum coke is f i r s t calcined at t e m p e r a t u r e s of 
about 1300°C in o rde r to dr ive off volat i le hydrocarbons and fur ther ca rbon­
ize the coke . This s tep , a s well as ce r ta in o the r s to be desc r ibed l a t e r , i s 
n e c e s s a r y s ince it i s de s i r ab l e that the finished product have as high a den­
si ty a s poss ib le . During the calcining operat ion the re i s a d e c r e a s e in weight 
of about 25 - 3 0 per cent . The calcined coke is next powdered so that about 
60 per cent will pass a 2 0 0 - m e s h sieve.(8) The calcined pe t ro leum coke 
** f lour" used by the National Carbon Company has a par t i c le s ize d is t r ibut ion 
of ca 2-300 microns . ( lO) This par t ic le s ize dis t r ibut ion is intended to give . 
the finished product a m i n i m u m of voids . 
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The calcined, c lass i f ied petroleuin coke is then mixed with coa l - t a r 
pitch in heated nnixers and the resul tant magma extruded through s team 
heated dies and cut into b a r s (e .g. , 4 in. x 4 in. x 50 in.) . About th i r ty- two 
pa r t s of pitch a r e used for one hundred pa r t s of coke flour. The green b a r s 
(density, ca_ 1.7 g cm"'^) a r e next baked in gas - f i red ovens to a minimum, 
t e m p e r a t u r e of 750^C. During this t r ea tmen t the pieces a r e packed in a m i x ­
tu re of sand and crushed carbon in o rde r to mainta in thei r shape. About one 
week is requ i red to heat up the furnace and i ts cha rge , the maximum t e m ­
pe ra tu r e is maintained for approximate ly 2 - 3 days . After the heating the 
furnace is cooled slowly in o rde r to prevent oxidation as a i r is drawn into 
the m a s s . The ent i re p roces s r equ i r e s 3 5 - 4 8 days . During the gas baking 
about 40 per cent of the pitch i s volati l ized and the b a r s shrink about 1 per 
cent . The resul t ing gas-baked carbon i s a ha rd , black substance with a sha rp 
surface and a meta l l i c r ing. The density at this stage of production is ca 
1.55 g cm"^. In o rde r to improve the density of the final product the graphi te 
i s r e impregna ted with an addit ional 15 par t s of c oa l - t a r pitch per 100 pa r t s 
of gas-baked carbon by a h e a t - v a c u u m - p r e s s u r e operat ion. The b a r s (den­
si ty at this s tage, ca_ 1.77 g cm"'*) a r e then graphit ized in an e l ec t r i c furnace. 

The graphit izing furnace is built on a floor of concre te beamis. The 
charge of re impregna ted raw b a r s i s packed perpendicular to the long axis 
of the furnace in ve r t i ca l piles separa ted by c rushed raeta l lurgical coke. At 
e i ther end of the furnace a r e graphi te e lec t rodes with water -cooled copper 
l eads . The whole a s sembly is then sur rounded by an additional l ayer of m e t ­
a l lu rg ica l coke and insulated with a blanket of coke, sand, and sawdust . F i n a l ­
ly, a r e s t r a in ing wall of concre te blocks is built around the furnace . 

The graphitizing furnace r equ i r e s about 60 hours to heat up and th ree 
weeks to cool down. Power consumption is approximately 1 .6-3 .0 kw h r per 
pound. T e m p e r a t u r e s a r e observed with an optical pyromete r which gives 
good r e su l t s up to ca 2500°C. At this point the radiat ion tu rns g reen and the 
apparent t e m p e r a t u r e d rops . This change is a t t r ibuted to radiat ion frora c a l -
ciurrij which is thought to enter the p rocess pr incipal ly through the sawdust 
in the insulating blanket.(6) It is es t imated that ul t imate t e m p e r a t u r e s reached 
during graphit izat ion a r e 2500 -2700°C. About 60 per cent of the pitch added 
in the re impregnat ion is lost during graphi t izat ion. Table I shows an approx i ­
mate m a t e r i a l balance for the pitch used in the fabricat ion of ar t i f ic ia l graphi te 
and l i s t s the densi t ies at the different s tages of production,(10) 

The resul tan t ar t i f ic ia l graphi te is a soft, g ray-b lack m a t e r i a l with a 
sraooth "greasy" surface (when machined) . Its density i s 1,65 g cm"^, and 
i t s ash content l e s s than 0.2 per cent . During the graphit izat ion p roces s a 
l a rge fract ion of the i m p u r i t i e s , p resent in the original m a t e r i a l s to the ex ­
tent of about 1 per cent, d is t i l l away, since the t e m p e r a t u r e s involved a r e 
higher than the boiling points of mos t of the impur i ty compounds. Of the f in­
ished graphite about 20 per cent is es t imated to come from the c o a l - t a r pitch; 
the remaining 80 per cent is f rom the or iginal coke (see Table l) . 



TABLE I 

Densi t ies and Approximate Mate r ia l Balance for Coal-Tar Pi tch 
at Var ious Stages in the Product ion of Artif icial Graphite,(10) 

Amounts of Pi tch Involved 
in Various Operat ions 

1. Used to fo rm original e x ­
t ruded unfired b a r s 

2. Los t in gas baking 
(0.40 X 32) 

3 . Added in re impregnat ion 
(0.15 X 119) 

4 . Los t during graphi t izat ion 
(0.60 X 18) 

Total res idual **pitch" in 
finished graphi te 

P a r t s of P i tch 
P e r 100 P a r t s 

of Coke **Flour" 

32 

13 

18 

11 

26 

Approximate 
Density, 
g cm"^ 

1.7 

1,55 

1.77 

1.65 

1.65 

4 . THE GENERAL NATURE OF ARTIFICIAL GRAPHITE 

It i s thought that the carbon in ar t i f ic ia l graphi te i s m o r e than 99 per 
cent graphit ized,(10) but that the c rys t a l s ize i s much sma l l e r than that in 
na tu ra l g raphi te . X - r a y diffraction studies of pe t ro leum coke and c o a l - t a r -
pitch m i x t u r e s as a function of f ir ing t e m p e r a t u r e indicate that even the 
"amorphous" ungraphit ized m a t e r i a l shows some s t ruc ture . (10) As the firing 
t e m p e r a t u r e i s i nc reased , the X - r a y pat tern becomes s h a r p e r and s h a r p e r , 
approaching that of na tu ra l graphi te . This observat ion is const rued to mean 
that essen t ia l ly al l of the carbon has been graphi t ized . Thus the function of 
the graphi t iz ing p rocess i s to dis t i l l away excess t a r s and impur i t i e s and to 
perfect the c rys ta l l ine a r r a n g e m e n t , which X - r a y diffraction invest igat ions 
show is a l r eady observable in gas-baked ungraphit ized carbon. 

T h e r e a r e theor i e s of the graphi t izat ion p r o c e s s based upon ca ta lys i s 
by impur i ty compounds, e .g. , s i l icon ca rb ide . That such effects can be made 
to occur i s ce r t a in , but i t i s not ce r t a in what role catalyt ic p r o c e s s e s have 
in modern graphi te production techniques . In any event, according to the bes t 
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s 
information available,(10) the graphite c rys t a l s which occur in the u l t imate 
b a r s of ar t i f ic ia l graphite a r e p resen t in the or iginal cokes and do not grow 
during the graphit izat ion p r o c e s s by m o r e than (if as much as) a factor of 
two. 

The suggestion that graphi te c rys ta l s do not grow significantly during 
the graphi t izat ion p roces s is supported by the observations(10) that carbon 
powders do not s in te r even at t e m p e r a t u r e s of 2500°C and p r e s s u r e s of 
4000 lb in.^, and that it i s imposs ib le to "graphi t ize" lainpblack. Thus the 
smal l na tu ra l graphi te- type c rys t a l l i t e s p resen t in ar t i f ic ia l graphi te mus t 
come f rom c rys ta l l i t e s which were a l r eady par t ia l ly formed in the coking 
of the pe t ro leum res idues froin which it was m a d e . 

The explanation for the inability to graphi t ize lampblack is that l a m p ­
black, s ince it is formed in a gas phase carbonizat ion, contains only ve ry 
minute graphi te nuclei . In forming pe t ro leum coke, on the other hand, the 
carbonizat ion occurs in the liquid phase and it would s e e m that in th is case 
re la t ively l a r g e , although imper fec t , c ry s t a l s a r e produced. These c rys t a l 
nuclei could have the i r or igin in labile organic compounds which become d i ­
ves ted of the i r hydrogen during the coking p r o c e s s , thus building up a contin­
uous pa t te rn of benzene- l ike r i n g s , only the outer ones of which re ta in the i r 
hydrogen. Accordingly, it i s reasonable to expect sonae dependence of p r i m i ­
tive c rys ta l l i t e s ize on the chemica l consti tution of the pe t ro lum and the type 
of appara tus used in the p repara t ion of the coke. 

Since the c rys t a l l i t e s a r e p resen t at the t ime of ext rus ion, the ex t ru ­
sion p r o c e s s can cause a ce r t a in amount of preferent ia l or ientat ion of the 
c r y s t a l l i t e s , depending upon the i r s ize and shape . The re is a definite t end­
ency for graphi te c rys t a l l i t e s to be aligned with the i r planes para l le l to the 
axis of ext rus ion. On this account, many of the physical p rope r t i e s depend 
upon the manne r in which the t e s t spec imens a r e cut frora the or iginal 
graphi te b a r . In the work on neutron- induced changes in physical p rope r t i e s 
of ar t i f ic ia l graphi te , s amples were cut with the i r own axis both pa ra l l e l to 
and perpendicular to the axis of ext rus ion, because it was hoped that such 
s amp le s would be an aid in the de te rmina t ion of the mechan i sm of neu t ron -
induced changes . Apar t from, this reason , however , it was hoped that va lues 
for the va r ious physical p rope r t i e s of pa ra l l e l - cu t and perpendicu la r -cu t 
graphi te spec imens would be useful in es t imat ing the re la t ive amount of 
p re fe ren t ia l or ientat ion and the c rys ta l l i t e s ize and shape. 

5. CHEMICAL PURITY OF GRAPHITES FOR THERMAL PILES 

Two des i r ab le p rope r t i e s of ar t i f ic ia l graphi te a r e high chemica l 
puri ty and high densi ty . Art i f ic ia l graphi te is much pure r than na tu ra l 
g raph i t e . Since a par t of the ash of a r t i f ic ia l graphi te s e e m s to be located 
within the s t ruc tu re of the consti tuent c r y s t a l l i t e s , re la t ively inaccess ib le 
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L 
to a c i d s , a lka l i s , and gaseous leaching agen ts , it was thought in 1942 that 
sufficient purification could not be at tained exclusively by chemical p r o c ­
esses . (10 ,11) The solution adopted, the re fo re , was to produce a graphi te 
f rom sa t i s fac tor i ly pure raw m a t e r i a l s . 

