
LOS ALAMOS SCl EaNTl FlC LABORATORY 
of the 

University of California 

CMF-13 Research on Carbo2n and Graphite 
Report No. 11 

Surnmaq 05  Pragr>uss from Avguaf 1 to October 3.1, 1949 

CASE F I L E  

https://ntrs.nasa.gov/search.jsp?R=19700005919 2020-03-12T01:58:44+00:00Z



-. -I I . 
hi G- uM >*&Ayl" * . 

*I&&- AS wpwt p f&~~n ; t s  the swimmy 04 pmgws of CMF-T3 r d  
on GI&,& graphite at LASL. Previous summary of ofproem reports in this 

~ e r a p + ,  aSI ~~mclrsifii, me: -?-.-- .. - , h. ,- -,. 
L. 

<;d, ,+.'i-.> 
a kk.- .. LA-rn3-MS 

&:~&,4-'Y:; 

This r-t, like other special-pulrpcw bumlants in the LA . .BAS sw'e has 
cur wifitd fw accuracy in the inteaat of prompt distribution. , 



Distributed December 18, 1969 LA-4333-MS 
SPECIAL DISTRIBUTION 

LOS ALAMOS SCl ENTlFlC LABORATORY 
of the 

University of California 
LO§ ALAMOS @ NEW MEXICO 

CMF-13 Research on Carbon and Graphite 
Report N o .  11 

Summary of Progress from August 1 to October 31, 1969* 

by 

Morton 6. Smith 

*Supported in part by the Office of Advanced Research and Technology of the National 
Aeronautics and Space Administration. 



CMF-13 RESEARCH ON CARBON AND GRAPHITE 

REPORT NO. 11: SUMMARY O F  PROGRESS FROM AUGUST 1 TO OCTOBER 31, 1969 

by 

Morton C. Smith 

I. INTRODUCTION specific internal structures believed to be responsible for 

desirable combinations of properties. Prompt feedback 
This is the eleventh in  a se r ies  of progress reports 

of information among these activities then makes possible 
devoted to carbon and graphite research in LASL Group 

progress in al l  of them toward their common goal of under- - 
CMF-13, and summarizes work done during the months 

standing and improving manufactured carbons and graph- 
of August, September and October, 1969. It should be 

ites. 
understood that in  such a progress report many of the 

Since i ts  beginning, this research has been sponsored 
data a r e  preliminary, incomplete, and subject to correc- 

by the Division of Space Nuclear Systems of the United 
tion, and many of the opinions and conclusions a r e  tenta- 

States Atomic Energy Commission, through the Space 
tive and subject to change. This report  is intended only 

Nuclear Propulsion Office. More recently additional gen- - 
to provide up-to-date background information to those who 

era1 support for i t  has  been provided by the Office of Ad- 
a r e  interested in the materials and programs described 

vanced Research and Technolorn of the National Aeronau- - 
in it, and should not be quoted o r  used a s  a reference pub- 

tics and Space Administration. Many of i t s  facilities and 
licly o r  in print. 

services have been furnished bv the Division of Militarv 
Research and development on carbon and graphite 

Applications of AEC. The direct and indirect support and 
were undertaken by CMF-13 primarily to increase under- 

the guidance and encouragement of these agencies of the 
standing of their properties and behavior a s  engineering 

United States Government a r e  gratefully acknowledged. 
materials,  to improve the raw materials and processes 

used in their manufacture, and to learn how to produce 

them with consistent, predictable, useful combinations of 

properties. The approach taken i s  microstructural, A. General 

11. SANTA MARIA COKE 

based on study and characterization of natural, commer- 
CMF-13 investigations of the structure, properties, 

cial, and experimental carbons and graphites by such 
1 behavior and potential usefulness of Santa Maria coke a s  

techniques a s  x-ray diffraction, electron and optical mi- 
a filler material for graphite manufacture have previously 

croscopy, and porosimetry. Physical and mechanical 
been summarized in the ninth and tenth reports  in  this 

properties a r e  measured a s  functions of formulation, 

treatment, and environmental variables, and correlations 
ser ies  (Reports LA-4171-MS and LA-4237-MS, respec- 

tively). More recent work on this unusual raw material a r e  sought among properties and structures. Raw mater- 
has  been concerned principally with i t s  grinding, molding 

ials and manufacturing techniques a r e  investigated, im- 
and extrusion behavior, with some additional studies of 

proved, and varied systematically in  an effort to create 



i ts structure and i ts  response to heat treatment. 

B. Internal Structure (R. D. Reiswig, E. M. We~verka) 

The unusual spheroidal units which a r e  typical of the 

microstructure of Santa Maria coke were described in 

Report No. 9 of this ser ies ,  and evidence concerning 

their chemical and structural nature was discussed in Re- 

port No. 10. I t  was concluded that the spheroids form a s  

discrete bodies quite early in  the coking process, possi- 

bly by polymerization of a specific organic component of 

the feed to the coker. No association of their structures 

with any inorganic impurity was discovered, and the pos- 

sibility was also suggested that they might originate in 

separation of a peculiarly structured mesophase during 

pyrolysis of the Santa Maria refinery residue. 

Mesophase separation during carbonization of a vari- 

ety of coal t a r  pitches has been studied in detail a t  other 

laboratories, notably by Brooks and Taylor and by White 

e t  al. Typically i t  occurs during the last  stages a t  which 

the pitch i s  s t i l l  liquid, in  a narrow temperature interval 

in  the region of 400 to 500°C. It  proceeds by formation 

of spherulites described a s  having the properties of liquid 

crystals,  within each of which a lamellar structure exists 

whose geometry is such that each lamella i s  curved and 

i s  perpendicular both to an axis through the spherulite 

and to the surface of the spherulite. With time a t  temper- 

ature the mesophase spherulites grow and then coalesce 

into large ordered regions, from which lamellar coke 

structures a r e  finally evolved. 

Spheroids observed in Santa Maria coke appear to dif- 

fer  from the usual mesophase in two major respects: 

(1) Lamellae composing the Santa Maria spherulites ap- 

pear to have grown radially from a common center rather 

than a s  curved platelets which a r e  parallel to each other 

a s  they pass through a spherulite axis; (2) Even where 

their surfaces a r e  in direct  contact, the Santa Maria 

spherulites have not coalesced. They have apparently 

grown radially until they met, and then growth has ceased. 

In both respects the Santa Maria spherulites resem- 

ble structures which have frequently been observed in a 

variety of crystalline polymers. The latter a r e  composed 

of fibrils formed from chain-like molecules, folded per- 

pendicular to the axis of the fibril. These a r e  to be con- 

trasted with the development resulting from nearly equiax- 

ed, planar, aromatic molecules that separate a s  a meso- 

phase from a coal tar  pitch. In accordance with the poly- 

m e r  analogy, i t  can be hypothesized that the unusual sphe- 

roidal structures observed in Santa Maria coke originate 

in crystallization of some unidentified polymeric consti- 

tuent o r  constituents during the early stages of coking of 

the Santa Maria refinery residue. This possibility i s  dis-  

cussed in detail in a paper recently submitted to the jour- 

nal Carbon for possible publication. 

C. Effects of Heat Treatment on Crystalline Parameters  

(J. A. O'Rourke) 

In preparation for the grinding experiments described 

below, lump Santa Maria coke was heat treated a t  a se r ies  

of temperatures from 600 to 2800°C. For heat treatments 

a t  and below 900°C, the starting material was Santa Maria 

Green Coke, CMF-13 Lot No. CL-4; for higher-ten~pera- 

ture heat treatments i t  was Santa Maria LV Coke, CMF- 

13 Lot No. CL-6. Three of the lower-temperature t reat-  

ments were in vacuum and two of the higher-temperature 

ones were in flowing helium. In al l  other cases  the coke 

was contained in an inductively heated graphite crucibie 

which was surrounded by carbon felt, carbon black, o r  a 

combination of the two, and the atmosphere is described 

a s  "static carbonaceous". After grinding by a standard 

procedure discussed below, the minus 120 mesh fraction 

of each heat-treated sample was examined by x-ray dif- 

fraction. The measured values of crystallite thickness, 

LC, and interlayer spacing, d a r e  listed in Table I, 
002' 

and L i s  plotted a s  a function of heat-treating tempera- 
C 

ture in  Fig. 1. 

As has previously been reported (in Report No. 9),  

heat treating the green coke a t  relatively low temperatures 

produces an initial broadening of the (002) diffraction peak 

and an apparent reduction in L . This i s  acconlpanied by 

a lowering of the modulated background, indicating that 

the line broadening results from partial reorganization of 

the nearly amorphous carbon originally present in  the 

green coke. 

X-ray patterns from samples heat treated at  1200, 
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Fig. 

HEAT -TREATMENT TEMPERATURE, O C  

1. Crystallite thickness, L of Santa Maria coke as  a function of heat-treating temperature. 
C' 



TABLE I 

CRYSTALLINE PARAMETERS O F  HEAT -TREATED SANTA MARIA COKE 

Sample Heat-Treating 
Lot No. Temperature, "C 

Green coke 

600 

600 

750 

900 

900 

1200 

1500 

1800 

2100 

2100 

2400 

2400 

2500 

2550 

2700 

2800 

Furnace 
Atmosphere 

Carbonaceous 

Vacuum 

Vacuum 

Carbonaceous 

Vacuum 

Carbonaceous 

Carbonaceous 

Carbonaceous 

Carbonaceous 

Carbonaceous 

Carbonaceous 

Carbonaceous 

Helium 

Carbonaceous 

Carbonaceous 

Helium 

1500, and 1800°C showed definite evidence of the presence 

of hvo different -- but individually unresolvable -- crys- 

talline distributions. These superimposed distributions 

a r e  believed to have resulted in a measurement of d 
002 

which was slightly low in the case of the 1500°C sample, 

and in too large a value of L for the 1800°C sample. 

However, there i s  a possibility that the latter sample was 

contaminated, and the 1800°C run is being repeated. 

Absence of any increase in L between 2550 and 

2700°C suggests that crystallite s ize is approaching some 

stable value near 400 A ,  and this possibility will be ex- 

amined. The two samples  heat treated in a helium at- 

mosphere showed crystalline growth ra tes  somewhat low- 

e r  than those of samples heated in a carbonaceous ahnos- 

D. Grinding of Heat-Treated Santa Maria Coke (R. J. 

Imprescia) 

1. Grinding Procedure: ?Ae seventeen heat-treated sam- 

ples of Santa Maria lump coke listed in Table I were 

ground by the three-stage "StT+I" grinding schedule, 

which involved successiveIy: (1) One pass through a 

Williams hammer mill equipped with a screen containing 

0.125-in. dia holes, a t  a feed rate  of 90 g/min; (2) One 

pass through a Weber hammer mill using a screen having 

0.040-in. dia holes, a t  a rate of 30 g/min; (3) One pass  

through a Trost  fluid-energy mill equipped with a 1.25-in. 

dia discharge orifice, using 100 psi a i r  pressure on both 

jets, a t  a ra te  of 15 g/min. 

phere. This too will be investigated further. The differ- 
2. Sieve Analyses: U. S. Standard sieves were used for 

ence may result from a graphitizing influence of oxygen 
screen analyses of the grinding products, summarized in 

present in the carbonaceous atmosphere. 
Table 11. Heating rates  for samples heated inductivelj~ in 

the 'lstatic carbonaceous" environment were difficult to 



TABLE I1 

SCREEN ANALYSES OF GROUND, HEAT-TREATED, SANTA MARIA  COKE(^) 

Heat-Treating Furnace Weight Percent in Screen Fraction (U. S. Std. Sieves) 

Temperature, "C Atmosphere - +25 -25+45 -45+80 -8Oe170 -170t325 -32db) 

Green coke 

600 

600 

750 

900 

900 

1200 

1500 

1800 

2100 

2100 

2400 

2400 

2500 

2550 

2700 

2800 

--- 

Carbonaceous 

Vacuum (d) 

Carbonaceous 

Vacuum (el 

Carbonaceous 

Carbonaceous 

Carbonaceous 

Carbonaceous 

Carbonaceous 

Carbonaceous 

Carbonaceous 

~ e l i u m "  

Carbonaceous 

Carbonaceous 

Helium 

0 

0 

0 

0 

Tr. 

