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I. INTRODUCTION specific internal structures beleved to be responsible for

desirable combinations of properties. Prompt feedback
This is the fourteenth in a series of nrogress reports

devoted to carbon and graphite research in LASL Group

of information among these activities then makes possible
progress in all of them toward their common goal of under-
standing and improving manufactured carbons and graph-
ites.

CMF-13, and summarizes work done during u:¢ months
of May, June, and July, 1970. It should be understood
that in such a progress report many of the data are pre-

3 . Since its beginning, this research has been sponsore<
CMF-13 Research on Carbon . ..7 Graphite Uminary, incomplets, and subject to correction, and o o SRR R I
many of the opinions and conclusions are tentative and States Atomic Energy Commission, through the Space
Re port No. 14 subject to change. This report is intended only to provide

Nuc -.r Propulsion Office. More recently additional gen-
eral support for it has been provided by the Office of Ad-
vanced Research and Technology of the National Aeronau-
tics and Space Administration. Many of its facilities and
services have been furnished by the Division of Military
Application of AEC. The direct and indirect support snd
the guida and t of these agencies of the

United States Government are gratefully acknow ledged.

up-to-date bac! v d information to those who are inter-
s'.-c'y °' "00"" "°m MOY 1 to Jul, 3" ‘970. ested in the m:::ah and programs described in :t, and
should not be quoted or usec as reference publicly or in
print.
Research and development on carb - and graphite

by were undertzken by CMF-13 primarily o increase under-

Morton C. Smith

standing of their properties and behavior as engineering
materials, o improve the raw materials and processer
used in their manufacture, and to learn how to produce
them with consistent, predictable, useful combinations of

II. SANTA MARIA COKE

properties. The approach taken is microstructural, A. Previous Work
based on study and characterization of natural, commer-
cial, and experimental carbons and graphites by such
techniques as x-ray diffraction, electron and optical mi-
croscopy, and porosimetry. Physical and mechanical

i B. Determination of Calcining Temperatures R. J.

treatment, and environmental variables, and correlations Im S 3k e
are sought among properties and structures. Paw mater-

ials and manufacturin/, techniques are investigated, .- An investigation of the effects of hcat-treating tem -
proved, and varied systematically in an effort to create perature on the crystalline parameters of Santa Maria

Continuing investigations of Santa Maria coke and of
isotropic graphites made from it have been summarized
in Reports 9 through 13 in this series.

*Supported in part by the Office of Advanced Resssrch and Technology of the National

properties are ed as R\ of formulats
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coke was described in Regort No. 11 in Shus series, 2au
sdditional data were given in Report No. 12. Fig .
a p'ot of the effect of calcining temperature p to 15 *C
oa crystallite Bickness, Lt. Itis similar w s kv
temperature regice of Fig. | of Report No. 1], bat in-
chades data colle~ted since that report was prepared.
The furmace ate cspberes in which the heat-treating was
doas ure indicated on the figure.

Severa! vubstanding experimental graphites have been
made from one particular Santa Maria coke fliller, iCen-
tified as CMF -13 Lot No. CP-5800)b. This was pre-
pared by vacwam calciiung green Santa Maria 2! 2 nomi-
sl 900°C and Ben grinding it in two stages of hammer
mildng. Because the supply of his filler was small,
severa! attemts were made . ~produce it by grinding
Santa Maria LV coke, which had been calcined by its pro-
ducers at ‘about 1800°F 882°C). Mone of these attempts

was successiul.
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Recent x-ray measurements on these two cokes h. *
siven L_ values of 16.7 ! for Lot CP-8®00)b and of 21.91
for the LV coke. As is indicat=d in Fig. 1, these repre-
sent :>tual heat-treatiment temperatures of about 2290°C
for the coke caicined by CMF-13 and about 1090°C for the
LV coke. This difference in calcining temperatures, ap-
poximately 270°C, is more than three times as great as
that which had been supposed to exist. On the basis of
recen! studies ol the effect of calcining temperature on
the g1 .ndakility of Santa Maria coke, it is clearly suffi-
cient o account f>r the difference in grindiag <havior of
these two lots of material and for the inability © repro-
duce the particle-size distribution f Lot CP-88%0)b by
grinding the LV coke.