T h r e e types of ar t i f ic ia l graphite were commerc ia l ly avai lable when 
graphi te pi les w e r e f i r s t under const ruct ion. Two of these were products 
of the National Carbon Company, designated AGX (Acheson graphi te , ex t ra 
dense) and AGR (Acheson graphi te , r egu la r ) . AGX was the s tandard r e i m ­
pregnated graphi te produced by the National Carbon Company, AGR was the 
product which resul ted if the extruded b a r s were gas-baked and then g raph ­
i t ized without re impregna t ion with pitch. The th i rd type of ar t i f ic ia l g r aph ­
i te was manufactured by the Speer Carbon Company. Like AGR, Speer 
graphi te is non- re impregna ted . 

The graphi tes desc r ibed in the preceding pa ragraph were not of e x ­
t r a o r d i n a r y pur i ty . F o r th i s r ea son the National Carbon Company u n d e r ­
took to p r e p a r e special g raph i te , taking c a r e in i t s fabricat ion to prevent 
the entry of ext raneous i m p u r i t i e s . In this way be t t e r g rades of graphi te 
became avai lable . Chemica l analyses(12) of ba tches received in November , 
1942, [e.g. , A G 0 T - W ( T - 1 5 ) ] indicated; a sh ~ 1000 ppm; boron -- 0.6 ppm| 
VgOg -- 250 ppm; Ti02 ^ 0,40 ppm| FezOj -̂  60 ppm| and CaO '--3 70 ppm. 

An invest igat ion of means for producing graphi te of g r e a t e r puri ty 
was under taken . Boyd, C u r t i s , Johnson, et_al_.,(12) in conjunction with the 
National Carbon Company, c a r r i e d out careful chemical ana lys is of ten raw 
pe t ro leum cokes and eighteen samples of va r ious p i tches . They found s i g ­
nificant va r ia t ions in chemica l puri ty among the different cokes , pr incipal ly 
in the V2O5 content. All the cokes showed a boron content between 0,2 and 
0.4 ppm. In the pi tches , on the other hand, t h e r e w e r e l a rge differences in 
the amounts of i m p u r i t i e s . The boron content va r i ed between 0,4 and 2 ppm, 
(Thus , according to the analyt ica l p rocedures used, the pr incipal source of 
boron in the finished ar t i f ic ia l graphi te seemed to be the c oa l - t a r pitch.) 

As a resu l t of the long s e r i e s of chemica l ana lyses a p r o g r a m was 
outlined(12) in which t h r e e t r i a l hea t s would be under taken in o r d e r to t e s t 
the analyt ical r e su l t s on a plant s ca l e . The th ree cokes se lec ted were Ken­
da l l , Gulf -Cleves , and Whiting. The Kendall and Gulf-Cleves cokes were 
the p u r e s t of a l l those analyzed, in r ega rd to f reedom f rom both boron and 
vanadium. The Whiting coke was among the l eas t pure of those analyzed, 
espec ia l ly with r ega rd to vanadium, but was se lec ted because it was typical 
of the coke in s tandard use in the National Carbon Company, The pitch used 
was designated B a r r e t t No. 30. It contained'^1 ppm boron . Average ana ly ­
se s of the s ta r t ing m a t e r i a l s and the final products of these t h r e e e x p e r i ­
menta l hea t s a r e given in Table II, It mus t be pointed out that the pe t ro leum 
cokes used in the period 1942 - 1944 a r e named h e r e only as a means of 
clarifying the sy s t em of designat ion of exper imenta l s amp le s . The specific 
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T A B L E II 

A v e r a g e d C h e m i c a l A n a l y s i s (in ppm) of S t a r t i n g M a t e r i a l s 
and P r o d u c t s in E x p e r i m e n t a l H e a t s N o . 1583 (Kendal l ) , 

No . 1591 ( G u l f - C l e a v e s ) , and No . 1600 (Whi t ing) . (12j ~" 

M a t e r i a l 

B a r r e t t N o . 30 
p i t ch 

K e n d a l l coke 
K e n d a l l g r a p h i t e 

C l e v e s coke 
C l e v e s g r a p h i t e 

Whi t ing coke 
Whi t ing g r a p h i t e 

A s h 

1130 

2115 
3 73 

2080 
481 

4960 
840 

B 

0,99 

0,26 
0.48 

0.14 
0.56 

0.26 
0,66 

V2O5 

9 

44 
14 

48 
48 

460 
254 

TiO^ 

52 

42 
21 

32 
34 

30 
20 

FezOj 

486 

822 
25 

501 
15 

590 
17 

CaO 

98 

150 
212 

220 
247 

858 
369 

cokes mentioned a r e not a l l avai lable now, and after the elapse of eleven 
y e a r s those that a r e avai lable under the s ame names a r e somewhat differ­
ent in the i r cha rac t e r i s t i c s a s a resu l t of changes in oil ref inery p r o c e s s ­
ing and in the sources of the crude pet ro leum used . 

The data of Table II indicate that , except for boron, impur i t i e s i n ­
t roduced into the graphi te during fabricat ion a r e lost to a grea t extent in 
the fir ing opera t ions . The boron apparent ly accumula tes , Kendall graphi te 
turned out to be pures t f rom a standpoint of chemical ana lys i s . It a l so had 
a density (1.75 g c m " ' ) which was considerably in excess of the usual den­
sity of twice- f i red , r e impregna ted ar t i f ic ia l graphi te (I.6O - 1.66 g cm"^). 
In addition to the impur i t i e s l i s ted in Table II, ana lyses have been made on 
a typical b a r of Kendall graphite f rom the exper imenta l heat to de te rmine 
the amounts of sulphur and hydrogen. The r e s u l t s , which should be t r ea t ed 
only a s e s t i m a t e s , a r e H - ca_320 ppm and S - ca 1 75 ppm. 

Some exper iments have been done to de te rmine the amounts and 
c h a r a c t e r of the gases evolved f rom the graphi te on heating, Rubinson(13) 
has repor ted that graphite s t i cks , heated at 525°C (32 hr ) give 0.04 cc gas 
(STP) /g ; graphi te s t icks heated at 850°C (15 h r ) give 0,11 cc gas (STP) /g . 
Graphi te dust heated at 525^0 (20 hr) and at 850°C (8 hr ) gives 0.16 and 
0.20 cc gas (STP)/g, respec t ive ly . The amounts and com.positions of gases 
evolved in var ious other exper iments by Rubinson(13) in the Meta l lurgica l 
Labora tory-and in exper iments at h igher t e m p e r a t u r e s by Lebeau and 
Picon( l4) in 1924 a r e l is ted in Tab les III and IV, respect ive ly . 



TABLE III 

Amount and Composit ion (Frac t ion by Volume) of Gases Evolved 
by F o u r Samples of Art if icial Graphi te Dust (250 g) 

Upon Heating in Vacuo,(13) 

T e m p e r a t u r e (*C) 

T i m e of Heating (hr) 

HgO 
CO2 
CO 
(CH,)n 

Ha 
O2 

Tota l cc (STP) Evolved 

550 

3,5 

? 
0.514 
0,279 
0.173 
0,021 

0.014 

14 

550^ 

6.5 

0 
0.403 
0,198 
0.149 
0.202 

0.047 

12 

550 

22 

f 
0.197 
0.155 
0.022 
0.502 

0.125 

16 

550a,b 

2.0 

0 
0.137 
0.169 
0.137 
0.022 
0.524 
0.011 

15 

^Dried for 9 days at 110°C, 

l^Contained 4 chunks of u ran ium (ca 640 g) embedded in the 
graphi te dust . 

TABLE IV 

Amount and Composit ion (Frac t ion by Volume) of Gases Evolved 
F r o m a Sample of Art i f ic ial Graphi te (Solid Tube, 6 g) 

Upon Heating in V a c u o . ( 1 ^ 

T e m p e r a t u r e (°C) 

T i m e of Heating (hr) 

H2O 
CO2 
CO 
(CH,)^ 
H2 

Tota l cc (STP) Evolved 

700 

1,0 

0 
0.150 
0.400 
0.300 
0.150 

0,13 

1000 

2.5 

0 
0.035 
0.225 
0.194 
0.546 

5.65 

1500 

3,5 

0 
t r 

0,407 
0.038 
0.554 

12.4 

2000 

3.5 

0 
t r 

0,440 
0.026 
0.531 

13.3 
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6. TYPES OF GRAPHITE STUDIED 

Graphi tes manufactured by the National Carbon Company with s p e ­
cial c a r e in the select ion and handling of raw m a t e r i a l s a r e designated by 
the code l e t t e r s AGOT and AGNT. AGOT graphi te i s f rom the cen t r a l par t 
of the graphit izing furnace, AGNT graphi te f rom the edges . The dist inct ion 
was made because at one t ime it was thought that cent ra l graphite was n e c ­
e s s a r i l y m o r e pure than outside graphi te . In the production of the graphi te , 
however , it was cus tomary to manufacture the b a r s slightly overs ize and 
then to cut away the outer sur face . Analytical data indicated that with this 
procedure AGOT and AGNT had equivalent purity.(12) AGOT graphi tes have 
been made f rom severa l different cokes and p i tches . These and the other 
var ious kinds of graphi tes used in fast neu t ron-bombardment s tudies by the 
Meta l lurgica l Labora to ry a r e desc r ibed in sepa ra t e paragraphs below. 

(^) AGOT-W. This graphite was made in exper imenta l heat 
No. 1600 f rom Whiting Refinery coke and B a r r e t t No. 30 pitch. 
The **W" in the code name stands for Whiting Refinery coke. 
In the course of the r e s e a r c h , two different b a r s f rom the same 
exper imenta l heat were used. These two b a r s were s i m i l a r in 
p rope r t i e s , but in those cases where differences a r e significant 
or in te res t ing the two b a r s have been identified by the des igna­
t ions AGOT-W (I) and AGOT-W (ll). 

(b) AGOT-W (T-15) . This i s the designation of one of the f i r s t 
ba tches ( T -15) of AGOT graphi te received in Chicago. It was 
made f rom Whiting Refinery coke and coa l - t a r pitch. Many of 
the init ial m e a s u r e m e n t s of neutron- induced changes were made 
with samples taken f rom a typical b a r of AGOT-W ( T - 1 5 ) . 

AGOT-W type graphi te (e.g. , batch T-15 and s imi l a r ba tches) was 
used in ea r ly exponential and s igma pile expe r imen t s , in the const ruct ion 
of the f i r s t chain react ing pile ( C P - 1 , l a t e r rebui l t a s CP-2) , and in the f i r s t 
pile at Oak Ridge L a b o r a t o r i e s . 

(c) AGOT-C. The raw m a t e r i a l s of AGOT-C a r e Gulf-Cleves p e t r o ­
leum coke and B a r r e t t No. 30 c o a l - t a r pitch. The only samples 
avai lable in Chicago have come froin b a r s taken f rom e x p e r i ­
menta l heat No. 1591. In c a s e s where it is important in the s e c ­
t ions which follow, Roman n u m e r a l s designate the access ion number 
(in the r e s e a r c h laboratory) of the par t i cu la r b a r employed. 