4.0 

Tr. 

2.0 

2.0 

7.5 

6.0 

5.0 

6.0 

4.0 

5.0 

2.5 

17.5 

0 

T r  . 
Tr. 

Tr. 

3.5 

11.0 

6.0 

11.0 

17.0 

24.5 

24.0 

20.5 

26.0 

16.5 

21.0 

22.5 

23.5 

0 

Tr. 

Tr . 
Tr. 

7.5 

11.5 

12.0 

12.0 

23.0 

23.0 

19.0 

22.0 

18.5 

10.5 

17.0 

20.0 

18.5 

0 

Tr . 
Tr. 

1.0 

3.0 

9.5 

8.5 

7.5 

8.5 

11.0 

17.5 

9.0 

12.5 

16.0 

10.0 

12.5 

6.5 

Lot G-13 As-received 0 Tr. 1.7 26.3 32.6 39.4 

(a) Grinding schedule S+T+I (see text) 

(b) Determined by difference 

(c) 5-hr cycle 

(d) 7-hr cycle 

(e) 24-hr cycle 

( f )  Heat-treated by LASL Group CMB-6 

w 801 
N 

I I I I I 1 control, but were fairly uniform. The sc reen  analyses of 

I 
cn 
%! 60 
A 

f l  
40 

3 
co- g 20 
cn 
[L: 

600 - 800- 1200 1600 2000 2400 2800 
HEAT-TREATMENT TEMPERATURE, 'C 

the grinding products of samples heated in this way varied 

systematically and quite smoothly with heat-treating tem- 

perature, a s  is evident in Table I1 and Fig. 2. Duplicate 

samples heat treated a t  2100 and a t  2400°C gave p o d  

agreement. 

Samples heat treated in  vacuum a t  600 and 750°C ap- 

peared to behave regularly, although the difference in 

their grinding behaviors was small. That heat treated in 

vacuum a t  900°C, however, had much lower grindability 

than did a sample heated in the carbonaceous atmosphere 
Fig, 2. Cumulative weight percent coarser  than indi- 

cated screen size a s  a function of heat-treating to the same temperature. At least in part this may have 

temperature, ground Santa Maria coke. resulted from the very low heating rate  used in the vacuum 



treatment, although even a t  the same heating rate  a high- 

e r  rate of removal of volatile constituents would be ex- 

pected in the vacuum environment. Samples heat treated 

in flowing helium differed widely from those heated in the 

carbonaceous atlnosphere both in the crystallite size pro- 

duced (Fig. 1) and in their grinding behavior. This will 

require further investigation. 

Considering only sanlples heat treated in the carbona- 

ceous atmosphere, Fig. 2 demonstrates a continuous in- 

crease in the difficulty of grinding Santa Maria coke a s  it  

i s  calcined a t  progressively higher temperatures up to 

about 2100°C. This might be expected, since the green 

coke i s  initially quite soft and spongy and, upon heating, 

i s  transfornled into a less  impure but harder carbon a s  

i t s  volatile constituents a r e  expelled. With heat t rea t -  

ment above 2100°C grindability increases, presumably be- 

cause ordering of carbon atoms into a more regular graph- 

ite structure produces zones of weahless along which 

fracture can occur easily. 

Because the slopes of the individual curves of Fig. 2 

vary systematically, i t  i s  evident that -- with a given 

grinding procedure -- a useful degree of control over par- 

ticle-size distribution i s  available in  variation of the 

temperature to which the lump coke has been calcined. 

One object of the grinding experiments on Santa Maria 

coke mas, i f  possible, to produce a particle-size distri- 

bution siinilar to that of CMF-13 Lot G-13, a sample of 

E. Micromerograph Analyses (H. D. Lewis) 

A labeling e r r o r  has been discovered in Fig. 6, page 

9, of Report No. 10 in this ser ies  (LA-4237-MS). The 

points there attributed to Series VI (-80#) flour actually 

represented G-18 flour, and vice versa. As the accom- 

panying text (on page 10 of that report) correctly indicated, 

the "size" distribution data for G-18 flour a r e  quite well 

represented by a straight line on the log-probability plot, 

while those for a l l  three of the Santa Maria flours show a 

pronounced hump in the vicinity of 10 b. 

Micromerograph particle-size data have since been 

collected on two other Santa Maria flours, Lots GP-14 

and GP-15b, whose sieve analyses a r e  given in Table VI. 

Both were prepared by gTinding lump Santa Maria colce 

graphitized a t  2700°C, using two stages of hammer-mill- 

ing and one of fluid-energy milling. In both cases  the -300 

p (-50 mesh) fraction was separated by screening and 

used for the Micromerograph analysis. Micromerograph 

data a r e  plotted in Fig. 3, and show the same hunlp near 

1 0 p  seen for Santa Maria flours in Fig. G of Report No. 

10. 

Sample statistics representing the data shown in Fig. 

3 and based on the lognormal model a r e  listed in Table 111. 

Both sample distributions were characterized by large 

variances, leading to overestimation of d and and 
3 d3 

Great Lakes Grade 1008-S graphite flour, shown a s  the 

last entry in Table 11. With the grinding schedule used in 

this investigation, this resul t  was not achieved. However, 

a very important degree of control over the tendency of I I I 1 1  I I I I  I 1 

Santa Maria coke to break preferentially to very fine par- 80 
70 

ticle sizes was established. Calcination of the coke to O 60 ' 50 
progressively higher temperatures -- up to 2100°C -- pro- 40 

-TI3 30 
gressively reduces the proportion of extreme fines pro- .a- 20 

41 

duced by the grinding operations used here. When Santa - x 10 
5 

Maria coke i s  to be substituted for something like the 
2 

1008-5 flour, i t  may be desirable to calcine the coke to a I 
0.5 

temperature a s  high a s  1900°C before grinding. Modified I t 

0'21 ' 110 2jo 4!0 6!0 I I; go 40 60 ' I ~ O  2b01 

grinding schedules may also be desirable, to increase the PARTICLE "SIZE" d, MICRONS 

proportion of material in the -170t325 mesh size interval Fig. 3. Log-probability plots of RIicromerograph "sizeu 

a t  the expense of +80 mesh particles. 
distribution data for Santa Maria graphite flour 
Lots GP-14 and GP-15b. 



TABLE 111 

MICROMEROGRAPH SAMPLE STATISTICS, GRAPHITE FLOUR LOTS GP-14 AND GP-15b, U)GNORMAL MODEL 

Sample % 2 px micron micron micron' cmL/gm 

TABLE IV 

MICROMEROGRAPH SAMPLE STATISTICS, GRAPHITE FLOUR LOTS GP-14 AND GP-15b, INTERVAL MODEL 

TABLE V 

HELIUM DENSITIES AND SURFACE AREA STATISTICS, GRAPHITE FLOUR LOTS GP-14 AND GP-15b 

Helium Density BET Surface @) 
ds Fuzziness ~ a t i o ' ~ )  

Sample 
3 

g/cm 
2 

Area, M /g Micron Lognormal Interval 

GP-14 2.171 rt 0.006'~) 9.05 k 0.13 0.306 30.9 59.3 

GP-15b 2.157 + 0.001(~)  11.13 + 0.17 0.750 22.6 46.6 

(a) Standard deviation of determinations. 

@) Diameter of smooth-shelled sphere having specific surface a rea  equal to that measured by BET Method. 

(c) The ratio of specific surface a rea  measured by the BET Method to that calculated from Micromerograph sample 

statistics assuming smooth-shelled spheres. In this case both lognormal and interval treatments of Micromero- 

graph data were considered. 

underestimation of d and jd. The interval model, dis- lognormal approximation and by the interval method. The 

cussed in a later section of this report, produced the sam- larger numbers from use of the interval model a r e  be- 

ple statistics listed in Table IV, which characterize these lieved to more nearly represent the surface character  of 

two materials more sensibly. the flour particles. 

F. Helium Densities and Surface Areas (H. D. Lewis) G. Density-Gradient Analysis (H. D. Lewis, R. D. Reiswig) 

Helium densities and surface a reas  of the hvo Santa A density-gradient column similar  to that used by 

Maria graphite flours described above, Lots GP-14 and G. B. Engle a t  Gulf General Atomic has  been constructed 

GP-15b, a r e  listed in Table V. Fuzziness ratios were and is in operation. It was hoped that structural examina- 

calculated from Micromerograph data treated both by the tion of fractions of ground Santa Maria fillers separated 



The principal filler materials were Santa Maria flour Lots 

1.52 GP-14 (-62 mesh fraction), GP-15, and GP-15b. The 

screen analyses of these flours a r e  given in Table VI. Lot 

GP-15b was prepared from the same 2700°C-graphitized 

lump coke used to make Lot GP-15, and using the same 

grinding procedures. The two lots were very s imilar  in 

screen analysis and presumably in other particle charac- 

R GP-14(-62U) teristics. 

The stearic acid lubricant was added to each graphite 

flour-Thermax filler in an amount less  than that which 

o 5 10 IS 20 25 30 35 would cause die squeeze-out to occur, and the mixture was 
PERCENT THERMAX IN FILLER 

dry-blended in a twin-shell blender. Specimens were  com- 
Fig. 4. The effect of Thermax carbon black additions on 

the packed density of molded Santa Maria graph- pacted by standard procedures in a steel die a t  4000 psi. 
i te flours. 

Duplicates of several members of the ser ies  were  made 

according to their densities might be enlightening with and gave results which agreed well, indicating good repro-  

regard to peculiarities in their grinding behaviors. How- ducibility of materials and techniques. The behavior of 

ever, while a broad spectrum of particle densities has Lot GP-15b was quite similar to that of Lot GP-15, a s  i t  

been demonstrated to exist in graphite flours GP-14 and should have been, and was quite different from that of Lot 

GP-15b, the observed density differences appear to re -  GP-14, which contained a significantly smaller proportion 

sult primarily if not entirely from variations in the amount of fines. 

of porosity enclosed within the particles. Densities of the packed fillers (exclusive of the binder 

The technique and accompanying data analysis a r e  be- substitute) a r e  plotted in Fig. 4 a s  functions of the weight 

ing developed further and will be applied to other samples. percent of Thermax present in the filler. As would be ex- 

pected, the proportion of carbon black required to achieve 
H. Effects of Thermax on Santa Maria Fillers 

maximum filler density in  a molded product was found to 

vary with the particle-size distribution of the principal 
1. Packing of Molded Fillers (R. J. Imprescia) 

filler material. At least for Lot GP-15b graphite flour, 

To investigate the effect of Thermax carbon black on more than one density maximum may occur a s  the Thermax 

the packing behavior of Santa Maria graphite flours, a se-  addition is increased. 

r i e s  of molded specimens has been made in which powder- 

ed stearic acid was used a s  a binder substitute and Ther- 

max was added to the filler in  5% increments up to 35%. 