C. Effects of Calcinung Temperature on Properties
R. J. Impresc‘a)

A series of hot-moided graphites has bheen made
from fillers which were prepared by calcining lump Santa
s*aria coke at a series of Semperatures up t© about 2800°C
and then grinding them by 1 standard “Se T+ I schedule--
which involved two stages of hammer miliing and one of
fluid -energy milling. (Details of the preparation of these
fillers and their particle-size distributions are given in
Report No. 11, pp. 2-6.) The binder used was Barrett
grade JOMH coal-tar pitch, the hot-moiding cycle was

Program A, ' and all specimens were graphitized ©
2800°C in flowing argon.

To determine binder requirements, prelLminary runs
were made with selected fillers representing the whole
range of heat-treating temperatures. The greatest opti-
mum binder concentration caiculated from any of these
was about 26 pph. As is discussed in a later section, for
maximum packing density at a given molding pressure it
is necessary that the binder concentration equal or exceed
the caiculated optimum. Therefore, binder concentration

was beld constant at 26 pph for all graphites in this series.

Manufacturing data for these graphites are gven in
Table I. For specimen 68E-1, made from coke calcined
at 620°C, it was Lnpossible © determine accurately the
binder optimwm, binder residue, and packed filler density
because of weight loes from e filler during hot-molding

TABLE ]

MANUFACTURING DATA, HOT-MOLDED SANTA MARIA GRAPHITES, SERIES 66

a

Calculated Binder _Density, g/cm’

Speci- Filler Binder Residue Packed
men Identifi- Calcining Optimum, (Baked) Filler

Dimensional Change,

Buk __ Baked ® Graphitized,§ Specimen

No. cation Temp.'C _pph  _ %  (Baked) Baked Graph. o Ad av ~_ Appearance

66E-i CL-4

620 - -—- --- 1.580 1.853 -7.7 -6.5 -19.3 Circumferential cracks

66F-1 CL-6 1218 26.1 68.6 1.441 1.698 1.788 -5.7 -3.3 ~-10.0 Good

66G-1 CL-6 1518 28.5 $8.9 1.429 1.663
€6H-1 CL-6 1833 25.7 60.9 1,493 1.748
661-1 CL-6 2147 243 $9.8 | R
é&J-1 CL-6 2468 23.2 $6.1 1..63 1.803
K- CL-6 2808 23.9 64.9 1.556  1.84C

1,718 -2.5 -L9 -6.0 Radial cracks
1.779 -0.7 -0.9 -2.5 Radial cracks
1.7 -0.1 -0.6 -1.3  Good
1.795 +0.4 -0.2 +0.05 Good
1.824 +0.6 -0.1 +0.3 Radial cracks

(1) All fillers were ground by Schedule S+ T+I after calcining. Binder in all cases was 26 pph of Barrett 30MH pitch.
Molding Program A was used, and graphitization was at 28°9°C.

to 900°C. In spite of the indications from preliminary
tests, 26 pph of binder was insufficient for coke calcined
at 1515°C, and Specimen 66G-1 was deficient in binder.
Except for this specimen, the trends of all data in Table
1 are clear and consistent. Increasing the temperature
at which the %''er was heat-treated continuously in-
creased both the packed filler density (in the baked con-
Gition) and the bulk density in the baked condition. How-
ever, since all but one of these fillers had previously
been heat-treated o some temperature higher than the
baking temaperature 900°C), it is apparent that this ef-
fect is an indirect one. As was discussed in Report No.
11, the grindability of Santa Maria coke changes with the
temperature to which it has been heat-treated, and so
does the particle-size distribution of the grinding pro-
duct. Since these fillers were ground after they were
heat-treated, the systematic changes in packed-filler and
bulk densities in the baked condition evidently result
from systematic differences in size distribution and pack-
ing efficiency of the fillers.

Bulk density of the graphitized specimens was high
when calcination temperature of the filler was low, di-
minished ® a minimum value as this temperature in-
sreased to the region cf 1500 t 1800°C, then increased
again with still higher heat-treatment temperatures.

For low calcination temperatures this behavior is evident-
ly the result of the large shrinkage which accompanies
loss of volatile material from incompletely calcined fill-
ers. The volume changes between the baked and graphi-
tized conditions are very large when calcination tempera-
tures are low, resulting in consolidation of the graphite
structure. Shrinkage decreases as calcination tempera-
ture increases. It is not clear why density increases
with heat-treatment temperature of the filler above about
1500 © 1800°C.

Binder residues were generally high, but had no ap-
parent relation to the P e at which the filler had
been heat-treated. Four of the specimens cracked dur-
ing processing, and this also appeared unrelated to filler
treatment or other properties of the graphites.

Samples for physical and mechanical testing are now
being machined.