(^) AGOT -K. This graphi te i s made f rom Kendall Refinery coke and 
coa l - t a r pitch. It was produced by the National Carbon Company 
(heat No. 1583). In this f i r s t exper imenta l heat B a r r e t t No. 30 
coa l - t a r pitch was used and the resul t ing product was the pures t 
and denses t of the graphi tes manufactured by the National Carbon 



Company. In the work on neutron- induced changes in graphi te , 
four b a r s of heat No. 1583 were used. Here again Roman nu­
m e r a l s designate the access ion number of a par t i cu la r b a r . 

(e) AGOT-KC. Because of the ini t ia l success in the production of 
Kendall type graphi te an effort toward improvement was made 
by substi tuting Chicago B a r r e t t No. 7HO pitchy which seemed 
to be a p u r e r pitch than B a r r e t t No, 30. The graphi te thus p r o ­
duced was designated AGOT-KC. In commerc ia l production 
however , it tu rned out that a r t i f ic ia l graphi te made with Kendall 
coke and 7HO pitch was not a s dense a s that made in the e x p e r i ­
mental heat No. 1583. The densi ty for AGOT-KC was 1.68 gcm"^, 
to be compared with 1.71 g cm"^ for AGOT-K. 

Var ia t ions between AGOT-K, AGOT-C, and AGOT-W s e e m to a r i s e 
f rom differences in or ig inal cokes . The Gulf-Cleves and Whiting cokes a r e 
by -p roduc t s f rom gasol ine re f iner ies which use mid-cont inent and Texas 
c rudes , while Kendall comes f rom Pennsylvania c r u d e s . The s t i l l s and cok­
ing furnaces used to p r o c e s s the two types of pe t ro leum crude oils a r e not 
the sanae. The resul t i s that the c rys ta l l i za t ion c e n t e r s p resen t in Kendall 
coke a r e probably much l a r g e r than those in Whiting or Gulf-Cleves coke. 
F u r t h e r m o r e , the National Carbon Company(5) has found that density i s d e ­
pendent upon the sulphur content of the coke. They a t t r ibu te the higher densi ty 
of AGOT-K not to c ry s t a l s ize alone (since l a r g e r c rys t a l l i t e s a r e expected 
to al ign themse lves m o r e compactly in the ex t rus ion p rocess ) , but a l so to the 
fact that Pennsylvania c rude oi ls have a lower sulphur content than do o ther 
p e t r o l e u m s . 

In addition to the preceding r eac to r g raphi tes a ce r ta in amount of 
work has been done on a s e r i e s of specia l ly p repa red exper imenta l g raph i t es . 
T h e s e graphi tes were supplied by the National Carbon Company to indicate 
the changes which occur during graphi t izat ion and to aid in the study of the 
m e c h a n i s m of the Wigner effect. P i e c e s w e r e cut f rom Whiting gas-baked 
s tock, or iginal ly extruded in the form of long b a r s . The pieces w e r e then 
r e impregna ted with pitch in the l abo ra to r i e s of the National Carbon Company 
and subsequently heated at va r ious t e m p e r a t u r e s to produce spec imens with 
different d e g r e e s of graphi t iza t ion. These special ly p repa red graphi tes a r e 
identified a s follows? 

W Sp 2100. This m a t e r i a l was heated to 2100°C. The resul t ing 
product i s c h a r a c t e r i s t i c of carbon in which the graphi t izat ion 
p r o c e s s has ba re ly begun. 

(s) Sp 2400. This m a t e r i a l was par t i a l ly graphit ized by heating 
to 2400°C. 

(ll) Sp 3000. This m a t e r i a l was graphi t ized at 3000°C. It should 
be typical of completely graphi t ized AGOT type graphi te , but 
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tables in the la t te r por t ions of this r epor t show rea l differences, 
which a r e possibly a t t r ibutable to the fact that l abora tory condi­
t ions do not rea l ly reproduce fu l l -sca le plant condit ions. Logi­
cally, i t s p rope r t i e s should be s imi l a r to those of the AGOT-W 
graph i t es . 

In o rde r to have available m a t e r i a l s with widely different c rys ta l l i t e 
size for use in studies of neutron-induced changes, two additional p seudo-
graphi tes were obtained from the National Carbon Company. 

(i) pbL. This carbon was made from lampblack bonded with coa l -
t a r pi tch and fired at 3000*C, It r e p r e s e n t s a **graphite" with 
an especia l ly smal l c rys ta l l i t e s i ze . Because of the axiinutepar­
t ic le size of lannpblack, pbL exhibits no preferen t ia l or ientat ion 
upon extrusioni and so the p rope r t i e s descr ibed in l a te r sect ions 
exhibit no var ia t ions dependent on how the sample was cut f rom 
the stock p iece . 

(j) pbNG. This m a t e r i a l was made by bonding natura l graphite flour 
with coa l - t a r pitch and firing at 3000°C. The p r e c i s e method of 
p r epa ra t i on of this sample is not known to the au thors , but it i s 
bel ieved that the m a t e r i a l was not extruded. Never the less , a l ­
mos t any method of p repa ra t ion should give pre fe ren t ia l o r i en ­
tat ion of the c rys t a l l i t e s . However, no sys temat ic invest igat ion 
of var ia t ions of the pa r t i cu l a r p rope r t i e s of pbNG in different 
d i rec t ions has been m a d e . 

Some work was done with na tura l graphite (NG) s ample s . Most of the 
p rope r t i e s repor ted a r e taken f rom the physical l i t e r a t u r e , but some were 
naeasured in these l a b o r a t o r i e s . The samples used w e r e cut f rom a piece of 
Ceylon Graphite (ash, 0.12 p e r cent) given to us by Dr. V. C, Hamis te r of the 
National Carbon Company, 

7. X-RAY DIFFRACTION STUDIES 

Graphite has a layer la t t ice s t ruc tu r e , as shown in F ig . 1. Carbon 
a toms a r e a r r anged in p lanes , the a toms within a plane forming a network 
of hexagons. In ideal graphite c r y s t a l s , p lanes of carbon a toms a r e p a r a l ­
lel to one another.. The usual form of graphi te (see F ig . 1, type l) has a l t e r ­
nate planes displaced in such a way that carbon a toms in the second plane 
a r e above cen te r s of hexagons in the f i r s t p lane . The th i rd layer r epea t s 
the f i r s t . The la t t ice per iods( l5 ,16,17) for na tura l graphite a r e ai = 2.466 A, 
aa = 6.697 A. Per iod aj r e p r e s e n t s the separa t ion of carbon a toms on a l t e r ­
nate c o r n e r s of hexagons, per iod a3 twice the dis tance between p lanes . The 
smal l e s t i n t e r - a tomic dis tance in the plane is a i / y 3 = 1.418 A. 
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Fig . 1. Arrangeraent of Carbon Atoms in Graphite 
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/3 
Natural graphi te exis ts in a second modification, proposed byLipson 

and StokesUo) to account for the occur rence of ex t ra l ines i n X - r a y diff rac­
t ion photographs (see Fig , 1, type 2). The s t ruc tu re cons is t s of hexagonal 
l aye r s and carbon a toms identical to the normal s t ruc tu r e , but a r ranged in 
such a way that the th i rd layer is displaced in re fe rence to the second in 
jus t the same way as is the second in re fe rence to the f i r s t . Thus, every 
fourth l ayer r epea t s the f i rs t l aye r . The a^ per iod is therefore 6 ,697x3 /2 A, 
Samples of na tura l graphi te somet imes exhibit as much as 12 p e r cent of 
th is second modification. 

The la t t ice spacings of the graphi tes desc r ibed in Section 6 were 
m e a s u r e d by Zachar iasen , Mooney, Koehler , P le t t inger , et al_.(15sl6,17) and 
a r e summar ized in Table V. Within exper imenta l e r r o r the aj and a3 la t t ice 
per iods of pbNG a r e the same as those of na tura l graphi te . The ai la t t ice 
per iods for na tura l graphite and AGOT-type graphi tes a r e a lso the same 
within exper imenta l e r r o r , but the a.3 per iods of the ar t i f ic ial graphi tes a r e 
significantly l a rge r than that of na tura l graphi te , indicating a ce r ta in amount 
of stacking d i so rde r ( l9 ) in the ar t i f ic ia l g raph i t e s . 

TABLE V 

Lat t ice Spacings of Artif icial and 
Natural GraphiteU57r5,17) 

Type 

AGX 

AGR 

Speer 

AGOT-K (I) 

AGOT-C (I) 

AGOT-W (I) 

AGOT-W (T-15) 

Sp 2100 

Sp 2400 

Sp 3000 

pbL 

pbNG 

NG 

ai pe r iod (A) 

2.457 ± 0.002 

2.457 ± 0,002 

2.454 ± 0.002 

2.455 ± 0,002 

2.457 ± 0.002 

2.457 ± 0.002 

2.458 ± 0.002 

2.450 i 0.003 

2.450 ± 0,003 

2.456 ± 0.004 

2.450 ± 0.005 

2.4564 ± 0.0006 

2.4564 ± 0.0006 

a3 per iod (A) 

6.713± 0.007 

6.711 ± 0,006 

6,715± 0.005 

6,709 ± 0.005 

6.711 ± 0.005 

6.712 ± 0,005 

6.708 ± 0.005 

6,820 ± 0.01 

6.784 ± 0.005 

6.717 ± 0.006 

6,770 ± 0.01 

6.697 ± 0.0017 

6.697 ± 0.0017 



The s e r i e s Sp 2100, Sp 2400, and Sp 3000 shows the changes in la t t ice 
spacing which occur during the graphit izing p r o c e s s concomitant with a d e ­
c r e a s e in stacking d i so rde r . ( l7 ) The X- ray pa t t e rn for Sp 2100 has a ve ry 
few l ines . These a r e b road and exhibit a c h a r a c t e r whichwould be expected 
for l aye r s two-dimensional ly well o rde red but randomly located with r e ­
spect to each o ther . The pa t t e rn observed for Sp 2400 is s imi la r to that ob­
se rved for Sp 2100 except that the re is evidence of be t te r stacking o r d e r . 
The pa t t e rn for Sp 3000 i s comparab le to those of the AGOT-type g raph i t es . 
The pa t t e rn of pbL i s somewhat s imi l a r to that of Sp 2400. Apparently pbL 
is very near ly two-dimens ional , but i s m o r e o rde red than the random layer 
la t t i ces repor ted for unfired lampblack.(16) 

The ^ t r y s t a l s " in both na tura l and ar t i f ic ia l graphi te a r e r e -
ported( l6 ,17,19) to be agg lomera tes of smal l uni t s , of a number of l aye r s 
of a toms (like decks of ca rds ) , over which t h e r e i s good o r d e r . Thus, the 
c rys ta l l ine agglomera te in graphi te can be desc r ibed as a s tack of s eve ra l 
'^decks'* of w e l l - o r d e r e d p lanes . This i s i l lus t ra ted in F ig . 2, where Aj 
desc r ibed the d iamete r of the s tack, A3 the total height of the s tack, and D3 
the d is tance over which good o rde r obtains ( i .e . , the th ickness of a ^^deck"). 