TABLE VI 

SCREEN ANALYSES O F  SANTA MARIA GRAPHITE FLOURS 

Weight Percent in Screen Fraction (U. S. Std. Sieves) 
Lot NO. +a -25+45 -45+ 80 -8Oi-170 -170t325 - -325 



TABLE VII 

MANUFACTURING DATA, EXTRUDED GRAPHITES MADE FROM SANTA MARIA GRAPHITE FLOUR PLUS THERMAX 

Speci- Filler 
men Lot 
No. No. 

ACB-1 GP-15 

u r  T h e r m a ~ ' ~ )  Binder 
(b) 

85 15 32.6 

85 15 33.5 

7 0 3 0 30.9") 

85 15 30 

75 25 29@) 

7 5 25 3 0 

Extrusion Conditions 
Pressure  Speed Chamber 

psi in/min Temp. "C 

6750 164 5 0 

Chamber 
Temp, "C 

45 

45 

65 

45 

5 4 

5 0 

Green 
Dia 
in. 

0.5015 

0.5015 

0.505 

0.5025 

0.5045 

0.5005 

(a) Thermax carbon black, Lot TP-4. 

(b) Varcum 8251 furfuryl alcohol resin catalyzed with 4 wt % maleic anhydride. 

(c) Appeared slightly dry. 

2. Extruded Graphites Containing Thermax (J. M. Dick- 

inson) 

The extruded graphites listed in Tables VII and VIII 

were made using the same Santa Maria graphite flours 

described above, various proportions of Thermax carbon 

black, and Varcum 8251 f u r f u ~ y l  alcohol resin binder 

containing 4% maleic anhydride. Standard procedures 

were used and the graphites were extruded a s  0.5-in. dia 

rods. Lots ACG-1 and ACH-1 were slightly deficient in 

binder and contained very fine edge cracks, which may 

have contributed to their relatively low bulk densities. 

No large increase in  either filler packing density o r  

bulk density resulted from increasing the Thermax con- 

tent of the filler mix to values higher than the 15% nor- 

mally added. A small density increase may have oc- 

curred when the GP-14 (-62#) flour was used, but if so it 

was much smaller than for  the molded samples discussed 

above. 

Microscopic examination of the ACB graphites indi- 

cated that they were well mixed and well made. However, 

a s  has been common among the Santa Maria flours so fa r  

produced, the filler used was deficient in particles of in- 

termediate size, in the range of about 20 to 3014. Where 

such particles a r e  absent packing of coarse particles is 

such that relatively large spaces a r e  left between them. 

These a r e  occupied by a mixture of binder and extreme 

fines. Because the proportion of binder i s  high in these 

regions they shrink a great deal during curing and baking, 

and in the finished graphite appear a s  porous regions, 

sometimes containing colonies of relatively large voids, 

and frequently separated from the large filler particles 

by long, narrow cracks o r  stringers of voids. By reduc- 

ing shrinkage in such regions, carbon-black particles 

well distributed in the binder reduce the incidence of such 

defects. In the ACH and ACG graphites of this se r ies  the 

use of additional carbon black may have reduced the poros- 

ity of the large binder volumes, but it had little apparent 

effect on their shrinkage away from the adjacent coarse 

particles o r  on the formation of long, narrow cracks sep- 

arating them from these large particles. It appears that 

a gap in the s ize distribution in the intermediate particle 

size range cannot be fully corrected simply by adding more 

extremely fine particles to the system. 

I. Warm Molding of Resin-Bonded Fillers (R. J. Iin- 

prescia) 

Sound graphite specimens 3-in. dia and 1.1-in. thick 

have recently been produced by warm-molding a resin- 

bonded Santa Maria graphite flour. The filler used was 

CMF-13 Lot G-26, an experimental grind of a lump coke 



TABLE VIII 

PROPERTIES O F  EXTRUDED GRAPHITES MADE FROM SANTA MARIA GRAPHITE FLOUR PLUS THERMAX 

Bulk 
Binder Young's 

Binder CTE('! x ~ o - ~ / " c  
Specimen Carbon ~ e s i s t i v i t ~ ' ~ )  Mod l ~ s ( ~ )  With- Across-  

No. Condition Residue, % p 0 c m  10 sl 'p Grain Grain 

ACB-1 (b) Cured 1.79310.001 85.310. 4 

Baked 1.75440. 002 49.510.3 

Graphitized 1.85140.002 48.040.2 1600*11 1.8340. 01 4.76 5.03 

ACB-2 Cured 84.250.1 

Balced 49.0dZ0.2 

Graphitized 1.847d~O. 001 47.740.2 161919 1.79M.01 4.97 5.58 

AC G- 1 (b) Cured 1.786d~0.002 87.0d~0.4 

Balred 1.72950.003 51.310.3 

Graphitized 1.83840.002 49.910.3 210314 1.90*0.03 5.00 5.82 

ABY-2 Cured 1.80110.002 85.610.3 

Balced 1.75340.002 47.450. 2 

Graphitized 1.82750. 002 45.850.3 1665416 1.6740.02 4.84 5.14 

A C H - ~ ( ~ )  Cured 1.80010.001 87.1hO. 2 

Baked 1.73040.002 49.510.1 

ACH-2 Cured 1.79340.002 87.110.2 

Baked 1.74710.001 49.5kO. 4 

Graphitized 1.84410.003 47.910.5 1933122 1.8610.02 

(a) With-grain orientation. 

03) Porosity data a r e  listed in Table XIV. 

ground and graphitized a t  2500°C by the Y-12 Group of 

Union Carhide Corporation (and identified by them a s  

"Blend 1" of the Santa Maria flour). The binder was 23 

pph of Varcull  8251 furfuryl alcohol res in  catalyzed with 

2($, maleic anhydride. The green mix was molded in a 

graphite die using the following procedure: (1) Heat to 

445°C a t  2 5 " ~ / h r  under molding p ressure  of 4000 psi; 

(2) Hold a t  445°C for 8 hr ,  maintaining this pressure;  

(3) Cool a t  25"c/hr to 345"C, s t i l l  maintaining 4000 psi; 

(4) Hold 1 h r  a t  345°C; (5) Release pressure;  (6) Heat a t  

15"C/hr to 660°C; (7) Increase ra te  to 3O0C/hr and heat 

to 900°C; (8) Hold a t  900°C for 1 hr :  (9) Pe rmi t  to cool 

normally in the die to room temperature;  (10) Remove 

from die  and graphitize in flowing helium a t  2800°C. 

Proper t ies  of a typical specimen (No. 63F-6) produced 

in this way a r e  summarized in Table IX. A degree of an- 

isotropy i s  indicated which i s  unexpectedly high fo r  a graph- 

i te  made from a Santa Maria filler. This may resu l t  either 

f rom oriented defects o r  f rom presence of a n  undesirably 

high proportion of relatively acicular extreme fines,  o r  

f rom a combination of the two. Shrinkage upon graphitiz- 

ing the baked specimen was 0.2% in  length and 0.3% in 



TABLE IX 

PROPERTIES O F  WARM-MOLDED, 

RESIN-BONDED SPECIMEN NO. 63F-6 

Condition: Baked Graphitized 

Bulk density, g/cm 3 
1.756 1.756 

Packed filler density, g/cm 1.598 1.610 

Binder residue, % 43.0 39.0 

Calculated binder optimum, pph 18.6 --- 
Flexure strength, psi 

With-grain --- 1056 

Across-grain --- 1366 
6 Young's modulus, 10 psi 

With-grain --- 1.30 

Across-grain --- 0.561 

Internal friction, tan CY x 10 3 

With -grain --- 10.2 

Electrical resistivity, p n c m  

With-grain --- 1533 

Across-grain --- 1986 

diameter. 

Previous attempts to produce warm-molded, resin- 

bonded graphites in this and larger s izes  were unsuccess- 

ful for a variety of reasons, in spite of variations in  spec- 

imen size, in the filler used, and in the heating and pres- 

s u r e  cycles. Because the inside diameter of the furnace 

used for  these experiments is only about 8 in., die cavi- 

ties greater than 3-in. dia left die-wall thicknesses less  

than 2.5 in. , and the graphite dies exploded during the 

baking cycle from gas pressures  developed by pyrolysis 

of the binder. At 3-in. specimen dia, dies exploded if 

specimen thickness was 1.5 in. o r  more, apparently from 

gas pressure developed within the specimen and trans- 

mitted through i t  to the die wall. At 3-in. dia and 1 in. 

thickness, specimens could be baked to 900°C under the 

full 4000 psi molding pressure without blowing up the die, 

but were found to be badly cracked radially when they 

were removed from the die. Radial cracking could be 

prevented by releasing the pressure somewhere below 

500°C, but delamination cracking -- normal to the molding 

pressure -- occurred a s  the pressure was released. This 

again was believed to be due to gas pressure developed 

within the specimen. The successful cycle outlined above 

is believed to have eliminated these failures because it 

permitted slow but complete curing of the res in  binder 

under pressure, then reduced internal gas pressure by 

condensing volatile gases within the specimen before the 

molding pressure was released, and finally permitted f ree  

escape of gases and f ree  contraction of the specimen dur-  

ing baking. It  is evident, however, that scaling up resin- 

bonded graphites of this type to thicknesses much greater  

than 1 in. will be difficult. The difficulties appear to be 

much less  when pitch binders a r e  used. 

J. Extruded Resin-Bonded Graphites (J. M. Dickinson) 

The same Santa Maria graphite flour described above, 

CMF-13 Lot G-26, has  been used a s  the principal filler 

material in the ser ies  of extruded, resin-bonded graphites 

listed in  Tables X and XI. In all  cases  15 parts  of Ther- 

max carbon black were added to 85 parts of G-26 flour, 

and the binder was a furfuryl alcohol resin catalyzed with 

4 wt % maleic anhydride. Commercial Varcum 8251 res in  

was used in graphite Lots ACI1, ACI3, and ACI4, and ex- 

perimental resins  synthesized by E. M. We~verka, CMF- 

13, were used in Lots ACI2, ACI5, and ACIG. Mixing, 

extrusion, and heat treating of the 0.5-in. dia rods repre-  

sented normal CMF-13 practice, and graphitization was 

to 2800°C i n  flowing helium. 

Graphite ACI3, which contained only 23 pph of Varcum 

8251, was badly deficient in  binder. It cracked upon ex- 

trusion, and was discarded. Graphite ACIG contained 

very small cracks, which probably influenced i ts  physical 

and mechanical properties. 

Among the Varcum-bonded graphites, Lot ACI4 was 

the best. However, the "improved" CMF-13 resins  pro- 

duced a density increase of about 0.03 g/crn3, and 25 pph 

of resin EMW260 yielded a distinctly superior graphite. 

EMW260 is an undiluted acid-condensed furfuryl alcohol 

resin having a viscosity of 1475 cp. 

K. Hot-Molded Santa M a r i a / ~ a t u r a l  Graphite Mixed 

Fillers (R. J. ImpresciaL 

To explore the possibility of increasing certain of the 



Speci- 
men 
No. 