D. Hot-Molded G ites Made from LV Coke (R. J.
Im) ia)

As was described in Report No. 13 in this series,
Filler Lot CP-17 was prepared by grinding as-received
Santa Maris LV coke (CMF-13 Lot CL-9) in two nisses
through hazamer mills under carefully controlled condi-
tions. Although its particle-size distribution was not




TABLE 0
SIEVE ANA'.YSES OF SANTA MARIA FILLERS,
LOTS CP-17 AND CP-1T®

Sieve Fraction Weight § in Fraction
U.S. Sw. Series) cP-17 CP-17b
18 9 [}

-16 +25 trace trace
25 +46 6.5 6.7
45 - 20.0 2.7
-8+ 170 3Le 30.0
-170 - 325 17.2 17.8
-325 25.0 23.8

W —
@ oo wes -~
. PEETICLE “3IX” ¢, MiCAONS

Ng. 2. Log-reohabiliy plots of Micromerograph “size”
distribstion dats for filler lots CP-17 and CP-
.

Quite Gat which was desired, this filler did appear pro-
mistag for he manufacture of high qv “Y graphites. Ac-
cordiagly a second batch of e same lump coke was
gound under he same coaditions, and the product was
identified a8 Piller Lot CP-175. Screes analyses of the
fillers are given in Table [I. As would be expected, they
are vory wimilar. The slightly greater proportion of
misws 125 mesh fines i1a Lot CP-17 would sot ordisarily
o constdered significast. The Micromerogragh anaiy-
ses plotied ia Fig. 2 indicate that this difference was in
particiss coarser thes sbout 6 ®© 8, , and Gat Lot CP-
1TS sctmlly contained the grester weight fraction of par-
Gcles finer Gan I 4, .

The curves of Fig. 2 indicate that netther sample o

well represented by the lognormal function, so that sta-
tistical comparisons should be based on the finite-inter-
val data of Table [l rather than the lognormal data. Dif-
ferences in &3, d, and n:
products are significant, but the surface-area data of

values between the two grinding

Table IV suggests that the differences are probably un-
important.

Three series of moided graphites have been made
from these fillers, o investigate ths effects of molding
pressure, binder type and concentration, and carbon-
black additions. These series are discussed individually
in the paragraphs that follow.

Series 65 In this series, hot-moided graphites were
made from filler CP-17 using two different binders, three
different binder concentrations, and three different moid-
ing pressures. The binders were Barrett Grade 23S
coal-tar pitch, whose softening point is 54°C, and Barrett
Grade 30MH coal-tar pitch, whose softening point is
about 110°C. (Other characteristics of these two pitches
were compared in Report No. 12 .n this series.) Mold-
ing temperature was increased at a coastant rate of 50°C/
hr o 900°C, then held constant at 900°C for 1 hr. All
specimens were graphitized at ap, oximately 2800°C in
flowing argon. Manutacturing and density data are sum-
marized in Table V.

Only two specimens, 65C-2 and 65A-3, were made
using 23S pitch, one with 20 pph and the other with 30 pph
of ncer. Higher
mixes which exploded the dies. Comparison with similar
specimens (85D-1 and 65B-1) made using 30MH pitch
showed L.at densities were higher when the higher-viscvs -
ity pitch was used. “'herefore, all suhasequent specimens
were made with J0MH pitch.

When Ge calculated binder optimum for the graphites
listed in Table V is plotted against moiding pressure, as
has been done In Fig. 3, it is clear that when an excess
of binder §.e., 30 pph or 40 pph) is used, packing of
filler particies is such that e calculated optimum binder
concentration is nearly independent of $e binder 0ow.an-
tration actually wed, and is only weakly depeadent on
molding pressure. However, whem s deficiency of binder

of bind A e
pr

TABLE m

MICROMEROGRAPH SAMPLE STATISTICS FOR FILLER 10TS CP-17 AND CP-17b

LOGNORMAL APPROXIMATION
- - -2

“4 9 %4 SW
" &’ " = 2 2, cv
Sample “x3 x “x gnicron) gmicron) gnicron”) €m /g d
CP-17b 4.884 2.545 -2.750 471.60 0.228 0.611 862.0 3.4
CP-17 4.574 2.060 -1.607 271.50 0.562 2.161 927.4 2.62
FINITE INTERVAL CAI CULATION
x » q i cv
* i s )
Sample *3 *x x 4 3 d Sw d
CP-17b 4.597 0.146 0.169 158.16 1.328 1.432 1103. 0.90
cpP-17 4.382 0.261 0. 404 134.55 1.787 3.520 1067. 1.05
T.BLE IV
SURFACE AREA DATA, FILLER LOTS CP-17 AND CP-17b
@) 3 3
= 2 28] dl " Fuzziness muom p ®/cm’)
Sample Sw /i *s gmicron) @Interval Model) Lognormal  Inlerval e Pycnom
CP-17b 6.360 0.003 0.502 1.328 73.78 57.66 1.88
cP-17 6. 620 0.02 0.512 1.784 67.53 58.67 1.87

(1) Standard Dev. of determinations

@ 4

@) Fuzziness Ratio =

Sy (BET)

sw Calec.)