^ ^ Ai 

• 

Fig . 2, Ar rangement of 
graphi te in 
stacked "decks.** 

The height of the o rde red s tacks in na tura l graphi te was found to be 
g rea t e r than 1000 A| the stacking height for pbNG also was g r e a t e r than 
1000 A.Cl6»17) In the AGOT-type graphi tes Zacha r i a sen r e p o r t s that Ai i s 
always much g r e a t e r than A3I the approximate value of A3 is 150 A| the value 
of Ai is > 1000 A. Table VI s u m m a r i z e s some of the values of A^, A3, and 
D3 repor t ed by W. S. Koehler( l6) and by Zachar iasen. (17) 

C. S. B a r r e t t and J . S. Koehler (then at Carnegie Institute of Tech­
nology) made use of X- ray diffraction photographs to invest igate the extent 
of p r e f e r r e d or ientat ion of c rys t a l l i t e s in extruded ar t i f ic ia l graphite.(20) 
A method was devised for obtaining semi-quant i ta t ive values for the ra t io 

D, 
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TABLE VI 

Ai, A3, and D3 Dimensions Es t imated by 
W. S. KoehlerlT^Tand Zachariasenl lTT" 

(see F ig . 2) 

Type 

NG 

pbNG 

AGOT-K 

AGOT-C 

AGOT-W 

Sp 3000 

Sp 2400 

Sp2100 

pbL 

Ai (A) 

oca 

>1000^ 

>1000 

>1000 

>1000 

235 

157 

137 

A3 (A) 

00 

165 

200 

100 

175 

100 

100 

32 

D3 (A) 

>1000 

>1000 

46 

40 

55 

28 

[ 2 0 f 

[14] 

[20] 

^The designation «> indicates d imensions too l a rge to 
pe rmi t m e a s u r e m e n t . 

The designation >1000 indicates d imensions too l a rge 
to m e a s u r e , but yet not so l a rge as those designated 00 , 

^Values in square b r acke t s a r e uncer ta in , 

N i l / N X , where Nl i r e p r e s e n t s the number of graphi te c rys t a l s p e r cm^ 
having the i r basa l plane pa ra l l e l to the ext rus ion di rect ion, and N X is the 
number of c rys ta l s p e r cm^ with the i r basa l plane perpendicular to the 
ext rus ion d i rec t ion . Measuremen t s of AGOT-W art i f ic ia l graphite indicate 
values for the rat io N I I / N 1 of 2 to 3. Fo r AGOT-K graphite the ra t io 
N! l / N l i s 5 to 6. Thus, the indications a r e that AGOT-K graphite exhibits 
much m o r e p r e f e r r e d or ientat ion than the AGOT-W graphi te . 
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8. DENSITY DETERMINATIONS 

Graphite which is made from pe t ro leum coke and coa l - t a r pitch and 
graphi t ized immedia te ly after the gas-baking operat ion has a bulk density 
of ca 1. 5 g cm" , In o rde r to make the density h igher , gas-baked carbon 
b a r s a r e r e impregna ted with coa l - t a r pitch and then graphit ized (see Sec­
tion 3). This i n c r e a s e s the density to ca_ 1.6 - 1.7 g cm"^, depending upon 
the coke which is used and other production v a r i a b l e s . 

Table VII l i s t s average values for the bulk densi ty of the var ious 
graphi tes which came to the at tention of the Metal lurgical Labora to ry . Good 
spec imens of na tu ra l graphite usual ly exhibit dens i t ies of ca 2.25 g cm"^. 
Ideal dens i t i e s , calculated f rom the lat t ice constants of na tura l and AGOT-
type g raph i tes , a r e 2.27 - 2.28 g cm"^. 

TABLE VII 

Densi t ies (g cm"^) for Various Art i f ic ia l Graphi tes 
and Natura l Graphite 

Type 

1 AGX 
AGR 
Speer 

AGOT-K (I) 
AGOT-C (I) 
AGOT-W (I) 
AGOT-W (T-15) 

Sp 2100 
Sp 2400 
Sp 3000 

pbL 
pbNG 

NG 

Helium 
Density 

-

2.17 
2.10 
2.12 
2.10 

2,01 
1.96 
2.00 

1.93 
2.11 

(2,25)^ 

Bulk 
Density 

1.64 
1.54 
1,58 

1,71 
1.61 
1.60 
1.62 

1.49 
1.48 
1.50 

1.45 
1.77 

(2.25)^ 

a 
Not m e a s u r e d in th is ins tance , included only a s 
a r e fe rence point. 
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The difference between the X- ray density and the bulk density may 
be used to es t imate the volume of voids . In the AGOT-type graphi tes voids 
amount to 25 - 30 per cent . At tempts to de te rmine the t rue densi ty of a r t i ­
ficial graphite were made by Novick(21) using a technique of hel ium d i s ­
placement , which essent ia l ly amounted to a m e a s u r e m e n t of the volume of 
hel ium n e c e s s a r y to fill the void spaces in graphi te . Values for the var ious 
graphi tes range f rom 1.93 to 2.17 g cm"^ and a r e l is ted in Table VII. The 
re l iabi l i ty of these m e a s u r e m e n t s i s es t imated to be ca 2 per cent . The 
lack of ag reement between the " i d e a l " dens i t ies (calculated from lat t ice 
spacings) and those m e a s u r e d by hel ium displacement suggests that not all 
the void spaces a r e access ib le to he l ium. (21) 

9» SURFACE AREA AND POROSITY 

In the course of pore volume m e a s u r e m e n t s j Novick(21) observed 
that the re was a detectable uptake of hel ium throughout a period of at l eas t 
for ty-eight h o u r s . A carefully degassed sample of AGOT-W (T-15) graphite 
was i m m e r s e d in hel ium at constant p r e s s u r e and the apparent volume 
change of the hel ium de termined as a function of t ime at 37.0 ± 0.005"C. 
P r e s s u r e s were held constant to 0.1 m m Hg. Table VIII i l l u s t r a t e s the r e ­
sults obtained on the sample at t h r ee different p r e s s u r e s . 

TABLE VIII 

Var ia t ion with Time of Apparent P o r e Volume of 
AGOT-W (T-15) Graphite for Various Helium 

P r e s s u r e s , t = 37°C(21) 

Sample weight, M = 5.064 gi Initial volume, VQ = 2.410 cm^s 
Apparent pore volume per cc , (Vp/Vo) = 1 - {'D^/j}^)i 
Ideal densi ty, Dj = '^2.25 g cm^i 
Apparent density, D^ = M / ( V O - AV) 

Time (hr) 

p (mm Hg) 

251 

339 

478 

0 1 2 4 8 24 48 

Volume change AV, in cm^ 

0 

0 

0 

0.010 

0.010 

0.010 

0,015 

0.015 

0.013 

0.021 

0.018 

0.018 

0:035 

0.025 

0,025 

0.048 

0.043 

0.037 

0,060 

0,055 

0.055 

Vo is the ini t ial volume as m e a s u r e d by the difference between 
volume of the measur ing appara tus and volume of gas init ial ly 
in t roduced. 
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Penneman(22) h a s de te rmined the r a t e of diffusion of hel ium along 
the ext rus ion d i rec t ion of a sample of AGOT-type graph i te . F r o m the data 
r epor t ed by P e n n e m a n . i t i s possible to calculate(23) a value of ca^lO cm^min"^ 
for the diffusion coefficient of hel ium in graphite at one a tmosphere total 
p r e s s u r e and 30°C. 

The surface a r e a of AGOT-W graphite has been m e a s u r e d by 
Novick, (21) using the ni t rogen adsorpt ion at liquid ni t rogen t e m p e r a t u r e . 
S-shaped i s o t h e r m s were obtained which gave a surface a r e a of 
0.480 ± 0.008 m^ gm~^ when calculated by the method of Brunauer , 
E m m e t t , and T e l l e r , (24) 

10. ELASTIC MODULUS AND ENERGY DECREMENT 

In the graphi te r e s e a r c h i t has been cus tomary to de te rmine the 
e las t ic modulus of s amples by the qua r t z p i ezo -e l ec t r i c osc i l la tor tech­
nique. A dynamic m e a s u r e m e n t of th is so r t was e s sen t i a l because m e a s ­
u r e m e n t s of high p rec i s ion were r equ i r ed and because it was impor tan t 
that s amples be m e a s u r e d and r e m e a s u r e d . In s tat ic tes t ing the samples 
a r e n e c e s s a r i l y des t royed or e l se s t ra ined so badly that r e m e a s u r e m e n t s 
a r e m e a n i n g l e s s . 

A ce r t a in amount of s tat ic data for AGOT-W graphi te (para l le l -cut ) 
a r e , however , avai lable f rom com.pression t e s t s made for the Meta l lurg i ­
cal Labo ra to ry by C. J . Over beck and E . W. Skinner (25) of Nor thwes te rn 
Univers i ty . The form of the s t r e s s - s t r a i n curve obtained was such that 
no s t ra igh t - l ine sect ion was evident . The spec imens exhibited p las t ic flow 
over the en t i re s t r e s s r a n g e . E las t i c moduli calculated f rom the slope of 
the s t r e s s - s t r a i n curve nea r i t s or ig in indicated values of 
7 - 11 X 10*° dynes cm~^. The re was cons iderable var ia t ion among the t h r ee 
spec imens used , even though they were cut from, the same region of a s in ­
gle piece of g raph i te . One sample , which was over - loaded , broke along a 
plane at an angle of ca 30° to the sam.ple axis ( i .e . , to the d i rec t ion of 
s t r e s s ) indicating the p las t ic na ture of graphi te when invest igated by s ta t ic 
t echniques . Some sor t of an e las t i c h y s t e r e s i s effect was suggested by dif­
fe rences between s t r a in s observed with load inc reas ing and with load de ­
c r e a s i n g . 

Static m e a s u r e m e n t s emphas ize the necess i ty of de termining e las t ic 
moduli by some dynamic method which involves smal l s t r a in ampl i tudes . 
The techniques employed a r e desc r ibed e l s e w h e r e . (26) Table lX l i s t s the 
longitudinal e las t ic moduli ( i .e . , Young* s modulus) for the var ious graph­
i t e s which have been used . Most of the values a r e a v e r a g e s of ten or m o r e 
samples (indicated by n u m b e r s in pa ren theses ) ; mean absolute deviations 
a r e given to show the b a r - t o - b a r var ia t ion among graphi tes of the same 
type . The s a m p l e - t o - s a m p l e var ia t ion within a bar i s not l a rge (also see 
Table XII). 



T A B L E IX 

L o n g i t u d i n a l E l a s t i c Modul i of AGOT G r a p h i t e s , E s p e c i a l l y 
G r a p h i t i z e d M a t e r i a l s , and P s e u d o G r a p h i t e s . 

Type of G r a p h i t e 

A G O T - K (I) 

A G O T - K (II) 

A G O T - K (III) 

A G O T - K C 

A G O T - C (I) 

A G O T - C (II) 

A G O T - W ( T -

(11)^ 
(J.) 