ACIl 

TABLE X 

MANUFACTURING DATA, EXTRUDED RESIN-BONDED GRAPHITES 

MADE FROM SANTA MARIA GRAPHITE FLOUR, LOT G-26, PLUS 15 PPH THERMAX 

Binder Extrusion Conditions 
Viscosity Amount Pressure  Speed Chamber Mix 

Identification c p  PPh psi in/min Temp, OC Temp, OC 

Varcum 8251 250 24 6030 171 5 0 46 

Varcum 8251 250 2 3 15750 136 53 56 

Varcum 8251 25 0 25 5625 17 1 5 1 54 

Green 
Dia 
in. 

0.503 

0.504 

TABLE XI 

PROPERTIES O F  EXTRUDED, RESIN-BONDED GRAPHITES 

MADE FROM SANTA MARIA GRAPHITE FLOUR, LOT G-26, PLUS 15 PPH THERMAX 

Thermal 
Conductivity 

Speci- Bulk Binder Electrical Young's CTE@), x ~ o - ~ / " c  W/Cm-"C 
men Density Carbon Resistivity, U R  cm ~ o d u l u s ( ~ )  With-  cross- With- Across- 
No. g/cm3 Residue, % With-grain Across-grain l o 6  psi grain g r a i n  grain grain 

ACIl 1.848it0.003 46.1it0.3 1703i37 1916 1.70*0.02 5.23 5.82 0.76 0.66 

(a) With-grain orientation. 

@) Contained small  cracks. 

(c) Coefficient of thermal expansion, average 25-645°C. 

properties of graphites made from Santa Maria fillers 

without seriously increasing their anisotropies, a se r ies  

of hot-molded, pitch-bonded graphites has been made in 

which various proportions of a very fine, natural flake 

graphite were added to the filler. The Santa Maria filler 

was Lot CL-6 (described in Table I1 of Report No. 10 a s  

Grinding Series VI, Schedule, &T+U), graphitized at 

2700°C. The natural graphite was Southwestern Graphite 

Co. Grade 1651, CMF-13 Lot No. G(Na)-21, and was 

100% -325 mesh. These were solvent-blended with 

Barret t  30 MH coal-tar pitch, CMF-13 Lot PP-3, in  the 

proportions indicated in Table XII, using tetrahydrofuran 

as the solvent. Specimens were hot-molded in graphite 

dies a t  4000 psi, which was maintained during heating to 

900°C a t  a constant rate  over a period of 18 hr .  They were 

graphitized in flowing helium a t  2850°C. 

Properties of these graphites a r e  listed in Table XI11 

and plotted a s  functions of the natural graphite content of 

the filler in Fig. 5-8. 

From Fig. 5, it is evident that a s  the fine natural 

graphite flakes a r e  added they initially increase the packed 

density of the filler quite rapidly, by occupying spaces be- 



TABLE XI1 

MANUFACTURING DATA, HOT-MOLDED SANTA MARIA/NATURAL GRAPHITE MIXED FILLERS 

Composition, P a r t s  by Wt. 
Santa Natural Coal 
Maria Graphite T a r  
 lour(^)   lour(^) pitch@) --- 

100 0 23 

Calculated 
Binder 

Optimum 
pph 

23.2 

Density. g/cm 
3 

Bulk Packed Filler 
Baked Graph. Baked Graph. 

1.780 1.762 1.564 1.557 

Dimensional Change, 
Baked to Graph. 

% 
A t  - - 

Speci- 
men 
No. 

61G-1 

Binder Residue 
% 

Baked Graph. 

60.1 57.3 

(a) CMF-13 Lot CL-6 graphitized a t  2700°C. 

(b) CMF-13 Lot G(Na)-21. 

(c) CMF-13 Lot PP-3. 

TABLE XI11 

PROPERTIES O F  HOT-MOLDED GRAPHITES MADE FROM SANTA MARIA/NATURAL GRAPHITE MIXED FILLERS 

Speci- Natural Density, g/cm3 Binder Electr. Resist. Anisotropy Ratios 

men Graphite Packed A CTE, x l ~ - ~ / " ~ @ k l e c t r .  Crystalline 
Residue 

No. % o f F i l l e r  Fi l ler  Bulk g/cm3 W G ( ~ )  A G ( ~ )  WG AG Resist. CTE BAF") M(d) 

(a) WG = with-grain, AG = across-grain. 

(b) CTE = coefficient of thermal expansion, average, 25-645°C. 

(c) Bacon Anisotropy Factor,  goZkx. 

(d) Exponent of cosine function, I (a) = I c o s M  @. 

(e) Probably higher than t rue value. 
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Fig. 5. Effects of natural graphite filler additions on the 
binder residue, packed filler density, and bulk 
density of molded, pitch-bonded, Santa Maria 
graphites. 

Q) ELECTRICAL ANISOTROPY 
a EXPANSION ANISOTROPY 

AN ISOTROPY FACTOR 

'4 NATURAL GRAPHITE 
Fig. 7. Effects of natural graphite filler additions on the 

thermal expansion of molded, pitch-bonded, 
Santa Maria graphites. 

% NATURAL GRAPHITE 

Fig. 8. Effects of natural graphite filler additions on the 
electrical resistivity of molded, pitch-bonded, 
Santa Maria graphites. 

0 
0 20 4 0  6 0  8 0  100 in the filler, binder residue concentration remains approx- 

'/e NATURAL GRAPHITE imately constant o r  increases, and the slow increase in  

Fig. 6. Effects of natural graphite filler additions on the packed filler density i s  then reflected in  increasing bulk 
anisotropies of molded, pitch-bonded, Santa density. P a r t  of this increase, however, i s  due simply 
Maria graphites. - - 

to replacement of Santa Maria particles (helium density 
3 

tween the larger, more nearly equiaxed particles of the 
2.16 g/cm ) by higher-density natural graphite flakes 

3 
Santa Maria flour. Because of filling of these spaces the density 2'27 g'cn' ) '  

So long a s  the fine natural graphite flakes a r e  con- 
binder requirement i s  reduced, and with i t  the concentra- 

fined mainly to interstices between the larger  Santa Maria 
tion of binder residue in the finished graphite. The net 

particles they have little opportunity to assume preferred 
effect i s  that bulk density remains approximately constant 

3 orientations during molding, and anisotropy remains low-- 
a t  about 1.76 g/cm until the proportion of natural graph- 

a s  shown in Fig. 6. However when the natural graphite be- 
ite becomes quite high* Above a h u t  12% natural graphite 



TABLE XIV 

POROSITIES O F  EXTRUDED, RESIN-BONDED GRAPHITES MADE FROM SANTA MARIA FILLERS 

Pore Size Statistics 
Porosity 

Specific 
Speci- Accessible 

2 
Surface - 

men Total ( >  0. 082p) - 2 

% 
X 

No. -&- 3 ax3 5 - Cvd ~ ~ / g  d3 gd3 - - 

comes abundant enough to increase the distance between 

Santa Maria particles and constitute a matr ix for them, 

then the flakes begin to orient significantly and anisotropy 

increases. This apparently requires  of the o rder  of 40% 

o r  more of natural graphite in  the filler mixture here  con- 

sidered. 

With-grain and across-grain thermal expansion coef- 

ficients and electrical resistivities a r e  shown in Fig. 7 

and 8 a s  functions of natural graphite content of the filler. 

Until anisotropies become quite high these properties a r e  

not much affected by the natural graphite addition. The 

electrical-resistivity data a r e  of interest with regard to 

the statement by other investigators that this property of 

graphites depends principally on the binder residue and 

that, except a s  i t  affects morphology of the binder residue, 

the filler used is relatively unimportant. From Fig. 5 

and Fig. 8 it is evident that the concentration of binder 

residue is nearly constant in a region within which elec- 

t r ical  resistivity changes rapidly. However, the sign of 

this change is opposite for the lsvo measurement orienta- 

tions. When i t  is taken into account that in  a molded 

graphite there a r e  two with-grain dimensions and only one 

across-grain dimension, it appears that the change in 

bulk resistivity is actually quite small. The apparent 

Santa Maria flour is replaced by the very fine natural 

graphite. At least  for reasonably well graphitized fillers,  

the principal effect of the filler on electrical resistivity i s  

apparently the resul t  of the effects of particle size, shape, 

and anisotropy on the anisotropy of the graphite body pro- 

duced. 

None of these graphites contained gross microstruc- 

tural defects. However, because of the usual deficiency 

of Santa Maria fillers in intermediate-size particles, most  

of them had, locally, relatively porous agglomerates of 

extreme fines and binder residue in the interstices between 

the larger  coke particles. This was particularly evident 

in graphite 610-1, to which no natural graphite was added. 

In mixed fillers the graphite flakes tended to occur in  

packets which were well aligned, with the preferred orien- 

tation of flakes composing the packets such that their 

c-axes were approximately parallel to the molding axis. 

A common minor defect was a delamination c rack  t ravers-  

ing such a packet. This defect was so  common that a t  high 

magnification the packets appeared somewhat spongy and 

porous. 

L. Porosities of Extruded Santa Maria Graphites (J. M. 

Dickinson) 

large changes shown in Fig. 8 a r e  primarily a resul t  of 
Porosity measurements have been made on a group of - - 

the developing preferred orientation, and an apparent 
extruded graphites containing Santa Maria fillers,  using a 

small  net increase in  bulk resistivity may resul t  simply 
mercury porosimeter to a maximum pressure of 2600 psi. 

from an increase in the number of interfaces between 
. - 

Results a r e  listed in Table XIV. The usual assumptions 
filler particles and binder residue a s  the relatively coarse 



were made with regard to pore shape. Statistics were 

calculated using the FININT (finite interval) code, and 

spherical pores were assumed in the calculation of spe- 

cific surface. 

In general these graphites have small  mean pore 

s izes  and low accessible porosities -- usually less  than 

4% and often less  than 3%. Their pore size distributions 

have relatively small variances but relatively large posi- 

tive skewness. 

M. I'oung's Moduli of Santa Maria and Poco Graphites 

(P. E. Armstrong) 

Young's modulus has been measured a t  room temper- 

ature on a se r ies  of specimens representing three corn - 

nlon Poco graphites and a group of CMF-13 experimental 

graphites made using Santa Maria fillers. These moduli 

a r e  plotted in  Fig. 9 a s  functions of the fraction of the 

bulk volume of the graphite which i s  occupied by pores 

(calculated from the bulk density of each graphite). Lines 

of slightly different slope than that plotted for the Poco 

graphites would probably give a better fit  to data repre-  

senting the AXF and AX2 grades, but the single line 

shown is a reasonable correlation of the data for a l l  three 

grades. Its slope is -5.155 and i t s  intercept represents 

a Young's modulus a t  zero porosity (Eo) of 5.302 x 10 
6 

psi. 

Data for graphites made from Santa Maria fillers 

show considerable scatter,  presumably because of vari- 

ations in particle-size distribution, formulation, and man- 

ufacturing procedures. However, they a r e  reasonably 

well represented by the line shown, which has slope of 

-6.034 and the same intercept a s  the line representing 

the Poco data. 