@.e., 20 pph) exists, packing of filler particles is less
efficient, calculated optima are much higher, and optimum

- &
[ o

TED OPTIMUM BINDER,pph
-
~

8 2 8

concentration is strongly dependent on molding pressure.
7 This behavior probably results from the lubricating ef-
fect of the binder, which, when present in excess, permits

1

filler particles to move past each other in response to the
molding pressure, and pack easily to essentially mini-
b mum volume. Packed filler density is little affected by

gg:: } B:DEN iy haX = binder concentation so long as the binder is present in
P . 1 1 1 excess, and the trend of bulk density is similar o that
o ; .. ; ; s 0 ' 0 % of packed filler density. As would be expected, the great-
B : IO'.d er the excess of binder the lower the carbon residue from
Fig. 3. Calculated optimum concentration of 30MH pitch ®

binder for Series 65 malded graphites.



TABLE \
MANUFACTURING DATA, HOT-MOLDED SANTA MARIA GRAPHITES, SERIES Fﬁn.

Calculated  Binder - X!@lg“cmj

Spect - Mo kding Binder Residue Packod » ) Dimensional Change,
men A‘*' Pressure, Optimum, (Baked) Filler _ Bulk raphitized, ¥
Mo, Grade b pei o ] Baked  fked PO
65C -2 238 20 4000 19.3 L S 1.*76 1.610 1.6 6 10.6
63A-3 58 30 4000 18, 8 36. 1 1. 4% 1.646 1.739 -4.2 -3.7 -11.1
©D-i 30 MM 20 4000 19.0 55.4 1,488 1.653 1.7@2 -i. 8 3.6 -10.7
&D-2 JOMH 20 1500 3.9 77.1 1.301 1. 602 1.699 -4.0  -3.9 -1.4
D3 30MH 20 200 I8 6 77.3 1.220 1.504 1.5% 4.0 3.8 11.2
6B OMH 30 4000 181 18. 5 1.503 1.677 1.770 3.8 3.7 10.7
©SB-2 JOMH 10 1502 22.8 N i.427 1.621 1.736 4.0 3.8 11.2
©B-3 30MH 30 S00 24. 8 2.9 1.398 1. 620 1.710 3.9 3.7 -10.9
SE-1d JOMH 40 4000 19.3 37 1. 4583 1.671 .77 -4.1 3.7 -11.1
©SE-2 JOMH 0 1500 22.8 37.2 1.427 1. 640 1.746 4.3 3.9 -1.6
wEiE-) MMH L » 00 26.1 4.5 1.379 1.610 1.7 4.1 3.9 -11. 4

M) All graghites made from filler CP-17

TABLE V1
MANUFACTURING DATA, HOT-MOLDED SANTA MARIA GRAPHITES CONTAINING I'HERMAXO’

Calculated  Binder Density, gem®

Spec: Thermax  Bimder Residue Packed o Dimensioral Change,

mee Addition, Optimum, (Baked) Filler _ Bulk Baked w Gapnitized, T Specimen
o e .. . i . Baked! Baked Graph. Al id iV Appearance
5B-1 o 8.1 385 1.503 1.677 1L.770 -3.8 -3.7 -10.7 Good

TIC-1 5 4.9 36.2 1.516 1. 680 1.7% -4.0 -3.9 -11.4 Cood

TIA-1 10 17.4 37.1 1516 1. 685 1.797 -4.1 -3.8 11.2 Radia: cracks
.-l 15 181 40.0 1. 504 1. 685 1.818 -4 -4.1 -12.1  Radial cracks

M All graghites made from filler CP-17 with 30 pph of Barrett 30MH pitch biasder and molding pressure of 4000 psi.