(II) 
(1) 

(II) 
(1) 

(II) 

(II) 
(1 ) 

(II) 
(1) 

15) (II) 

E , E l a s t i c 
M o d u l u s , Un i t s of 
1 0 " d y n e s cm"^ 

12.86 ± 0.46 (20)* 
5.0 (1) 

13.66 ± 0.40 (55) 
5.68 ± 0.24 (18) 

14.43 ± 0.28 (5) 
5.82 ± 0.10 (4) 

12.0 ± 0.3 (5) 

9.86 ± 0.25 (30) 
5.7 (1) 

10,63 ± 0.29 (43) 
6.44 ± 0.18 (17) 

10.75 ± 0 . 3 1 (20) 

Type of G r a p h i t e 

A G O T - W 

A G O T - W 

Sp 3000 

Sp 2400 

Sp 2100 

p b L 

pbNG 

(I) (II) 
(1) 

(11) (II) 
(1 ) 

(II) 
(1 ) 

(II) 
(1 ) 

(II) 
(1 ) 

E , E l a s t i c 
M o d u l u s , U n i t s of 
1 0 " d y n e s c m ' ^ 

9.78 ± 0 . 3 1 
6.4 

9.96 ± 0.Z5 
6.63 ± 0 . 3 0 

7.05 ± 0 . 1 4 
5.45 ± 0 . 2 0 

6.60 ± 0 . 1 8 
5.47 ± 0.26 

6.41 ± 0 , 1 4 
4 .91 ± 0 . 1 9 

5.83 ± 0 . 0 8 

15.62 ± 0 . 9 9 

(48) 

(1) 

(126) 
(18) 

(12) 

(12) 

(10) 
(12) 

(11) 
(11) 

(11) 

(7) 

^ F i g u r e s in p a r e n t h e s e s i n d i c a t e the n u m b e r of s a m p l e s i n c l u d e d i n the 
a v e r a g e . 

T h e d e s i g n a t i o n s (| |) and (X) i n d i c a t e o r i e n t a t i o n of s a m p l e a x e s r e l a t i v e t o 
t h e a x e s of e x t r u s i o n of t h e s tock b a r . 

sO 
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It will be noticed that the e las t ic m.odulus in the di rect ion of the axis 
of ext rus ion is approximate ly twice that in the di rect ion perpendicular to the 
axis of ex t rus ion . Since c rys t a l l i t e s in the AGOT-type graphite tend to be 
aligned with the i r basa l p lanes pa ra l l e l to the axis of ext rus ion, this o b s e r ­
vation suggests that the e las t i c modulus of na tu ra l graphite in the d i rec t ion 
of the planes should be high. It would be des i rab le to have information on 
this point f rom d i r ec t m e a s u r e m e n t s on l a rge na tu ra l graphi te c r y s t a l s . 
P r e c i s e m e a s u r e m e n t s of this so r t , however , have not yet been accomplished, 
both because sui table samples have not been obtained and because of e x p e r i ­
menta l difficulties in the observa t ion of the resonance point of a composite 
qua r t z -na tu r a l graphi te o sc i l l a to r . Crude m e a s u r e m e n t s , however , have 
indicated that the e las t ic modulus of na tura l graphite pa ra l l e l to the planes 
i s indeed high, 80 - 100 x 10^^ dynes cm"^. In th is connection the re a r e 
s ta tements in the minera log ica l l i t e r a tu r e that graphi te i s re la t ively h a r d i n 
the d i rec t ion pa ra l l e l to the basa l p lane . (27) The well-known softness of 
na tu ra l graphi te and the weak in te rp lanar bonding fur ther suggest that the 
e las t ic modulus in the d i rec t ion perpendicular to the planes is very low. 

J . S. Koehler has de te rmined the modulus of r igidi ty of AGOT-K (IV) 
g raph i te . (28, 29) The moduli r epo r t ed a r e 3.26 ± 0.12 x l o " dynes cm"^ in 
the di rect ion pa ra l l e l to the axis of ex t rus ion and 2.19 ± 0.08 x 10^®dynes cm"^ 
in the d i rec t ion perpendicular to the axis of ex t rus ion . Each of these values 
i s the ave rage of m e a s u r e m e n t s on four s a m p l e s . 

Koehler(28) has a lso de te rmined the energy decrement(30) in graph­
i t e . The dec remen t , A, a s r epo r t ed by Koehler , i s d imens ion less , and i s 
defined by the express ion , 

A = W d / 2 W V 

where W" i s the energy d iss ipa ted per cycle by an e las t i c wave in the sample , 
and W"̂  i s the ave rage total vibrat ion energy per cyc le . The decrement for 
AGOT-K graphi te , in longitudinal vibrat ion, i s of the o rde r of magnitude 
16 X 10""* for both pa ra l l e l - cu t and pe rpend icu la r -cu t spec imens . Decrement 
m e a s u r e m e n t s a r e apparent ly very difficult and values obtained a r e widely 
d ivergent . F o r explicit de ta i l s of the var ia t ions in dec remen t which depend 
upon the or ien ta t ion of sample axes re la t ive to the axis of ex t rus ion of the 
stock ba r , the mode of v ibra t ion, the technique of machining the spec imens 
and upon the sample h i s t o ry , Koeh le r ' s r epo r t s (28 , 29) m u s t be consul ted. 

M e a s u r e m e n t s have been made by J . S. Koehler on one sample of 
AGOT-K (! j -cu t ) graphi te to de te rmine whether the e las t ic modulus and the 
dec rement depend on s t r a i n ampl i tude . (29) He found that both p rope r t i e s 
depend on s t r a in ampl i tude . It was fur ther found that , within the range of 
s t r a in ampl i tudes inves t igated, values of the two p r o p e r t i e s did not depend 
marked ly on the previous s t r a ins to which the s amples had been subjected. 
The r e s u l t s a r e i l l u s t r a t ed in F i g . 3 . 
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Fig . 3 . Dependence of longitudinal e las t ic modulus 
and energy dec rement of graphite on s t r a in 
ampli tude, J . S. Koehler . (29) 

There i s one further in te res t ing p roper ty of graphite which it s eems 
pert inent to mention at this t i m e . In m e a s u r e m e n t s of the t h e r m a l expan­
sion coefficient of AGOT-type graphite (see Section 14) it was observed that 
a slight "bump" in the slope of the expansion curve occu r r ed at ca 65°C. 
Fo r this r eason the e las t ic modulus in that region was studied and a lso 
found to show a bump at ca 65°C. The exper iment , however , was very 
crude and only one sample was m e a s u r e d . Whether the phenomenon ob­
served i s a p roper ty of graphite or of the part icular sample studied or of 
the composite quar tz -g raph i t e osc i l la tor , was not further invest igated. 

11 . COMPRESSIBILITY 

The compress ib i l i ty of a specimen of na tu ra l graphite in the region 
1 - 20000 kg cm"^ has been repor ted by Bas se t . (31) Mean compress ib i l i t i e s 
at 18°C, calculated according to the express ion ju = (V-V«)/V(P-P')» a r e 
l i s ted in Table X. 
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TABLE X 

Mean Coefficient of Compressibility of 
' "Graphite at 18°C," "Basset(31 J 

P r e s s u r e Range, 
kg cm-^ 

1 - 5000 

5000 - 10000 

10000 - 15000 

15000 - 20000 

Compress ib i l i ty , 
Units of l oVcmVkg-^ 

4 .41 

3 .27 

2.50 

1.90 

12, ELECTRICAL RESISTIVITY 

Table XI l ists the resistivit ies (corrected to ZS^C) of various graph­
i tes , measured by passing a constant direct current through the sample and 
determining the potential drop across two probes in contact with the sample. 
Values given are usually averages of several samples | mean absolute devi­
ations are included, and figures in parentheses indicate the numbers of sam­
ples counted in the averages. The apparatus and techniques employed are 
described elsewhere. (32) 

It will be noticed that, as in the case of the elastic modulus, there 
are considerable bar- to-bar variations. The variations within a given bar 
are not very large and occur principally between samples cut from the outer 
skin of the bar and those from the inside of the bar . Average values of the 
electrical resistivity, elastic modulus, and density for nine sets of six-
parallel-cut samples, taken from along the center line and along the surface 
of bars AGOT-K (I), AGOT-C (I), and AGOT-W (I), are shown in Table XII. 

In general, at the surface of the bar the density is higher, the r e s i s ­
tivity lower, and the elastic modulus higher. One hypothesis to explain these 
observations is better orientation of crystallites near the extrusion surfaces. 
In the usual work relating to neutron-induced changes in graphite the outer 
portions of the bar were not used. Furthermore, since all changes were 
computed as fractional effects, small variations in initial properties were 
considered not significant. Bar- to-bar and sample-to-sample variation 
within a bar necessitated xneasurem.ent of the initial propert ies . 

The resistivity of a sample of natural graphite has been determined 
by Gangxili .and Krlshn.an(33) -̂ -ho report a specific resistance of 10** ohm cm 
in the direction parallel to the basal plane and 2 - 3 ohm cm in the direction 
along the c-axis ( i .e . , the aj axis) perpendicular to the basal plane. 
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TABLE XI 

E l ec t r i c a l Res is t iv i ty of AGOT (pile) Graphi tes , Specially Graphit ized Mate r i a l s , 
and Pseudo Graphites Measured at 25°C 

Type of Graphite 
p. E l ec t r i c a l Resis t iv i ty 

10""* ohm cm 
Type of Graphite 

p, E lec t r i ca l Res is t iv i ty 
10"* ohm cm 

AGOT-K (I) 

AGOT-K (n) 

AGOT-K (III) 

AGOT-KC 

AGOT-C (I) 

AGOT-C (II) 

{Up 
(1) 

(II) 
(1) 

(II) 
(1) 

(It) 

(II) 
(1) 

(II) 
(±) 

AGOT-W (T-15) (II) 

6.45 ±0.32 (20)a 
12.4 (1) 

5.79 ± 0.35 (55) 
10.49 ± 0.36 (18) 

4.90 ± 0.10 (5) 
10.71 ± 0.10 (4) 

7.0 ± 0.5 (5) 

7.44 ± 0.10 (6) 
11.4 (1) 

7.65 ± 0.15 (43) 
11.93 ± 0.42 (17) 

7.80 ± 0.23 (21) 

AGOT-W (I) (II) 
(X) 

AGOT-W (II) (I I) 
(1) 

Sp 3000 

Sp 2400 

Sp 2100 

pbL 

pbN 

(II) 
(1) 

(II) 
(1) 

(II) 
(1) 

8.45 
11.5 

8.41 
11.81 

9.41 
11.44 

21.8 
21.7 

37.7 
44.9 

± 0.25 (48) 

(1) 

±0.25 (126) 
±0.55 (18) 

±0 .13 
±0.79 

± 1.7 
±1 .9 

± 0.7 
± 2.8 

12) 
11) 

10) 
12) 

11) 
11) 

65.3 ±1 .2 (12) 

9.71 ±0.46 (8) 

F igu re s in pa ren theses indicate the numiber of samples included in the ave rage . 