Coincidence of the intercepts of these two lines indi- 

cates that, a t  least with regard to elastic modulus, the 

graphite matr ix material is essentially the same in the 

Santa Maria and Poco graphites. This i s  somewhat unex- 

pected, since the Santa Maria graphites tested contained 

various resin binders and various proportions of carbon 

black. The greater negative slope of the line represent- 

ing Santa Maria graphites indicates that, a t  a given poros- 

ity, the pores in the Santa Maria graphites a r e  more ef- 

0.1 
0.10 0.15 0.20 0.25 0.30 0.35 

FRACTIONAL POROSITY 

Fig. 9. Young's moduli of CMF-13 Santa Maria and of 
Poco graphites a s  functions of porosity. 

fective in reducing elastic modulus than a r e  those in a 

Poco graphite. This is probably explainable in t e rms  of 

pore morphology. In general, a t  equal density, the pores 

in  the Santa Maria graphites a r e  finer, more  numerous, 

more  angular, and less  uniformly distributed than a r e  the 

pores in a Poco graphite. 

N. Thermal Shock Resistance of Santa Maria Graphites 

(P. E. Armstrong) 

Tfiermal shock measurements have been made in the 

CMF-13 focussed electron-beam heating apparatus on sev- 

e ra l  of the experimental graphites mentioned elsewhere 

in this report. Graphite ACI1, made from a fine Santa 

Maria filler (Lot G-26) with a carbon-black addition and 

Varcum 8251 resin binder, was slightly less  resis tant  to 

thermal shock than was AAQl  graphite, a s imilar  mater - 



ial made using Great Lakes Grade 1008-5 (CMF-13 Lot 

G-13) graphite flour a s  the principal filler. This would 

be predicted from the greater thermal expansion of the 

Santa Maria graphite. 

111. HIGHLY ORIENTED POLYCRYSTALLINE 

GRAPHITES 

A. General 

Development of highly anisotropic manufactured 

graphites by CMF-13 has been discussed in Reports No. 

7, 8 and 10 in this se r ies  (LA-4057-MS, LA-4128-MS 

and LA-4237-MS). I t  is hoped that polycrystalline graph- 

i t e ~  can be developed having preferred orientations such 

that they approach pyrolytic graphites in  both ablation re -  

sistance and anisotropy of thermal conduction, and exceed 

pyrolytic graphite in across-grain strength and resistance 

to delamination. 

Experimental graphites of this type have been made 

recently by both hot molding and extrusion. 

B. Hot-Molded Anisotropic Graphites (R. J. Imprescia) 

A minor but scientifically important application in 

which a highly oriented graphite may be useful is in tar- 

gets for  particle accelerators. Here energy is deposited 

a t  a very high rate  by the accelerator beam, along the 

centerline of a long, slender, cylindrical target. Unless 

this energy i s  dissipated a t  an almost equal ra te  by radial 

heat flow to a cooling system outside of the target, the 

target material overheats very quickly. Experimental 

targets made from commercial graphites and tested in a 

LASL prototype linear accelerator have, in fact, vapor- 

ized along their centerlines. It  is felt  that an increase 

in radial thermal conductance by a factor of about two will 

prevent this, and that the required increase can be 

achieved by use of one of the CMF-13 highly oriented 

graphites without introducing the other danger that the 

target material will delaminate. 

To machine targets of the present design required 

that a molded billet be produced not less  than 2.5 in. thick 

normal to the preferred orientation of the layer planes of 

the graphite structure. The formulation selected was 85 

parts CMF-13 Lot G(Na)-21 natural graphite flakes, 15 

parts Thermax carbon black, and 22 pph Bar re t t  30 MH 

pitch. The mix was solvent-blended and compacted in a 

graphite die a t  4000 psi, which was maintained during 

heating to 900°C over a 57 h r  period and holding for  24 h r  

a t  900°C. Graphitization was in flowing helium a t  2800°C. 

Dvo attempts to make specimens in 4-in. ID, 8-in. 

OD dies were unsuccessful due to die breakage during 

carbonization of the binder (between 400 and 550°C). A 

third attempt using a die 3-in. ID, 8-in. OD, was success- 

ful, apparently because of the strength increment provided 

by the additional die-wall thickness, and produced a sound 

cylinder 3-in. dia and 2.75 in. long. Density and shrink- 

age data and properties measured on this billet, Specimen 

No. 59K-4, a r e  listed in Table XV. Of particular interest 

is the fact that the properties and anisotropy ratios of this 

material a r e  not greatly different from those of s imilar  

but considerably thinner specimens previously produced. 

Graphites of this type can probably be made i n  thicknesses 

of many inches with the desired degree of preferred orien- 

tation. 

Experimental targets have been cored from Specimen 

No. 59K-4 and will be tested in  the LASL linear acceler- 

ator. 

C. Extruded Anisotropic Graphites (J. M. Dickinson) 

A highly oriented graphite made by extrusion will have 

i ts  highest strength properties parallel to i t s  extrusion 

direction, i ts  lowest thermal conductivity normal to i t s  

surfaces, and i t s  greatest resistance to sublimation and 

oxidation a t  these surfaces. An extruded rod o r  hollow 

cylinder of this type is expected to be useful in support 

structures, thermal insulators, and very high temperature 

tubing. Accordingly, development of highly anisotropic 

extruded graphites has been undertaken. 

The principal filler material used in making these 

graphites has been a very fine (100% -325 mesh) natural 

flake graphite, CMF-13 Lot G(Na)-21 -- the same mater- 

ia l  used in the molded graphites previously discussed. 

For the ABZ ser ies  of graphites this was mixed with Ther- 

max carbon black in the proportion of 85 parts  natural 



TABLE XV 

PROPERTIES O F  A MOLDED, PITCH-BONDED, ANISOTROPIC GRAPHITE, SPECIMEN NO. 59 K-4 

Bulk density, g/cm3 

Baked condition 

Flexure Strength, psi 

1.881 With-grain 

Graphitized condition 1.832 Across-grain 1896 

Packed filler density, g/cm 3 
Thermal Expansion Coefficient, 

Baked condition 1.648 Ave., 25-645"C, x ~ o - ~ / " c  
Graphitized condition 1.647 With-grain 2.21 

Binder residue, % 

Baked condition 

Graphitized condition 

Across-grain 

Thermal Conductivity, W/cm-"C 

With-grain 

Dimensional change, baked to Across-grain 0.44 

graphitized conditions, % Electrical Resistivity, W/cm-"C 

Length +O. 3 With-grain 889 

Diameter -0.1 Across-grain 3363 

Young's ~ o d u l u s ,  l o 6  psi 

With-grain 

Anisotropy Ratios 

2.66 Bacon A n i s o t r o ~  Factor 

Across-grain 0.71 Young's Modulus 3.75 

Ultimate Tensile Strength, psi 

With-grain 2655 

Tensile Strength 

Compressive Strength 

Across-grain 1177 Flexure Strength 2.61 

Compressive Strength, psi 

With-grain 

Across-grain 

Thermal Expansion 

Thermal Conductivity 

Electrical Resistivity 

graphite to 15 parts  Thermax. The binders used were graphite filler was immediately available, an attempt was 

furfuryl alcohol resins, either commercial Varcum 8251 made instead to modify the fine filler by adding to i t  a 

o r  an experimental CMF-13 resin, a s  indicated in Table coarser ,  commercial graphite flour. 'Be  flour used for 

XVI. Normal mixing, extrusion, and heat-treating pro- this purpose was Great Lakes Grade 1008-S graphite 

cedures were used, and graphitization was in flowing he- flour, CMF-13 Lot No. G-18. 

lium to 2800°C. Properties of the finished graphites a r e  Graphites ACD3 and ACD4 were made using a 3 to 1 

listed in Table XVII, and porosity data on most of them ratio of natural graphite to commercial flour, and an 85 

in Table XWI.  

The ABZ graphites had the highly preferred orienta- 

tions desired, but had low densities, high accessible po- 

rosities, and a tendency to form fine surface cracks. At 

least in part  this was because the natural graphite filler 

was extremely fine, so that binder requirements for ex- 

trusion were very high. These deficiencies could proba- 

bly be corrected by changing the particle size of the filler 

and i t s  distribution. However, since no coarser  natural 

to 15 ratio of mixed filler to carbon black. Binder r e -  

quirements were s t i l l  very high, and shrinkages upon 

graphitization were large. Changes in properties from 

this modification of the mix were small. 

In graphites ACDl and ACD2, the commercial flour 

was the principal filler, and the fine natural graphite was 

used essentially a s  a flaky substitute for  the spheroidal 

carbon black. (It was thought that this substitution might 

provide a useful, high-carbon-yield lubricant for graphites 



TABLE XVI 

MANUFACTURING DATA, EXTRUDED, HIGHLY ORIENTED GRAPHITES 

Speci- 
men 
No. 

ABZl 

ACDl 

Mix Composition, P a r t s  by Weight Extrusion Conditions 
Natural Commercial Thermax Varcum Mix Chamber 
Graphite Graphite Carbon 8251 Pressure  Speed Temp. Temp. 
 lour(^) Flour (b) Black ~ inder" )  psi -- in./min. "C "C 

85 --- 15 57 3600 31 42 5 0 

(a) CMF-13 Lot G(Na)-21. 

(b) CMF-13 Lot G-18. 

(c) Including 4 wt % maleic anhydride polymerization catalyst. 

(d) Experimental resin EMW (173 + 238). 

(e) Surface delamination. 

(8 Too dry. 

Green 
Rod 
Dia. , 
in. 

--- 

0.504'~) 

which a r e  difficult to extrude, and indeed the natural 

graphite did provide considerable lubrication.) Binder 

requirements were normal but densities were very low 

and accessible porosities were high. It  i s  evident that 

the natural graphite flour is not acceptable a s  a substitute 

for the carbon black normally used. 

Substitution of G-18 flour for par t  of the natural 

graphite was successful in  several respects. Graphites 

ABZl and ABZZ, in  which only natural graphite and car-  

bon black mere used, were difficult to extrude in spite of 

their high binder contents. Extrusion speeds were  very 

low and the surfaces of the green rods were delaminated. 

Shrinkages on graphitization were large. Replacement 

of par t  of the natural graphite with G-18 flour, in  Lots 

ACD3 and ACD4, improved extrusion behavior, reduced 

graphitization shrinkage, and still  gave a highly aniso- 

tropic product. Other substitutions may give higher den- 

sities and better properties, and a binder having higher 

viscosity i s  probably desirable. In any case, develop- 

ment of an extruded, resin-bonded, highly anisotropic 

graphite having useful properties appears to be feasible. 

Porosity data on these specin~ens,  collected by mer-  

cury porosimetry a s  described above and listed in Table 

XVIII, shows that -- for  graphites containing carbon 

black -- the mean pore size was smaller fo r  the mixed 
- 

fillers than for either filler used alone. ( x is a loga- 
3 

rithm, so tliat a larger negative value represents  a small- 

e r  pore.) However, the smallest pore size was in Speci- 

men ABZ3, which contained an unmixed natural graphite 

filler but was made with an experimental resin of consid- 

erably higher viscosity than the commercial resin. Ac- 

cessible porosity was also least for this graphite, al- 

though i t  was not unusually low. ABZ3 also had slightly 
2 

higher variance of pore s izes  (0 ) than most  of the other 
x3 

graphites, and a pore-size distribution which was skewed 

strongly toward the smaller sizes. 