In ©is series of graphites shrinkage on graphitiza- may not be irue of the other properties of these grephites,
Gua was eseentially (wependent of binder type, binder
concentration, and molding pressure. This was not true
of the molded graphites discuseed in Report No. 13, pp. Seriee 71 The three specimens of this series were made
$-7. o isvestigate the effects of additions of Thermax carbon

The density data of Table V shows no significant dif- black to the mix. Like Series 65, these graphites were
Susanses bet . mobied ot e etme produced from filler CP-17 and Barrett 30MH pitch binder,
moided at 4000 pe! with the same temperature program,
and graphitized in argon--in this case o 2710°C. Manu-
facturing and density data are summarized in Table VI,

which are now being investigated.

i varyiag propertions of encess binder @ithoush s
biader deficiency significastly reduced demsiy). This

TABLE VII
MANUFACTURING DATA, HOT-MOLDED RESIN-BONDED SANTA MARIA GRAPHITES, SERIES 680)
Calculated Binder Density, g t:m3
Binder Molding Binder Residue Packed Dimensional Change,
Specimen ldenti- o Pressure, Optimum, (Baked), Filler Bulk Baked t~ Graphitized, {
No. _ fication pp? _pei " ppb_ % Baked Baked Grah. &! d v
68A-1 Varcum 8251 20 4000 20.4 32.0 1.413 1.504 1.615 -4.4 -4.4 -12.7
-2 Varcum 8251 20 1500 23.8 33.6 1.356 1. 447 1.567 -4.6 -4.8 -13.8
-3 Varcum 8251 20 500 25.3 35.5 1.331 1.425 1.548 -4.7 -4.7 -13.5
€8B-1 EMW 1600 20 4000 16.9 37.0 1.475 1.584 1.699 -4.4 -4.2 -12.3
-2 EMW 1600 20 1500 22.5 36.1 1.377 1.477 1.518 -4.7 -3.8 -13.3
-3 EMW 1600 20 500 24.3 39.9 1.348 1.456 1.591 -5.0 -5.0 ~-14.3
68C-1 EMW 287 20 4000 20.8 30.5 1. 406 1.492 1.603 -4.4 -4.3 -12.5
-2 EMW 287 20 1500 24.1 36.7 1.351 1.450 1.571 -4.6 -4.6 -13.3
-3 EMW 287 20 500 28.9 37.1 i.278 1.373 1.495 -4.7 -4.8 -13.6
68D-1 Varcum 8251 25 4000 27.7 58.0 1.295 1. 483 1.599 -4.5 -4.5 -12.9
-3 Varcum 8251 25 1500 3.0 57.4 1.249 1.428 1.522 -4.3 -4.4 -11..8
-3 Varcum 8251 25 500 39.7 58.1 1. 165 1.335 1. 446 -4.8 -4.7 -13.5
S5SE-1 EMW 1400 25 4000 16.2 22.2 1. 490 1.573 1. 683 -4.3 -4.1 -11.9
-2 EMW 1400 25 1500 17.7 29.0 1. 462 1.568 1.703 -4.9 -4.6 -13.4
-3 EMW 1400 25 500 19.1 32.3 1. 436 1.552 1.70? -5.0 -4.9 -14.1
SGF-la‘ EMW 287 25 4000 15. 4 30.3 1.505 1.619 -— -——- 4.5 ===
-2 EMW 287 25 1500 18.0 33.% 1.455 1.578 1.713 -4.9 -4.5 -13.3
3% Emw 2e7 25 500 18.7 40.7 1.442 1.588 1.741 -5.0 -4.9 -13.5

(1) All graphites made from filler CP-17b

@) Including 1% maleic anhydride curing catalyst

) Specimen cracked through the center of its length during graphitizing and some fragments were lost

4) Specimen cracked into 3 pie-shaped pieces during graphitizing

in which data for specimen 65B-1, containing no carbon
black, are repeated for comparison.

From Table VI it appears that additions of 5, 10, or
157 Thermax had little effect on packed-filler and bulk
densities in the baked condition. Bulk density after
graphitizing increased with increasing Thermax content.
Shrinkage during graphitization was increased by the pre-
sence of the Thermax, which is probably related to the
tact that the specimens containing 10 and 157 Thermax
cracked during hot-molding.

Specimens for physical and mechanical properties

measurements are now being machined from these graph-

ites.

Series 68: The graphites of Series 68 differed from those
of Series 65 primarily in the binders used, which were
furfurvl alcohol resins instead of coal-tar pitches. Filler
CP-17b was also substituted for CP-17 but, as is discuss-
ed above, these two fillers are very much alike and this
is not considered a significant change. Molding and
graphitizing procedures were the same as for Series 65.
The four binders used to make the Series 68 graphites
were commercial furfuryl alcohol resin, Varcum 8251,

with viscosity of 250 cp, and three experimental resins



synthesized in CMF-1Y EMW 1400, viscos:ty 1400 cp.
EMW 1600, viscceity 1600 cp. and EMW 287, viscosity
9200 cp. In all cacso 1T maleic anbydride was included
in the binder as a curing catalyst. Manufacturing and den-
ity data are summarized in Table VII.