"The designations (11) and (±) indicate the orientat ion of sample axes re la t ive 
to the extrusion axis of the stock ba r . 
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TABLE XII 

Var ia t ions in Phys ica l P r o p e r t i e s of Art i f ic ia l Graphi tes in the 
Surface and at the Center of B a r s ( P a r a l l e l ' c u t Samples) 

( - • • 

Designation 

AGOT-K (I) center 
surface 
al l 

AGOT-C (I) center 
surface 
a l l 

AGOT-W (I) center 
surface 
al l 

Dj D e n s i t y , 
Units of 
g c m " ' 

1.699 ± 0,006 
1,739 ± 0.009 
1.719 ± 0.020 

1.599 ± 0.007 
1.633 ± 0.007 
1.616 ± 0.017 

1.593 ± 0.003 
1.610 ± 0.014 
1.601 ± 0.016 

R, E l e c t r i c a l 
Res is t iv i ty , 

Units of 
10"* ohm cm 

6.425 ± 0.068 
5.992 ± 0.218 
6.174 ± 0.318 

7.435 ± 0.107 
6.868 ± 0.075 
7.152 ± 0.305 

8.393 ± 0.053 
8.064 ± 0.095 
8.229 ± 0.197 

E , E las t i c 
Modulus, Units 

of 10̂ ® dynes | 
cm"^ 1 

1 

12.51 ± 0.20 
14.26 ± 0,40 
13.39 ± 0.94 

9.72 ± 0.24 
10.73 ± 0.12 
10.22 ± 0 . 5 5 

9.95 ± 0.48 
10.25 ± 0.18 
10,10 ± 0,32 

The cor responding aniso t ropy of r e s i s t i v i ty i s 2 - 3 x 10*. In a l a t e r col lo-
quiumj (34) however^ Krishnan mentioned that by means of m o r e careful 
m e a s u r e m e n t s he had been able to observe r e s i s t i v i t i e s in the direct ion of 
the planes as low as 0.4 x 10"* ohm cm and an anisotropy factor 2 x 10^. 

Bulk spec imens of ar t i f ic ia l graphite behave as s emi -conduc to r s . 
In the region of room t e m p e r a t u r e they have t e inpe ra tu re coefficients of 
r e s i s t iv i ty varying between - 0.001 and - 0,002 per ° C , depending upon the 
type of graphi te and the way in which the sample was cut from the or iginal 
stock. As the t e m p e r a t u r e is r a i s ed the r e s i s t i v i ty d e c r e a s e s with a de ­
c reas ing t e m p e r a t u r e coefficient unti l , at ca_450°C, the t e m p e r a t u r e coef-
ficent i s ze ro and the e l ec t r i ca l r e s i s t iv i ty i s ca_82 pe r cent of i t s room 
t e m p e r a t u r e va lue . As the t e m p e r a t u r e i s r a i s e d above 450°C the t e m p e r ­
a ture coefficient becomes posit ive and the e l ec t r i ca l r e s i s t i v i ty i n c r e a s e s . 
Tables XIII, XV, XVI, and XVII l is t some typical values of r e s i s t i v i t i e s at 
var ious t e m p e r a t u r e s taken from curves in the l i t e r a t u r e . 

The r e s i s t i v i t i e s of carbon f i laments , p r e p a r e d by t h e r m a l decom­
posit ion of CCI4 on carbonized ar t i f ic ia l silk f ibe r s , have been invest igated 
by Nishiyama(36) a s a function of t e m p e r a t u r e for f i laments with different 
h e a t - t r e a t m e n t h i s t o r i e s . It was found that f ibe r s , when f i r s t p r epa red , had 
high r e s i s t i v i t i e s and negative t e m p e r a t u r e coefficients which became pos i ­
tive at t e m p e r a t u r e s above 1000°C. F i b e r s which were annealed for 30 to 
60 minutes at 2500°C showed lower r e s i s t i v i t i e s and a lower t e m p e r a t u r e 
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TABLE Xm 

Temperature Dependence of Electrical Resistivity 
of Kendall" Type Artificial Graphite Between 
"l2^K and 300°K, Goetz and Holzer (1942)135)" 

T e m p e r a t u r e 
(°K) 

12 
25 
50 
75 

100 
125 
150 
175 
200 
225 
250 
275 
300 

Elec t r i ca l Res is t iv i ty (Units 
of 10"* ohm cm.) 

l -C t t t 

30.8 
30.2 
28.3 
25.1 
22.8 
21.3 
19.8 
18.8 
17,8 
17.0 
16.4 
15.9 
15.5 

1 l-Cut 

15.3 
15.0 
13.9 
12.5 
11,5 
10.6 
10.0 

9.5 
9.1 
8.8 
8.6 
8.4 
8.2 

TABLE XIV 

Electrical Resistivity of Natural Graphite 
(in the Direction Perpendicular to the 
a^ Axist Along the Basal Plane)for 
Temperatures Between -179°C and 

+ 179°C, Roberts(37) 

Tem.perature 
(°C) 

- 1 7 9 
- 75 

0 
+ 18 
+ 97 
+ 179 

Po= 0.5 

Relat ive Res is t iv i ty 

p/pQ 

0.75 
0.95 
1.00 
1.01 
1.10 
1.20 

X 10""^ ohm cm 
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TABLE XV 

T e m p e r a t u r e Dependence of the E lec t r i ca l Res is t iv i ty 
and T h e r m a l Conductivity of a Sample of 

Art if icial Graphi te , Powell(39)7r9"37) 

T e m p e r a t u r e 
(°C) 

0 
100 
200 
300 
400 
500 
600 
700 
800 

a 
P 

8.21 
7,31 
6.92 
6.68 
6.60 
6.59 
6.65 
6.78 
6.92 

a 

0.402 
0.357 
0.312 
0.268 
0,240 
0.217 
0.197 
0.178 
0.160 

'The e l ec t r i ca l res i s t iv i ty ,P , i s given in units of 
10* ohm cm; the t h e r m a l conduct!vlty,/c, In 
cal cm"^ sec"^ deg"^. 

TABLE XVI 

T e m p e r a t u r e Dependence of E l ec t r i ca l Res is t iv i ty 
and T h e r m a l Conductivity of Carbon and Art if icial 
" G r a p h i t e , Col l ier , St i les , and T a y l o r F ^ ) (1939) 

Tem.perature 
(°C) 

0 
250 
500 
700 

1000 
1200 
1500 
2000 
2500 

Carbon 

P 

66.3 

47.4 
44.4 
42.6 
39,5 
28,4 

K 

0,0038 

0,0055 
0,0070 
0.0080 
0.010 
0.025 

Graphite I*'''^ 

P 

10.5 
8,4 
7.8 
8.0 
8.6 

K 

0.280 
0.218 
0.160 
0.1Z8 
0.088 

Graphite 11*''^ 

P 

8.2 
6.8 
6.6 
6.8 
7.2 
7.6 
8.2 
9.6 

10.9 

K 

0.402 
0.29 
0.21 
0,178 
0.128 
0.100 
0.064 
0.036 
0.029 

p i s given in units of 10* ohm cmi K: in cal cm"^ sec"^ deg ^, 

"The values of p and /c for these samples suggest that I i s a 
pe rpend icu la r -cu t spec imen, and that II i s a pa ra l l e l - cu t 
spec imen . 
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a) 
TABLE XVII 

Temperature Dependence of Electrical Resistivity 
and Thermal Conductivity of Artificial Graphite 

and Carbon; Buerschaper (1944)(41) 

T e m p e r a t u r e 

CO 

Graphite 

1 l-Cut 1-Cut 
Carbon 

E l ec t r i c a l Res is t iv i ty (10* ohm cm) 

- 1 9 1 
- 85 

0 
100 

11.36 
7,69 
6.4f 
5.75 

23.8 
17.2 
13.5 
12.8 

54.0 
47.2 
45.4 
43.8 

T h e r m a l Conductivity (cal cm '* sec"*^ deg"^) 

- 1 9 1 
- 85 

0 
100 

0.595 
0.485 
0.425 
0.348 

0.424 
0.330 
0.275 
0.225 

0.0033 
0.0096 
0.0148 
0.0206 

coefficient which became zero at ca_800°C. Fibers which were annealed at 
3000°C for 30 minutes showed still lower resistivities and smaller negative 
tem.perature coefficients of resistivity which became positive at approxi­
mately 300°C. The most completely annealed filament studied (SOOCC -
60 minutes) had a slight negative temperature coefficient of resistivity in 
the region 50 - 100°C and positive coefficient for higher temperatures . 

The changes described are typical of the phenomena which accompany 
the graphitization of artificial graphite. They further suggest that the tem­
perature coefficient of natural graphite should be positive. Values for the 
temperature coefficient of resistivity of natural graphite given in the l i tera­
ture vary, being sometimes positive and sometimes negative. Positive 
temperature coefficients have been reported by Roberts, (37) •who measured 
the resistance of several samples of Ceylon graphite at various temperatures 
between - 179*C and + 179**C. (38) The samples were cut so that the meas­
ured resistivity was that along the basal planes, perpendicular to the aj c rys ­
tal axis. Table XIV (p. 25) l ists values taken from curves which he gives. 
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13. THERMAL CONDUCTIVITY 

Data for the t h e r m a l conductivity of var ious ar t i f ic ia l graphi tes at 
room t e m p e r a t u r e a r e l i s ted in Table XVIII. They were determined by 
observat ion of the t empe ra tu r e drop along a specimen of known length and 
c r o s s section while a steady known flow of heat was maintained. It will be 
observed that ar t i f ic ia l graphite has an ex t raord inar i ly high t he rma l con­
ductivity. In the di rect ion para l l e l to the axis of extrusion AGOT-K com­
pa re s with a luminum, and in the direct ion perpendicular to the axis of 
extrusion, with b r a s s . It appea r s that the predominant mechan ism for 
t h e r m a l conduction in ar t i f ic ia l graphite i s by lat t ice v ibra t ions , since the 
e lec t ronic pa r t (from the Wiedemann-Franz rule) should be comparable 
with the e l ec t r i ca l conductivity, which, as i s seen from Table XI, i s quite 
low. Fo r example , the e l ec t r i ca l conductivity of aluminum is 
ca 3 x 1 0 ^ ohms"^ cm*"'', while that of pa ra l l e l - cu t ar t i f ic ia l graphite i s 
ca 1.5 X lO' ohms'- ' cm"^. 

Satisfactory data for the t h e r m a l conductivity of na tura l graphite 
have been very difficult to find in the l i t e r a t u r e . The Internat ional C r i t i ­
cal Tables(42) l i s t the value 0.85 cal cm"*^ sec"''' deg"^ in the direct ion of 
the basal p lane . The t he rma l anisotropy is given a s 4 .0 . Thus, the con­
ductivity in the direct ion perpendicular to the planes should be 
ca 0.2 cal cm~^ sec"^ deg~*. 

The t empe ra tu r e dependence of the t h e r m a l conductivity of graphite 
and "amorphous carbon" b a r s r epor ted by Powell , (39) by Col l ier , St i les , 
and Taylor , (40) and by Buerschaper , (41) i s r eco rded in Tables XV, XVI, 
and XVII. 