Microscopic examination of these graphites revealed 

no gross  defects. The void colonies and long narrow 

cracks which a r e  associated with a deficiency of intermed- 

iate-size filler particles were evident and were  especially 

pronounced in graphite ACD1, which contained no carbon 

black. Graphite ACD2, to which one-half of the usual 

amount of Thermax was added, was improved in this r e -  

gard but still  contained irregular pores which were quite 



TABLE XVII 

PROPERTIES OF EXTRUDED, HIGHLY ORIENTED GRAPHITES 

Specimen No. 
ABZl ABZ3 - ACD3 ACD4 ACDl ACD2 

Bulk density, g/cm 
3 1.810 1.837 1.8 37 1.821 1.723 1.800 

Binder residue, % 40.2 41.2 42.9 40.1 40.1 43.5 
6 

Young's modulus, 10 psi 

With-grain 3.70 4.27 3.72 3.34 1.84 2.22 

Electrical Resistivity, p blcm 

Thermal Conductivity, ~ / c m - " C  

With-grain 1.56 --- 1.44 1.50 1.19 1.19 

Across-grain 
5 Sound Velocity, 10 cm/sec 

With-grain 

Across-grain 

Anisotropy Ratios 

Bacon Anisotropy Factor 

Electrical resistivity 

Thermal conductivity 

Sound velocity 

Thermal expansion --- --- 3.71 3.64 2.28 2.17 

(a) Uncertain due to extremely high signal attenuation in across-grain direction. 

(b) Coefficient of thermal expansion, average 25-645°C. 

TABLE XVIII 

POROSITIES OF EXTRUDED, HIGHLY ORIENTED GRAPHITES 

Porosity Pore Size Statistics 
Speci- Accessible Specific 
men Total (> 0.082 p )  - 2 Surface 

X 
2 

NO. 2 % 3 - Ox3 - gx3 2 M ~ / ~  - ;3 gd3 
ABZ1-6 19.91 8.14 -0.94 0.56 0.33 0.61 19.3 



well interconnected. 

In graphites ACD3 and ACD4, containing a high pro- 

portion of natural flake graphite, the flakes tended to oc- 

cur  in  well-oriented packets, and delaminations within the 

packets were common. In several of the graphites it ap- 

peared that the graphite flakes had not been completely 

wet by the binder, which may resul t  from the nature of 

their surfaces o r  may simply represent a mixing problem. 

In a few cases the flakes appeared to form bridges be- 

tween Santa Maria filler particles and prevent penetration 

of binder into void spaces between them. 

IV. EFFECTS OF FILLER-PARTICLE SHAPE 

jJ. M. Dickinson) 

CMF-13 Lot AAQl was a n  extruded, resin-bonded 

graphite whose manufacture and properties were described 

in detail in  a special topical report  (LA-3981). The prin- 

cipal filler material used in it was Great Lakes Grade 

1008-S graphite flour, CMF-13 Lot G-13 (identified by 

LASL Group CMB-6 a s  "M2" flour). This was combined 

with Thermax carbon black in the proportion 85 parts 

graphite flour to 15 parts  Thermax, and bonded with 27 

pph of Varcum 8251 furfuryl alcohol resin containing 4% 

maleic anhydride a s  a polymerization catalyst. 

A subsequent shipment of Great ~ a k e k  Grade 1008-S 

flour, identified by CMF-13 a s  Lot G-18 and by CMB-6 

a s  "M3" flour, was found to he very similar to that used 

in manufacturing graphite Lot AAQl except that i t s  parti- 

cle structure was somewhat more lamellar and i t s  parti- 

cle shapes on the average were more  acicular. (Using an 

optical measuring system in which, by definition, the acic- 

ularity ratio of a sphere is 1.27, the acicularity ratio of 

Lot G-18 was 3.09, compared with 2.62 for Lot G-13. ) 

CMF-13 graphite Lot ACAl has recently been pro- 

duced using manufacturing procedures essentially identi- 

cal with those used to make Lot AAQ1, and with the same 

mix formulation except that G-18 graphite flour was sub- 

stituted for  the less-acicular G-13 flour. Final heat- 

treatment temperature was 2840°C. Properties so far  

collected on the finished graphite a r e  listed in Table XIX, 

including properties measured on individual rods. Data 

collected on rods 1 and 2 have been omitted i n  calculating 

the average values because, a s  is frequently true of the 

f i rs t  material extruded, they a r e  not typical of the r e s t  

of the lot. 

Fifteen rods from Lot ACAl have been s e n t  to Southern 

Research Institute for use in a mechanical properties pro- 

gram in progress  there under the direction of Dr. C. D. 

Pears .  Data collected in  that program will of course be 

compared with CMF-13 results and will be quoted in future 

reports in this ser ies .  

As was expected, Lot ACAl is distinctly more aniso- 

tropic than was Lot AAQ1, the Bacon Anisotropy Factors 

of the two lots being 1.49 and 1.36 respectively. The 

reason for this i s  clear in the microstructure, in  which 

the relatively acicular particles of the G-18 flour filler 

a r e  seen to be well aligned parallel to the extrusion direc- 

tion. However, with-grain electrical resistivities a r e  

nearly the same for the two lots, and with-grain Young's 

modulus is only slightly higher for Lot ACAl (2.48 x 10 
6 

6 
psi vs. 2.31 x 10 psi). Room-temperature thermal con- 

ductivity in the with-grain orientation is 1.14 ~ / c m - " C  

measured on a single rod, compared with 1.26 ~ / c m - " C  

for Lot AAQ1. This difference may be simply statistical, 

o r  may reflect the lower density of Lot ACAl -- 1.87 

3 3 g/cm vs. 1.90 g/cm for Lot AAQ1. Both total porosity 

and connected porosity were higher for Lot ACA1, made 

from the more acicular flour, and mean pore size was also 

larger. (This correlates with an observed increase in  

leak rates  from internally pressurized, hollow, extruded 

shapes when the G-18 flour has been substituted for G-13.) 

Anisotropy ratios for Lot ACAl were 1.84 and 1.78 for  

electrical resistivity and thermal conductivity respective- 

ly, compared with 1.68 and 1.68 for AAQl graphite. An 

indication of the relative resistance of the two graphites 

to thermal shock will be found in the next section of this 

report,  which considers the properties of a third graphite, 

Lot AAP31, which is very similar to Lot ACA1. 

For most purposes, use of the more acicular G-18 

graphite flour instead of the G-13 flour would not be de- 

sirable. 



TABLE XIX 

PROPERTIES O F  EXTRUDED, RESIN-BONDED GRAPHITE, LOT ACAl 

X-ray Paramete r s :  

LC = 4 5 0 i  

dOo2 = 3.360 A 

Anisotropy Ratios: 

Bacon Anisotropy Factor = 1.494 

Electrical Resistivity = 1. 84 

Thermal Conductivity = 1.78 

Sound Velocity = 1.22 

Physical Properties: 

Rod Density 
No. g/cm3 

ACA1-1 1.856 

ACA1-2 1.859 

ACA1-3 1.864 

ACA1-4 1.866 

ACA1-5 1.867 

Mean 1.868i 

0.002 

Carbon 
Residue 

% 

45.60 

Young's 
Modulus 
lo6  psi  

2.402 

2.414 

2.456 

2.491 

2.484 

Electrical Thermal 
Resistivity Conductivity 

n cm W/cm-"C 

1094 

1188 

1167 1.14 

1158 

1172 

Porosity: 

Total Porosity = 17* 35% Accessible Porosity ( > 0.082 w )  = 5.26% 
- 

P o r e  Size Statistics: x = -0.56 
3 

gx3 =j -0.28 Sw = 13.5 &T2/g i 3  = 0.43 



TABLE XX 

MANUFACTURING DATA, EXTRUDED GRAPHITES MADE WITH A VARIETY OF RESINS 

Extrusion Conditions Green 
Speci- Mix Comp., P a r t s  by Wt. Binder Mix Chamber Rod 
men G-18 TP-4 Resin Identi- Viscosity Pressure  Speed Temp. Temp. dia. 
No. Flour Thermax Binder fication c p  psi - in. /min. - "C - "C - in. ---- 

AAP31 85 15 27 Varcum 8251 =250 6,120 164 40 5 2 0.504 

ACE1 85 15 27 EMW-258 620 6,075 160 5 2 45 0.504 

TABLE XXI 

PROPERTIES O F  EXTRUDED GRAPHITES MADE WITH A VARIETY O F  RESINS 

Speci- Bulk Binder Electrical Young's C T E ( ~ ) ,  x ~ o - ~ / o c  
men 

Densi$ 
Carbon ~ e s i s t i v i t y ' ~ )  Mo ~ 1 ~ s ' ~ )  With- Across- B .  

No. g/cm Residue, Q cm 10 PSI grain grain 

AAP31 1.876 46.6 1170 2.52 2.79 4.60 

ACE1 1.892 48.8 1141 2.58 2.53 4.95 

ACE2 1.911 49.3 1124 2.63 2.25 4.64 

(a) With-grain properties. 

(b) Coefficient of thermal expansion, average, 25-645°C. 

V. EFFECTS O F  BINDER CHARACTERISTICS 

(J. M. Dickinson, E. M. Wewerka) 

A continuing program of research and development 

on resin binders has been discussed in several previous 

reports i n  this series. Emphasis has  been on the furfuryl 

alcohol resins, and the conclusion has  been reached that 

-- for this c lass  of resins  and for the type of extruded 

graphites made here -- the optimum binder has  a viscos- 

ity in the neighborhood of 1500 cp, and a relatively nar- 

row distribution of molecular s izes  which peaks in lhe in- 

termediate s ize range. This conclusion has been further 

examined by comparing the fabrication behaviors and 

properties of a group pf graphites made from experimen- 

tal resins  synthesized in CMF-13 with those of other 

graphites made from commercial Varcum 8251 resin. 

The comparison has been facilitated by using Lot G-18 

graphite flour (discussed in the previous section of this 

report) a s  the principal filler material for a l l  of these 

graphites, and in a l l  cases  adding to i t  the same proportion 

of Tkermax carbon black (15 parts Thermax to 85 parts  

graphite flour). 

Graphite Lot AAP31, described in Tables XX, XXI 

and XXII, is typical of extruded graphites made from this 

filler using Varcum 8251 binder. Its properties a r e  very 

similar to those of Lot ACAl described in Table XIX, in- 

dicating a high degree of reproducibility in  the manufac- 

turing and characterization techniques used. 

Lots ACEl and ACE2 were made using CMF-13 ex- 

perimental resins. Both were acid-condensed furfuryl a1 - 
coho1 resins, but the hvo had widely different viscosities. 