Comparing the e data with those of Table V for pitch-
bonded graphites, % .s seen that the resin-bonded graph-
ies have lower packed -filler densities than do the corre-
spoading pitch -bonded ones. Appersnily e lubricating
properties of the furfuryi alrobol resins are not as good
as thoee of the coal-tar pitches so that, at the same moid-
ing pressure, less efficient filler -particle packing is
achieved. Packing density of the resin-bonded materials
did, however, increase as molding pressure was in-
creased, and bulk density in the haked condition followed
a similar trend.

The resia-bonded graphites alsc tended to shrink
more during graphitization than did the corresponding
pitch-ooaded ones. Unlike the pitch -bonded specimens,
the resin bonded graphites showed increasing strinkage
with decreasing molding pressure. This is probably re-
lated ® lower pacang densities in the res-bonded ma-
terials, and thoir conseguent ability ®© accomodate more
shrinkage of the binder residue.

For the graphitized condition, density varied not
oaly with molding pressure but also with resin viscosity

and ation, imd ng an interaction between pack-
ing of filler particles and shrinkage of binder residues.
Fur he 68A, 68B, and 65C graph which od

20 pyb of binder anc in genc~ral were binder deficient,
graphitized density decreased with decreasing moiding

pressure, decreasing packed -filler density, and increas-
ing binder deficiency. For specimens coataining 25 ppb
of binder $8D, 68E, 68F), the trend of graphitized den-
sity varied with the viscosity of the binder. When Var-
cam 8251 @50 cp) was used, packed-filler densities
were “ery low, rad graphitized densities decreased with
molding pressure. With EMW 1400 (1400 cp) packed-
filler demsities were higher and bulk density after graph-
itisation was nsarly independent of mo iding pressure.
Wih EMW 287 @200 cp) graghitized & o
28 molding pressure was reduced.

e¥le

Fig. 4. Representation of two normal distributions hav-
ing different means and equal variances.

Graphitized densities of the resin-bonded specimans
were generally low compared with those of the pitch-
bonded specimens of Series 65. The highest final density
of any of these resin bondcd graphites was 1. 741 ;/e.,
for specimen 68F-3, which was bonded with 25 pph of the
highest-viscosity resin and moided at only 500 psi. The
corresponding specimen containing only 20 pph of he
same resin @pecimen 68C-3) had graphitized density of
only 1.495 ye-’. Volume shrinkages of the two speci-
mens were nearly the same, about 12.5%. The difterence
was principally » jacked-filler densities, which were
1. 442 g/em’ when 25 pph of binder were used and ouly
1.278 ycm! when binder concentration was 20 pgh. It
is evident that the lubricating property of the biader is
extremely importan: with regard to compaction bebavior
of the filler and density of the finisled graphite, and that,
especially when the binder has low lubricity, a deficiency
of binder has very serious effects on compaction and
density.

Specimens are now being machined o determine the

effects of these variables on properties other than density.

E. Extruded Santa Maria Gi tes

Extruded graphites made with Santa Maria fillers are
discussed below in connection with research on binders.

u_ PARIICLE PACKINC

A. Theory . D. lewis)

Ome of the major parameters that coatrols the fabri-
cation bebavior and properties of any initially particulate

system, including most ceramic and powier-metallurgy
products as well as carbons and graphites, is the packing
behavior of the solid particles of which it is principally
composed. A few generaiizations can be made concern-
ing particle packing, simply on the basis of experience
and empirical observations. So far, however, there is

of powders according to their coefficients of variation and
0, presumably, in the order of the packed density that
they will attain under a given set of compaction conditions.
Thus it provides a criterion for selecting among different
powders or selecting a weight ratio in which two powders
should be combined in crder to produce maximum packing
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no rational method for even a semiq tative pred
of the packing behavior of a given powder based on the
measurable properties of its particles.