TABLE XVIII 

T h e r m a l Conductivi ty of AGOT (pile) Graph i t e , 
and Special ly Graphi t ized M a t e r i a l s , at 2S°C 

Type of Graphi te 

AGOT-K(I) (l l)^ 

AGOT-K(l l ) (11) 

AGOT-K(III) (X) 

AGOT-KC (11) 
(1 ) 

AGOT-C(II) (11) 

AGOT-C(III) (II) 
(X) 

K, T h e r m a l 
Conductivi ty 

(cal cm°*sec"'^deg°"*) 

0.546 (1)* 

0.560 ± 0.002 (3) 

0.291 ± 0.002 (3) 

0.45 (?)«= (?) 
0.28 ( ! ) c (?) 

0.428 ±0 .001 (2) 

0.455 + 0 . 0 0 3 (3) 
0.320 ± 0 . 0 0 4 (2) 

Type of Graph i t e 

AGOT-W(I) (11) 

AGOT-W(II) (11) 
(1 ) 

Sp 3000 (l I) 

Sp 2400 (11) 

Sp 2100 (II) 

(C, T h e r m a l 
Conduct ivi ty 

(cal cm'^sec^^deg"*) 

0.397 (1) 

0.398 ± 0.013 (2) 
0.303 ± 0.002 (2) 

0.344 (1) 

0.187 (1) 

0.073 (1) 

a-Figures in p a r e n t h e s e s indicate n u m b e r s of s a m p l e s . 

The des igna t ions ( | | ) and (X) indicate the or ien ta t ion o£ sample axes r e l a t i ve 
to the ex t rus ion ax i s o£ the s tock b a r . 

^Repor ted in H.E.W. In te r im Repor t (September 26, 1944 - M a r c h 15, 1945, 
document No. 3 -2305 , W. E. Jo rdan) . 
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14, THERMAL EXPANSION 

Measuremen t s of the t h e r m a l expansion coefficients (ttj in the a^ 
d i rec t ion, ttj in the a j direction) of graphite by X - r a y diffraction t ech­
niques have been repor t ed by Nelson and Riley.(43) They found that the 
ai d imension shows a slight contract ion in the t e m p e r a t u r e region up to 
400°C and a sma l l expansion in the region above 400°C, and that the 
t h e r m a l expansion coefficient in the a3 di rect ion, a 3, i s l a r g e , with an 
average value of about 28 x 10"^ deg~^. Table XIX l i s t s the significant 
da ta . 

TABLE XIX 

T h e r m a l Expansion Coefficients of 
Crys ta l l ine Graphite According to 

Nelson and Rileyt^Sj 

""^Ti dT ""̂ ""a, ST-

a = 2/3 (aj) + 1/3 (aj) 

T(°C) 

0 - 150 

'- 400 

600 - 800 

ai(deg"^) 

- 1.5 x 10*^ 

0 

+ 0.9 X 10"*̂  

aj = 27,00 X 10"* + 3.05 x 10'*^T(°C) 

Other data for the t h e r m a l expansion of the var ious g raph i tes , sup­
plied (in conversat ion) by V. C, Hamis t e r j a r e given in Table XX. 

It will be noticed that the t h e r m a l expansion coefficient for 
pe rpend icu la r -cu t spec imens i s approximate ly twice that for pa ra l l e l - cu t 
spec imens supporting the notion of p re fe ren t ia l or ienta t ion of c ry s t a l s in 
the ex t rus ion p r o c e s s in the case of AGOT g raph i t e s . 

Yuster m e a s u r e d the l inear t h e r m a l expansion of the AGOT graphi tes 
produced in the th ree exper imenta l hea t s desc r ibed in Section 6. Differential 
l inear t h e r m a l expansion coefficients a r e l i s ted in Table XXI; mean l inear 
t h e r m a l expansion coefficients between 25*'C and T°C a r e shown in F i g . 4 . 
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TABLE XX 

Approximate Mean Values for the T h e r m a l Expansion 
Coefficients of Various Graphi tes and Carbo.n Over 

the T e m p e r a t u r e In te rva l 25 - lOO^cC^) 

Mate r ia l 

NG Specimen 

AGOT -K 

AGOT-C 

pbL 

T h e r m a l Expansion Coefficient i 
(10-6 dgg - i ) 

P a r a l l e l 

0.2 

1.3 

1.6 

Perpendicu la r 

7.5 

3.6 

3.4 

4 . 5 

TABLE XXI 

Differential L inea r T h e r m a l Expansion Coefficients of 
AGOT Graphi te for Various TemLperatures 

T e m p e r a t u r e 
(°C) 

50 

150 

250 

350 

450 

550 

( l / L ) ( d L / d T ) (in uni ts of lO"* deg"^) 

AGOT-K (I) 

!l 

0.97 

1.36 

1.62 

1.90 

2.007 

2.29 

1 

3.18 

4.04 

4.48 

4.48 

4.48 

4.48 

AGOT-C (I) 

11 

1.29 

1.68 

2.04 

2.36 

2.57 

2.82 

1 

2.66 

3'.29 

3.95 

4.21 

4.21 

4.21 

AGOT-W (I) 

II 

1.64 

• 2.01 

2.36 

2.67 

2.91 

3.10 

1 

2.95 

3,43 

3.86 

4.20 

4.36 

4.38 
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15. MECHANICAL PROPERTIES 

Determinat ions of the mechanical s t reng th of graphite have been 
made by G e n s a m e r and Koehler '^^ / of Carnegie Inst i tute of Technology 
and by Van Dyken(45) and Burns.(46) Gensamer obtained the modulus of 
rup tu re m tension, _Sj, by de terminat ion of the force (at the center ) n e c e s ­
s a r y to b reak a sample supported at the ends . Calculat ions were made 
according to the formula^ S = 1/2 (Mc/l), where M i s the bending moment 
n e c e s s a r y to b reak the specimen^ c_ i s the th ickness j andj_is the moment 
of ine r t i a of the c r o s s sect ion. He a lso de te rmined the modulus of rupture 
in compress ions S'^ using the re la t ionship , S' = F / A , where _F is the force 
requ i red to b reak the spec imen, and A i s the c r o s s sect ional a r e a . 
G e n s a m e r ' s data a r e s u m m a r i z e d in Table XXII. 

TABLE XXII 

Breaking Strength of Art if icial Graphi te , 
G e n s a m e r and Koehlerv^?; 

Type of Graphi te 

AGX 
1-Cut 

AGOT-K (IV) 
11 -Cut 

AGOT -K (IV) 
1-Cut 

Tension 

(s) 

1600 - 2000 psi 
avg , 1870 psi 

(1.29 X 10* dynes cm '^ ) 

2450 - 3320 psi 
avg . 2920 psi 

(2.01 X 10^ dynes cm '^ ) 

1270 - 2030 psi 
avg . 1620 psi 

(1.12 X 10* dynes cm-^) 

Compress ion 

4420 - 5300 psi 
a v g . 4950 psi 

(3.41 X 10* dynes cm '^ ) 

3460 - 5120 psi 
avg . 4400 psi 

(3.03 X 10® dynes cm~^) 

3550 - 5070 psi 
avg . 4220 psi 

(2.91 X 10^ dynes cm"^) 

Data for the c r o s s - b r e a k i n g s t rengths of AGOT graphi tes m e a s u r e d 
in the Meta l lurg ica l Laboratory(45,46) a r e given in Table XXIII. The s a m ­
ples w e r e cy l inders , ca 0.156" in d i a m e t e r . In a m e a s u r e m e n t the spec imen 
was supported between two supports (3 cm apar t ) and the load at the center 
was i n c r e a s e d to the breaking point. The c r o s s - b r e a k i n g s t rength was then 
calculated by the formula , S© = (gWL)/(7rr^), where gW is the breaking load 
in dynes , L i s the d is tance between the points of suspension (3 cm) , and 7_ 
i s the rad ius of the spec imen in cm. Data for the ave rage e las t ic modulus 
of the samples broken a r e included to indicate the extent of the cor re la t ion 
between c r o s s - b r e a k i n g s t reng th and e las t ic modulus . 
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TABLE XXIII 

Compar ison of C ros s -Break ing Strength and 
"Elast ic Modulus of AGOT Graphites(45846X" 

Mate r ia l 

AGOT-K (I) 1 1-Cut 

AGOT-K (II) ll-Cut 

AGOT-K (II) 1-Cut 

AGOT-W (II) ll-Cut 

S^j, 10* dynes cm~^ 

8.4 ± 0,6 

8.4 ± 1.2 

6.2 ± 0.6 

7.9 ± 0.8 

E , 1 0 " dynes 

12.9 

13.8 

5.6 

10.6 

cm~^ 

The changes in physical p rope r t i e s of ar t i f ic ia l graphi te under 
mechanica l m i s t r e a t m e n t were invest igated in one s e r i e s of expe r imen t s . 
E las t i c modulus and e lec t r i ca l res i s t iv i ty w e r e m e a s u r e d on four AGOT-W 
s a m p l e s . After the init ial m e a s u r e m e n t s each sample was placed on a 
heavy flat i ron plate and pounded with a hannmer. The p rocedure was to 
hit the sample four or five t i m e s along i t s length and then to repeat the 
p r o c e s s at four or five p laces around the c i r cumfe rence . The h a m m e r 
blows were intended to be heavy enough to b reak c rys ta l l i t e s a p a r t , but 
not to be heavy enough to s m a s h the sample . The p roces s has been d e ­
scr ibed a s "bashing. ' ' After each bashing t r e a t m e n t the e las t ic modulus and 
e l ec t r i ca l res i s t iv i ty w e r e r e m e a s u r e d . Usually a sample could be bashed 
t h r e e or four t imes before it b roke . 

The resu l t s of these exper iments a r e , of cou r se , ve ry qual i ta t ive , 
but the genera l t r ends a r e c l e a r . Bashing invar iably d e c r e a s e s the s h a r p ­
nes s of the resonance curves in the modulus m e a s u r e m e n t , d e c r e a s e the 
e las t ic modulus and i n c r e a s e s the e lec t r i ca l r e s i s t iv i ty . F i g u r e s 5 and 6 
depict the changes observed plotted against the resonance frequency of the 
quar t z -g raph i t e osc i l la tor used in the m e a s u r e m e n t of the e las t ic modulus . 

The d e c r e a s e in the sha rpnes s of the resonance c u r v e s , shown in 
F ig . 5, i s an indicat ion of a v e r y l a rge i n c r e a s e in the energy dec remen t . 
The t r ends depicted in F i g s . 5 and 6 suggest that should any other d e t e r i o ­
rat ing p r o c e s s in graphi te , e.g.^ a i r oxidation, reach impor tan t p ropor t ions , 
the different physical p rope r t i e s will change in the d i rec t ions indicated. 
Th is had been observed in the case of a r t i f ic ia l graphite samples heated at 
3 00°C in a s t r e a m of ozonized a i r for 30 days.(47) As a resul t of that t r e a t ­
ment the e l ec t r i ca l res i s t iv i ty i nc r ea sed ca 4 per cent and the e las t ic modu­
lus dec reased ca 7 per cent . 
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Fig . 6. Changes in Elas t ic Modulus and E lec t r i ca l 
Resis t ivi ty of Art i f ic ial Graphite with 
Mechanical Mis t r ea tmen t . 