Resin EMW-260 had a viscosity of 1475 cp, which i s  high 

enough to produce an extrusion pressure of almost 7000 

psi and yield a green rod diameter approaching that of the 

die opening, 0.500 in. Resin EMW-258 had a viscosity 

intermediate between those of EMW-260 and the commer- 

cial  resin. With increasing resin viscosity the bulk den- 

sity, binder carbon residue, and Young's nlodulus in- 



TABLE XXlI 

POROSITIES O F  EXTRUDED GRAPHITES MADE WITH A VARIETY OF RESINS 

Porosity Pore Size Statistics 
Speci- Accessible Specific 
nle n Total (>O.O82p) - 2 Surface - 

X 
2 

No. x % 3 5 -5s- 2 ~ ~ / g  dg Od3 gd3 - - 
AAP31-4 17.08 4.55 -0.61 0.60 0.21 0.72 14.5 0.91 6.84 173 

creased significantly while electrical resistivity decreased VI. SMALL-PARTICLE STATISTICS 

slightly and total porosity, accessible porosity, and mean (H. D. Lewis) 

pore size diminished appreciably. The density of 1.911 
3 

g/cm achieved using the higher-viscosity experimental A. Description of Non-Lognormal Particle-"Size" Data 

binder i s  exceptionally high for a graphite made from 
The lognormal function in i ts  various forms has been 

G-18 graphite flour. This and the very low accessible 
used by CMF-13 to approximate particle-"size1' data even 

porosity of the graphite (2.45%) a r e  strong arguments for 
in instances in  which i t  was evident that the lognormal 

the use of the high-viscosity binders. Optical and elec- 
model was not really appropriate. This was done with the 

tron microscopy confirmed that Lot ACE2 was a n  unusu- 
realization that the sample statistics obtained were useful 

ally sound graphite, and had probably the best internal 
only for convenient comparisons of similar materials,  that 

structure so far produced using the G-18 flour. I t  con- 
misleading results would be obtained in data transforma- 

tained a few void stringers about 100 to 4 0 0 ~  long, aligned 
tions (e. g., i n  computing d values from weight fraction 

with the extrusion axis, and a few void colonies and c-face 
data), and that more reasonable estimates of particle- 

cracks. However, no major defects were discovered and 
"sizef1 distribution parameters could be derived using the 

the pores present were generally fine, approximately 
finite-interval (FININT) model. In particular, i t  has  long 

equiaxed, and well distributed. Its microstructure repre- 
been recognized in CMF-13 that misuse of the lognormal sented a distinct improvement over those of graphites 
model to describe truncated, large-variance sample dis- 

made with lower-viscosity resin binders. 
tributions often results in  a calculated d value greater  

In tests  in the CMF-13 focussed electron-beam appa- 3 

ratus, graphite AAP31 was found to be slightly inferior in 
than the diameter of the largest observed particle, and a 

thermal shock resistance to AAQl graphite, which was 
transformed d value smaller than that of the smallest ob- 

served particle. 
similarly made using the same formulation but with a 

Lewis and Goldman were recently asked to review a 
less-acicular (Lot G-13) filler. Graphite ACE2 was 

paper submitted to a powder-technology journal and con- 
slightly more resis tant  to thermal shock than either 

cerned with "weighting" of interval observations of weight 
AAP31 o r  AAQ1. Apparently the high-viscosity binder 

fraction vs particle "size" data so that the weight-fraction 
used in Lot ACE2 produced an increment of thermal shock 

mean particle diameter ((;, o r  d ) calculated from the 
resistance sufficient to more  than compensate for any re -  

d3 
3 

duction in this property which may have resulted from lognormal model could not be larger  than the largest ob- 

using a somewhat acicular filler. served particle. The difficulty was considered by the 

paper's author to result from improper weight sampling 

in each "size" interval, but probably in  fact resulted from 

a misuse of the lognormal model. To help avoid such 



Fig. 10. Micromerograph weight-fraction data for Santa 
Maria graphite flour, CMF-13 Lot GP-14 (-62#). 

99.8 
99.5- 

99 
96 

95 

difficulties and this tendency to use the lognormal model 

incorrectly, a truncated lognormal density function has 

recently been derived to describe truncated sample data 

which a r e  not truly lognornlal but which appear to be fitted 

by the lognormal function -- i .e. ,  which gave a straight 

line log probability plot over a considerable s ize range. 

For  example, Fig. 10 i s  a log probability plot of Mi- 

cromerograph weight-fraction data for the minus 62 mesh 

fraction of CMF-13 Lot GP-14, a finely ground Santa 

Maria graphite flour. The sample contained no particle 

larger than 300 microns dia and the smallest particle de- 

tected in  the Micromerograph analysis was 0.5 micron 

dia. Dashed line llA1l represents  the probit o r  best log- 

normal fit  to the data. At least qualitatively, the fit  over 

the range 2 to 100 microns appears reasonable. However, 

considering the entire range of observed "sizes", the fit 

is obviously poor. Table XXIII compares sample statis- 

, , I I I I I  I I I I I  I a 

- e 
- 
- 

t ics computed from the lognormal model, represented by 

line A, and from the finite interval model. As would be 

expected from the poor representation of data a t  very 

small and very large particle "sizesu by line A in Fig. 10, 

the lognormal approximation gives a value of $ which 
d 

is larger than the largest particle present and of! id (the 

mean particle diameter) which is much too small. The 

statistics calculated from the finite interval approxima- 

TABLE XXIII 

SAMPLE STATISTICS FOR SANTA MARIA GRAPHITE 

FLOUR, LOT GP-14 (-62#), 

0 
. - 

2 eo- 

-$ 
-In- - 

COMPUTED IN THREE DIFFERENT WAYS 

' l a  40- 
X 30- 
A* 20- 

10- 

0.5 

Finite Truncated 
Lognormal Interval Lognormal 

Approximation Calculation Approximation 

A = 4.604 
- 
x = 4.083 ---- 

p ~ 3  

d* 4. 

// 
5- - 
2- 4 / 
I / *  ' ' I 5 1 ,  t I I I ,  , 

tion clearly represent the sample data much more accu- 

rately. 

However, the lognormal model can be used to obtain 

better estimates of the particle-"size" distribution param- 

e te rs  for a sample of this type by defining a truncated den- 

sity function, a s  follows: 

1.0 2.0 4.0 6.0 10 20 40 60 100 200 
PARTICLE "SIZE" (STOKES DIAMETER), MICRONS 

For weight-fraction data, 

where A and B a r e  the lower and upper truncation points, 

o r  minimum and maximum values of In "size" i n  the sam- 

ple. The values of * A 1  , pd , p 2d3 and ;id a r e  then de- 

fined a s  follows. 
d3 



O r *  'Id " is of the form 
3 

A 
'Id = B , or, 

where b '  and pid are,  respectively, the second mo- 
2d- 

3 
R ments about the origin for weight fraction and relative 
U 

" 2 
frequency data, required for calculation of G~ and 6 2 

P (x; Gxl , Ox ) dx 
2 and for the truncated lognormal. 

d3 d3 
d 

* 2 
Using the data of Fig. 10 and the itx3 , cx3 values 

A obtained from the lognormal line A, new values of mean 

and variance were calculated. These a re  listed in Table 

XXIII. Skewness could be calculated from the truncated 

model using the truncation definition of p ' and p ' 
3 d ~  3d ' 

for example, 
" 



The statistics calculated using the truncated lognor- 

mal density function a r e  seen to represent these sample 

data more  sensibly than does the lognormal approxima- 

tion itself, and a r e  in much better agreement with the 

FININT statistics. No artificial weighting o r  correction 

of observations is required, a s  was the case in the paper 

mentioned above. 

The truncated density function, then, provides a use- 

ful and convenient method of estimating statistics for 

sample distributions of the type considered above. How- 

ever, i t s  utility i s  obviously limited to somewhat special 

conditions of truncation -- i. e . ,  to cases  in which the 

values of the integrals in the numerators o r  the denomin- 

ators  of the above expressions do not trend toward zero. 

When there i s  any question a s  to the applicability of the 

truncated density function, then the finite interval model 

should be used instead. 

VII. GRAPHITE BINDERS 

(E. M. Wexverka) 

A. Alumina-Polymerized Furfuryl Alcohol Resins 

Initial attempts to synthesize desirable furfuryl al- 

cohol resins  by distilling the monomer into a column 

packed with y -alumina catalyst were not conlpletely suc- 

cessful, principally because of difficulty in  controlling 

reaction rate. To produce the desired molecular-size 

distribution in the resin, the polymerization must be con- 

ducted in  such a way that only small amounts of unreacted 

furfuryl alcohol escape through the catalyst bed. How- 

ever, poljrmerization must also be slow enough to permit 

efficient desorption of the low molecular weight liquid 

polymer from the alumina surfaces before further poly- 

merization occurs, to prevent fouling of these surfaces 

by the heavier polymers. Reaction rate  depends on the 

relative amount of effective catalyst available in the r e -  

flux column, and this depends partly on apparatus design. 

Several redesigns of the apparatus were required before 

satisfactory control of reaction rate  was established. 

Since then several satisfactory lots of alumina-polynler- 

ized resin have been synthesized, with a wide range of 

viscosities. 

Gel-permeation chromatography analysis of resins  

produced by the column-reflux method shows them to be 

similar in both the low molecular weight constituents pre-  

sent and the general shape of the molecular-size distribu- 

tion curve to alumina-polym erized resins previously pre- 

pared by a continuous contact method. Unfortunately, 

both methods produce relatively large amounts of a ma- 

terial tentatively identified a s  difuryl either, which -- 

because it  appears to res i s t  further polymerization -- i s  

believed to be detrimental to the behavior of the resin a s  

a binder for graphite. (This conclusion i s  based on GPC 

studies of alumina-polymerized resins  of varying degrees 

of polymerization, in all  of which this conlponent was pre- 

sent in a relatively high and nearly constant proportion.) 

Gas-chromatography and infrared-spectroscopy anal- 

yses  of a low-viscosity (350 cp) alumina-polymerized r e -  

sin made by the column-reflux method have been completed. 

The same low molecular-weight constituents were detected 

a s  were previously identified in a commercial (Straub) r e -  

sin, which i s  believed also to have been made by a column- 

reflux method. These were: furfuryl alcohol (monomer), 

difuryl methane, difurylether, trifuryl methane, and a 

still-unidentified carbonyl compound. 

The properties of graphites made using alunlina- 

polymerized resins  prepared by the continuous-contact 

method have previously been found to be generally infer- 

ior to those of similar graphites made with acid-polymer- 

ized binder resins. Similar studies a r e  now being con- 

ducted using alumnia-polymerized resins  synthesized by 

the column-reflux method. 

B. Scaling-Up of Resin Batch Sizes 

To demonstrate the advantages of the binder resins  

developed by CMF-13, they must be used in the manufac- 

ture of several ser ies  of extruded and molded experinzen- 

ta l  graphites. This requires larger lots of resin than have 

normally been made, and scaling-up of synthesizing pro- 

cedures to a batch size of about 2 kg. 

A simple linear scale-up of the reaction conditions 

used to produce smaller resin lots was found to be unsafe 

for routine resin production using larger  amounts of the 



reactants. After some changes in apparatus and proce- 

dures, acceptable reaction conditions have now been es-  

tablished for production of 2 kg batches of acid-polymer- 

ized f u r f u q l  alcohol resins. Batch-to-batch reproduci- 

bility of the resins  produced i s  not get a s  good a s  is de- 

sirable, and i t  i s  evident that control over certain reac- 

tion conditions must be improved. However, useful re -  

sins a r e  now routinely produced a t  the 2-kg batch size, 

and a r e  being used in fabrication experiments. 

C. Viscosity Measurements 

One important characteristic of a binder i s  i t s  vis- 

cosity, and each binder resin used by CMF-13 i s  routine- 

ly characterized by a viscosity measurement. Until r e -  

cently the instrument used to make this measurement was 

a MacMichael-Fisher viscosimeter, which has performed 

satisfactorily. However, i t  has recently been replaced 

with a Brookfield Synchro-lectric viscometer, which has 

several advantages. The greatest advantage of the Brook- 

field instrument i s  a design feature which permits a vis- 

cosity measurement to be made on a sample which is kept 

immersed in a constant-temperature bath. This mini- 

mizes the e r r o r  due to temperature variations, which can 

be large. 