In an attempt ©© improve this situation, Lewis and
Goldman (. Amer. Cer. Soc. 49, 323, 1966, and LASI1
Report | AJ6S6, 1967) have proposed a “maximum vari-
ance, coeflicient of variation” model of the packing of
particulate solids. The development of the model was
intuitive, and was based on the concept that a broader
distribulion of particle sizes--represented by a larger
value of 3gr the variance of the distribution--would im-
prove the probability that small particles would fill the
voids between larger ones, and would therefore increase
packing density. However, as is illustrated by Fig. 4,
two powders having normal particle-size distributions
may have the same variance and still differ widily in
their degree of "monosizedness”. Thus, rost of the
particles in the distribution having a mean particle diam-
eier ci) of 100, have diameters within #5% of the mean,
while in the distributicn whose d is only 10, the corre-
sponding range is #50% of the mean. The latter distri-
bution would be expected to pack to higher density. Be-
cause of this, Lewis and Goldman used the coefficient of
variation .f the particle-size distribution, CVd - ud.ra,
to predict packing “ehavior rather than using the vari-
ance alone.

The | ewis-Geoldman mode! simply predicts that par-
ticulate systems having larger value- of CVd will pack
to higher bulk densities. It assumes that the particles
do not deform appreciably during compaction, and the
statistical treatinent assummes lognormal particle-size
distributions, implying positive skewness in the distri-
bution of particle sizes. It does rot provide a method
for computing the bulk density of a compact made from
a given powder. However it does provide a statistical
procedure for ranking individual powders or mixtures

During the past two years experimental evidence has
been gathered whick indicates quite convincingly that CVd
is a reliable measure of the relative packing densities to
be expected of particulate systems. Some of the evidence
is discussed in the next section of this report.) However,
of the validity of the "maxi-

mum variance, coefficient of variation” model has exiz:

no math 1 verifi

ed. Therefore an attempt has recently been made t pro-
duce an analytical demonstration that it was correct.

During the past ten vears, several prominent statis-
ticians have published articles on random space-filling.
In most cases the problem considered has been that of

determining the average ber of line

gments of
length d which could be placed at random, without over-
lap, on a line segment of length x, where x is much
greater than d. The simplest situavion is that in which
length d of the line segments is constant. Analytical solu-
tions to this problem have been derived by P. E. Nev
(Ann. of Math. Stat., 33, 702, i962) and by A. Renvi
(Publ. Math. Inst. Hung. Acad. Sci., 3, 108, 1959).

A pts to d it to two di have been made
by I. Palasti (Publ. Math. Inst. Hung. Acad. Sci., 5,
1960) and by H. Solomon (Dept. Stat., Stanford Unmiv.,
Tech. Report No. 148, 1969). These authors were con-
cerned with estimating the average number and variabil-
ity of the number of segments of constant length that could
be randomly placed on the line. None of them appear to

have considered the case of a distribution of line-segment
lengths, or the problem of determining a distributional
parameter which is related to packing density on the line.
Although it is obvious that a one-dimensional model
is a great oversimplification of the three-dimensional
particle-packing problem, it was decided to use this
model in an attempt to test the relation between CV_ and

d
packing density. W. M. Visscher, 1ASL Group T-9,
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after discussscn with A. Goldman, derived an analytical
solulice © the cae dimensiona! prodblem for the cases of
L) anc N © ly sized rarticies. The
istegral cquations der:ved by Visscher are of the same
form as Bxee dertved by Nye and by Re wi. The sketch
of Fig. 5 illustrates e problem coas.iered A jarticle
of longth d is placed at random on the lLine pae dimen-
_l-‘mndb‘t.dmuum
(L ted). Adtitoma! partic ies are sdded until no more

cas b placed on Be Une without intersection. The solu-
Gos © the problem 1s he integra! mauanon
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where M )  mean sumber of particles on the line
M (0D ° meas sumber of particles on the se-
quent &, O
€ (@) - probability demsity fumction repre-
senting the particle -stze distribution.
This istegral equation is solved by as iterative sumerical
method, wsing Be facts Proves by Nye Remyi, acd
Visscher) Bhat
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where 07 1/2") indicates terms of 1 x" for » very
wrge.

Por @ case of mosvsized particies. the packing des -
sy calouinted i Bis way is 0. 748--@at s, 74. 9% of e
lsag® of the line i Nmally cocupted by short line seg-
ments of constant leng® ¢. Ths is surprisiagly cives ©
Go Greodimensicesl. cioes-pached. packiag fractos of
6.741 for mosveized spheres.
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simple case of the uniform (‘rectangular”) distribution,

in which g(d) = 1/(b-a), where b and & are, respectively,

the upper and lower particle-size limits. For this distri-
bution the mean particle size is (b + 2)/2 sad the variance

2
is (b-2)"/12, so that the maximum valee of cv‘ is 0.577.