NOTEs The AE/Eo curve is m e r e l y the graphical express ion 
of the re la t ionship between the e las t ic inodulus and 
the osc i l la tor frequency given by know formulas.(25) 
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16. SPECIFIC HEAT 

Leaf and Novick'48) m e a s u r e d the specific heat of AGOT-K graphi te 
in the t e m p e r a t u r e range 30 - 500°C. The data they repor t a r e in ag reemen t 
with an equation for the m o l a r heat capacity of graphi te given by Kel ley . '49/ 

Cp = 2.673 ± 2.617 X lO'^T*^ - 1.169 x lO^T'^ 

Here T_ i s the t e m p e r a t u r e in degrees Kelvin. The equation is repor ted to 
r e p r e s e n t the specific heat of graphi te in the region 275*^ to 13 73°K to 
within 2 per cent. 

In l a t e r work (1946) at the Argonne National Labora to ry the older 
specific heat data repor ted by Magnus(50) were used . The mo la r heat c a ­
pacity i s sa t i s fac tor i ly descr ibed by the equation 

Cp = 1.824 + 9.3324 x lO'^T - 1.0278 x lO'^T^ 

+ 7.067 X lO'^T^ - 2.631 x l O ' ^ T * 

where_T i s the t e m p e r a t u r e in degrees Cent igrade. Values calculated f rom 
this equation a r e l is ted in Table XXIV. 

E s t e r m a n n and Kirkland(51) (Carnegie Inst i tute of Technology) d e t e r ­
mined specific heats at low t e m p e r a t u r e . Tab le XXV summar ized the i r r e ­
sul ts for a sample of AGOT-K (ll) ar t i f ic ia l graphi te (Sample 10 V) in the 
t e m p e r a t u r e range 25 - 120°K, Table XXVI l i s t s the r e su l t s for one sample 
of AGOT-KC graphi te (Sample 14) in the t e m p e r a t u r e in terval 15 - 30°K, 
The es t imated e r r o r for the data in Table XIX i s ca ± 0.002 c a l / m o l at lower 
t e m p e r a t u r e s , and ca 2 pe r cent at higher t e m p e r a t u r e s . The es t imated e r r o r 
for the data in Table XX i s ± 0.003 ca l /mo l for the lower t e m p e r a t u r e s and 
l e s s than 1 per cent for the higher t e m p e r a t u r e s . 

Gurney has recent ly made a study of the la t t ice v ibra t ions in g raph-
HQXDI) considering the a tomic a r r a n g e m e n t and the size and shape of the 
c rys t a l l i t e s in ar t i f ic ia l g raphi te . He concluded that the (constant volume) 
specific heat , C^, at low t e m p e r a t u r e s should be given by a two-dimens ional" 
Debye express ion of the fo rm 

Cy = 9.6 R T Y © ^ 

The appropr ia te Debye t e m p e r a t u r e he found to be 614°K. The high t e m p e r ­
a tu re dependence of C^ i s desc r ibed by an o rd inary Debye function (including 
only those modes of v ibra t ion not a l ready counted in the two dim.ensional ex ­
press ion) with a Debye t e m p e r a t u r e of 2100°K. The data used for calculation 
of the Debye t e m p e r a t u r e s w e r e , for the low t e m p e r a t u r e s , those of Es t e rmann 
and Kirkland(5l) (see Tab les XXV and XXVl)and for the higher tem.peratures 
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TABLE XXIV 

Specific Heat of Graphi te , According to Magnus(50) 
i 

T e m p , 

j (°c) 

0 

20 

40 

60 

80 

100 

120 

140 

160 

180 

200 

220 

240 

260 

280 

300 

320 

340 

360 

( c a l gm*^ deg"^) 

0.152 

0.1672 

0.1818 

0.1949 

0.2090 

0.2218 

0.2339 

0.2456 

0.2568 

0.2673 

0.2776 

0.2874 

0.2965 

0.3056 

0.3142 

0.3224 

0.3302 

0.3376 

0.3448 

j 
T e m p . 
rc) 
380 

400 

420 

440 

460 

480 

500 

520 

540 

560 

580 

1 600 

620 

t 640 

660 

680 

700 

720 

740 

=P 
( c a l gm"^ deg"") 

0.3516 

0.3581 

0.3643 

0.3 703 

0.3759 

0.3811 

0.3863 

0.3916 

0.3959 

0.4007 

0.4049 

0.4090 

0.4128 

0.4165 

0.4198 

0.4230 

0,4260 

0.4287 

0,4313 
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TABLE XXV 

Specific Heat of Kendal l -Type Art if icial Graphi te [AGQy-|C (ll)] 
in the Range 25 - 110°K, E s t e r m a n n and Kirkland(5T) 

T e m p . 

\ 25 

30 

35 

40 

45 

50 

55 

60 

Cp 
(cal mol"" deg~") 

0.036 

0.049 

0.064 

0.082 

0.103 

0.125 

0.149 

0.175 

T e m p . 
(°K) 

65 

70 

75 

80 

85 

90 

100 

110 

Cp 
(cal mo l " deg" ) 

0.201 

0.227 

0.255 

0.285 

0,314 

0.347 

0.411 

0.475 

TABLE XXVI 

Specific Heat of Kendal l -Type Art if icial Graphi te (AGpT-KC) 
in the Range 15 - 30°K, E s t e r m a n n and Ki rk land l^ l ) 

T e m p . 

15 

16 

17 

18 

19 

20 

21 

22 

Cp 
(cal mol"" deg"") 

0.0100 

0,0116 

0.0132 

0.0149 

0.0169 

0.0184 

0.0204 

0.0224 

T emp . 
(°K) 

23 

24 

25 

26 

27 

28 

29 

30 

Cp 
(cal mol"" deg"")' 

0.0248 

0.0272 

0.0300 

0.0326 

0.0356 

0.0390 

0.0433 

0.0488 
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those of Magnus(50) (see Table XXIV), F igu re 7 (taken from Gurney ' s 
report(52)) shows the ag reemen t between the theore t ica l curves and ex­
pe r imen ta l . Curve (a) r e p r e s e n t s the contribution of the "two-dimensional '* 
Debye function with 9 ~ 614°K. Curve (b) shows the contribution of the 
o rd inary Debye function with 0 = 2100°K. Curve (c) i s the sum, of curves 
(a) and (b), i . e . , the total specific heat at constant volume for ar t i f ic ia l 
g raphi te . The points in the f igure a r e exper imenta l values of Cp, which 
should be ve ry near ly equal to C-y at t e m p e r a t u r e s below 1 0 0 0 ^ . 

0 5 0 0 1000 1500 2 0 0 0 

TEMPERATURE, "K. 

F i g , 7. Molar Heat Capacity of Graphite as a Function 
of Tempera tu re^ Gurney.(50/ 



17. HEAT OF COMBUSTION 

The heats of combustion of samples of AGOT-K type ar t i f ic ia l 
graphi te were de termined by Ross in i and P r o s e n of the National Bureau of 
S tandards , The r e s u l t s , together with heats of combustion of va r ious 
other form.s of carbon,(53,54) a r e l is ted in Table XXVII. Other in fo rma­
tion re la t ive to the heats of combustion of carbon and carbon compounds 
and the exper imenta l techniques have been published by Ross in i , 
et al.(55,56.57) 

TABLE XXVII 

Heats of Combustion of Various F o r m s of Carbon 

Mate r ia l 

AGOT-KC, (one saraple , two measuremients)^ 

AGOT-K (III), (one measu remen t )^ 

Graphi te^ 

Diamond" 

Diamond, Black 

Carbon, amorphous , acetylene 

Carbon, amorphous , sugar 

Carbon, amorphous , gas 

cal g"" 

7845.6 ± 1,6 

7842.6 ± 1.6 

7831.1 ± 0.9 

7868.8 ± 1.9 

7873 

7885 

8027 

7985 - 8035 

Determined by Ross in i , et a l . , at the National Bureau of 
S tandards , Washington, D.C. 

^Recent "best v a l u e s , " AH° 298.16, P r o s e n E, J, , J e s sup , R. P . , 
and Ross in i , F . D.(54) 

All other data have been taken fromi Bichowsky, F , R,, and 
Ross in i , F . D.(53) 
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18. CHEMICAL PROPERTIES 

Graphi te exhibits a number of in teres t ing chemical p rope r t i e s 
which a r e pr incipal ly c h a r a c t e r i s t i c of the layer lat t ice s t r u c t u r e . Thus 
many chemica l subs tances penet ra te between the carbon l aye r s , causing 
swelling of the graphi te and in some c a s e s forming stable and re la t ive ly 
definite i n t e r l ame l l a r '^compounds.*' Among the subs tances which i n t e r ­
act with graphi te a r e f luorine, b romine , oxygen (e.g., po tass ium chlorate 
plus acid), bisulfate ion, antimony t r i ch lo r ide , f e r r i c chlor ide, po tass ium 
and caes ium. Many of these reac t ions have been descr ibed by Riley'*.^®'' 
and a few a r e d i scussed in the s tandard textbooks of inorganic chemis t ry , 
for example , Emeleus and Anderson.1^°' ' 

The reac t ion of po tass ium meta l with graphi te has been studied by 
Fredenhagen and Cadenbach,'°*^'' by F redenhagen and Suck,!"-'-/ and by 
Tammann and Sworkyin.l"^) xhe compounds formed a r e repor ted to be 
CgK and Cj^K, depending upon the amounts of graphi te and po tass ium which 
a r e pe rmi t t ed to in te rac t . The fo rmer compound (CgK) is r u s t - r e d | the 
l a t t e r compound (Ci^K) is b lue . The heat of the reac t ion has been m e a s ­
ured by Fredenhagen and Cadenbach(°^/ to be 125 ca l /g of CgK formed. 
X - r a y diffraction invest igat ions of the compounds of graphi te and po tass ium 
and of graphi te and caesiurn have been made by Schleede and Wellmiann.^"^/ 
The reac t ion of b romine with graphi te has been d i scussed by Rudorff '°4; 
and by Novick.(65,66) 

One fur ther chemical p roper ty of graphi te i s i ts combustibi l i ty . 
Burning t e m p e r a t u r e s a r e usual ly said to be in the region of 450°C. In 
one experiment(47) samples heated for 30 days in a slow s t r e a m of ozonized 
a i r at 300°C lost ca 0,7 per cent of the i r weight. These samples were e n ­
closed in a sma l l e l ec t r i c furnace and were in addition protec ted by a 
wrapping of a luminum foil. The figure quoted is thus probably only a lower 
l imi t . In oxygen at a t e m p e r a t u r e of 1200°C a one g r a m chunk of ar t i f ic ia l 
graphi te can be burned nea r ly completely in about 45 minu tes . 
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