Both the MacMichael-Fisher and the Brookfield in- 

struments have been checked against a ser ies  of absolute 

viscosity standards and by viscosity measurements on a 

group of experimental resins. Both a r e  reasonably accu- 

rate ,  and the two agree quite well. However, the repro- 

ducibility, accuracy, and convenience of the Brookfield 

viscometer a r e  outstanding, and henceforth this instru- 

ment will be used routinely. 

D. Production of Artifacts from Single Carbon Isotopes 

LASL Group CMF-4 has recently begun routine pro- 

duction of relatively large amounts of individual carbon 

isotopes of high purity. These a r e  of interest for a wide 

variety of applications, including possible use to produce 

carbon artifacts containing a single isotope -- to be used, 

for example, a s  beam stops in a particle accelerator. 

The individual carbon isotopes a r e  separated by CMF- 

4 a s  carbon monoxide. Presumably this can be hydrogen- 

ated to produce methane, which can be pyrolyzed to pro- 

duce pyrolytic carbon o r  pyrolytic graphite. Isotopically 

pure pyrocarbon o r  pyrographite will be directly useful 

in some cases. However, where shapes a r e  such that 

radii a r e  small, when orientation of the graphite structure 

must be controlled, when delamination must be avoided, 

o r  a high degree of anisotropy is undesirable, then a poly- 

crystalline graphite would be preferred. This would r e -  

quire separate development of a filler, a binder, and a 

fabrication procedure. 

Given a supply of massive pyrocarbon o r  pyrograph- 

ite,  CMF-13 has already developed the techniques fo r  pro- 

ducing a highly oriented polycrystalline graphite from it. 

If such a graphite were required, a s  i t  probably would be 

for a beam stop, two principal further developments 

would be necessary: development of a facility for hydro- 

genating isotopically pure CO to CH and of pyrolyzing 
4 

the CH to massive pyrocarbon o r  pyrographite; and devel- 
4 

opment of procedures for synthesizing a suitable binder 

from CO. If less anisotropic graphites were required, i t  

would also be necessary to develop procedures to synthe- 

size a precursor which, upon pyrolysis, would yield a less  

well-ordered carbon filler than either pyrocarbon o r  pyro- 

graphite. 

Because of these interests and possibilities, a pre- 

liminary literature search has been made to identify some 

possible synthetic routes to appropriate binder materials 

-- some of which might also be useful a s  precursors  for 

production of carbon fillers. 

The binder materials which have been used by CMF- 

13 have been chiefly coal-tar pitches and furfuryl alcohol 

resins. An additional, but less  familiar, possibility i s  a 

phenol-formaldehyde resin. Since a high degree of flexi- 

bility is deskable a t  this point with regard to the type of 

graphite made and the fabrication procedures used to make 

it ,  all  three of these binder types have been considered. 

If and when a specific product requirement i s  established, 

a fabrication method will be outlined and the most practical 

route to synthesis of an appropriate binder will be estab- 

lished by a more thorough literature search, by consulta- 

tion with other chemists, and by the necessary laboratory 



invcstigntions. Prclinlinary schemes have been worked 

out lor synthesis of furfuryl alcohol resins, phenolic re -  

sins, and synthetic pitches, with several alternative 

routes to each. A considerable development period would 

be required to identify the best and shortest routes, to 

establish reagent requirements and reaction conditions, 

and tr) demonstrate procedures using ordinary materials.  

Ho\vever, it i s  already evident that development and pro- 

duction of isotopically pure graphites i s  feasible, and the 

development does not appear to involve any really formi- 

dable problems. 

VIII. PHYSICAL PROPERTIES 

jP. E. Armstrong) 

A. Low-Temperature Resistivity of Boron-Doped 

Graphites 

Electrical resistivity has been measured a s  a func- 

tion of temperature over the range 4.2"K to 300°K on a 

se r ies  of 0.25-in. dia specimens machined from the 

boron-doped, extruded graphite rods previously exam- 

ined a t  higher temperatures by P .  Wagner. For the un- 

doped reference graphite in the ser ies ,  resistivity was 

found to increase by 85% a s  temperature was reduced 

from 300 to 4.2"K. For a l l  of the boron-doped graphites, 

the resistivity change over this temperature range was 

less  than 10%. Several minima appeared in the resistiv- 

ity vs  temperature curve for  each boron-doped graphite. 

Because the measurements were made with the specimens 

in direct  contact with nitrogen and helium vapor and with 

no prior evacuation, it  i s  possible that the resul ts  were 

influenced by the presence of absorbed o r  adsorbed water. 

The experiments will therefore be repeated. If indeed 

the resistivity changes observed a r e  associated only with 

boron content of the graphite, they may indicate interest- 

ing changes with temperature in the nature of the electri- 

cal conduction. 

B. High-Frequency Sound-Velocity Measurements 

The high-frequency pulse-transmission method of 

measuring sound velocity can be applied satisfactorily to 

specimens a s  small a s  0.150-in. thick ant1 lcss  than 0.5- 

in. dia. Velocity mcasurcmc:nts (::in thot,cl'orc I)(: made 

both with-grain and across-jitxin on rclativcly small 

graphite samples, such a s  &a 0.5-in. din cxtruded rods 

commonly produced in CMIP-13. It apponrs that the :In- 

isotropy ratios from velocity measuromcnts should 

correlate  with anisotropies of other 1)rol)crties. 'I'his 1 ~ ) s -  

sibility i s  being investigated by high-frequency sound- 

velocity measurements on a se r ies  of small  specimens 

machined from samples of various CMF-1:: graphites on 

which other physical and mechanical measurements a r c  

also being made. 

IX. DEFORMATION MECHANISMS 

A. Theoretical (J. Weertman) 

A theory has been developed to account for the high- 

temperature creep of any graphite which contains small 

cracks (as al l  manufactured graphites do). This theory 

is based on a dislocation-climb mechanism. 

It i s  assumed that when cracks in graphite a r e  sub- 

jected to a tensile force, edge dislocations a r e  nucleated 

a t  their tips. These dislocations move anray from the 

crack tips with a climb motion. As they climb, lattice 

vacancies a r e  created which diffuse a~vay from the dislo- 

cations to the crack surfaces, where they a r e  destroyed 

in creating new surface. The ultimate rate-conti-olling 

process in this creep model thus i s  self-diffusion. The 

model therefore can explain the observation cliscussed be- 

low that the activation energy for creep is  approximately 

equal to that expected for self-diffusion. 

For the initial stage of creep, the theory gives the 

following equation: 

where: E = t o h l  strain 

E = initial, inst;tntnnc~otts str:tin 
o 

\v = half-width o f  infinitely !ong crncl;s 

N = number 01' infinitely long craclis per unit 

area. (For cr:~eks of finite length 2w, the 

expression \vN in the equation i s  
2 

with w N, whcre N i s  no\\, the number of 



cracks per unit volume.) 

a A  = 
applied tensile force per unit a rea  

V = the factor which, when multiplied by the 

interatomic distance, i s  equal to the 

atomic volume of a carbon atom 

D = self-diffusion coefficient 

= average shear modulus 
, t 

k = Boltzmann's constant 

T = absolute temperature 
' ,  

t - time 

The number, N, of active cracks can be a function of 

s t ress .  

Equation (1) i s  valid to strains of the order  of 

E ~ 5 3  to 10 co , where 

2 2 
E = N ( D ~ / / L ) w  ( n  /2). (2) 

At greater s t rains  the creep strain becomes proportional 
i 

to t ra ther  than t V .  

The creep model which leads to Equation (1) also pre- 

dicts that, if the tensile load is removed, creep recovery 

will occur. In the initial stage of recovery, the creep 
1 

strain recovered i s  again proportional to t H ,  where t is 

time after load removal. 

B. Experimental (W. V. Green, E. G. Zukas) 

The validity of Equation (1) i s  being evaluated by com- 

paring i t s  predictions to experimental behavior in the fol- 

lowing ways: 

1. The theory relates creep strain to time, s t ress ,  and 

temperatwe. The creep strain predicted by i t  a t  a given 

time can be compared with that measured experimentally 

in a test made a t  known temperature and load per unit 

area. Unfortunately, the single-crystal elastic constants 

required to calculate a r e  not known a t  creep tempera- 

tures. From the known lattice parameters a t  temperature 

and the Lennard-Jones potential with respect to displace- 

ment, i t  was estimated that a t  2500°C the value of would 

he 0.27 of i t s  room-temperature value. Using this, Equa- 

tlon (I) predicts that, after 2 to 3 h r  a t  2500°C under ten- 

s i le  s t r e s s  of 4500 psi, a graphite initially containing 

small cracks will have extended about 5%. This elongation 

is indeed typical of these creep conditions. 

2. Equation (1) predicts that up to strains of the o rder  of 
1 

10 co,  total strain will be a linear function of t", and that 

recovery strain will have this same time-dependence. Ex- 

perimental creep and recovery data plotted for a variety 

of temperatures and creep s t resses  is indeed approximate- 
&. 

ly linear with t ', and is lesS well represented by t o r  
2/3 t .  

1 

3. The t=O intercept of a plot of E vs  tH is c0. The co 

term includes not only a purely elastic (Young's n~odulus) 

term, but also a crack-opening term. The stress-depend- 

ence of creep s train is contained in the term 2 r r ' w ~ ~  /3. 
A 

If the crack-opening contribution can be related to wN and 

both of these related to 0, then this will indicate that the 

dependence of creep strain on s t ress  i s  correctly repre-  

sented by Equation (1). 

~ j r  determining a s t r e s s  vs. s t rain diagram a t  lolv 

s t resses  and a t  a temperature just low enough so that ho 

significant time-dependent strain occurs during loading, 

i t  is possible to measure c directly. Results froin such 

measurements will be  compared with values of E deter- 

mined graphically from creep data. , 

Microstructural studies previously reported have al- 

ready established that w is nearly constant, a s  i s  assunled 

in Equation (1). Absolute creep rates  have been calculated 

for values of w computed a s  the critical size of a Griffith 

crack, and the computed rates  a r e  con~parable to experi- 

mental ones. 

The appareqt activation energy for creep, Q has  
c'  

been measured experimentally many times, usually by the 

'la T" method in which, during the creep test,  the temper- 

ature i s  changed suddenly while s t r e s s  i s  held constant. 

Barrett, Ardell and Sherby (Trans. Met. Soc. A I M E a O ,  

200, 1964) have proposed a correction to Q determined 
c 

in this way, required because the test i s  made a t  fixed 

s t ress  instead of a t  a fixed ratio of s t r e s s  to elastic mod- 

ulus. Using the estimate of elastic modulus mentioned 

above, this correction i s  computed to be 54 kcal/mole, 

which is to be applied to an average experimental value oi 

about 250 kcal/mole for creep of graphite in the n e i g h h r -  



hood of 2500°C. Thc resulting corrected value of Q 
C 

:~ j i r c~cs  very  well with a n  average value of about 190 kcal/ 

~ n o l c  previously detcrmined a s  the apparent activation for  

c r e e p  recovery -- to which no s t ress /modulus  correct ion 

need b e  applied. I t  a g r e e s  equally well  with the activa- 

tion energy of 190 Itcal/mole reported by Thrower (Phil. 

Mag. 18, 697, 1968) for annealing ou t  of point defects 

produced in graphite by irradiation. Since annealing out  

of p i n t  defects i s  presunlably controlled by self-diffu- 

sion, the agreement  among these  t h r e e  activation energies  

i s  evidence in support  of the deformation model on  which 

Ecluation (1) i s  based. 
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