Packing density on the line was calculated for severa!
values of a and b, with the results shown in Fig. 6. It
was nd that as the lower particle-size limit, a, ap-
proached zero, packing demsi’y increased, as indicated

by the several values plotted at CV‘- 0.525. (The two
values well above the average curve are probably unreal-
istic, since they represent cases in which a was extreme -
Iy small sc that many particies could be packed into es-
sentially zerc leagth. The two low values represent cases
in which b was large relative to the line length, and so

are also probably not representative. However, the aver-

age of these sxtreme cases--repr d by the d d
circle--is ncar the gemeral curve.) For similar mean
particle sizes packing 3 ty increased ly with

increasing CV‘ and, on the average, reached a maximum
nb-ro.n-bucvdmnnui--. MCV"m
reduced oward zero, packing density approached the

value for the monosized case.
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7ig. 6. Pucking density ca the line related © coefficient
of variatios for uniform aad linear distributions.

Packing densities were also estimated for the linear

distribution, g (d) = p+ kd, where p and k are

These results are also plotted in Fig. 6, and are very
similar to those for the uniform distribution. This is
not surprising when it is noted that the linear distribution
becomes the monosized case when the variance is zero,
and when the variance becomes large the linear distribu-
tion approaches ihe uniform distribution with C\ld ap-
proaching 0.577.

A few caiculations have been made for distributions
such that g (d) is defined by lognormal functions. These
aga.n showed that packing density increases with CVd.

They also indicated that, as CV_ increases, the packing

d
density approached by lognormal distributions is much

higher than those approachec by uniform or lineas distri-
butions. Evidently the nature of the particle-size distri-

bution must be cc dered in attempts to find a q -

tive relation between packing density and cvd.

B. Experimental (R. J. Imprescia)

Experimental evaluation of the relation between C\ld
and packing density is difficult in the case of graphites
for several reasons, reiated both o the characteristics
of the particles and to the changes that occur during man-
ufacturing processes. The filler material usually has a
very broad range of particle sizes, in a distribution
which is poorly approximated by the lognormal function,
and the particles usua’ ° exhibit a broad spectrum of
shapes. Compaction experiments are affected by spring-
tack of the filler, which may be large if the particles are
not held firmly in place by the binder. The binder may
react with volatile matter in the filler, causing a change
in packing characteristics. As has been discussed above,
the lubricating action of the binder is important in per-
raitting filler particles to move past each other during
compaction, and its effectiveness in doing so varies with
toth the nature and the concentration of the binder. In
hot-moiding, if the filler is a coke which has not previ-
cusly been calcined to above the molding temperature, it
may underge weight loss and shrinkage during molding,
which changes it= compaction behavior.

[« spite of these difficulties, reasonably good pack-
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Fig. 7. Packing efficiency as a function of coefficient of
variation for five different filler materials.

ing densities can be determined for carbon fillers by hot-
molding experiments, provided that the fillers have been
heat-treated to temperatures at least as high as the max-
imum molding temperature and that at least a sufficiency
of binder is present.

Packing-density data have been collected from hot-
molding experiments on pitch-bonded fillers of five differ-
ent types. These included: two isotropic fillers--Robin-
son coke, and a group of Santa Maria cokes: a commercial
needle coke; a graphite flour produced by grinding com-
mercial YBF graphite, which is supposedly made from
a needle coke; and a ground Ceylon natural graphite. All
but one of these fillers had previously been heat-treated
to at least 900°C. The exception was filler No. CP-8800)b,
used to make specimen No. 63 -2; however, previous ex-
perience with this filler had indicated that very little
weight loss occurred when it was hot-moided. All fillers
were mixed with a slight excess of Barrett 30MH coal-
tar pitch, and mokied at 4000 psi in graphite dies © a
temperature of 900°C. Density data for the molded spec-
imens in the baked §.e., hot-molided) condition are sum-
marized in Table VIII and Fig. 7.

Because the densities of filler particles vary both
with the!r internal structures ard with the temperatures
to which they have been heat-treated, the maximum bulk
densities ® which various fillers can theoretically be




TABLE v
RELATIVE PACKING DENSITY AS A FUNCTION OF COEFFICIENT OF VARIATION
FOR HOT-MOLDED, PITCH-BONDED FIL! ERS

Smcimen Filler

L3 Lot No. Type
- THCTD-1 Robuason
»ur THCTE)-17 Robiason
e CP-s@uame Santa Maris
6IN Series G-28 Saata Maria
S4G-1 CL-%@%. 1) Santa Marwa
-1 ClL-sm-2) Sants Maria
-1l CL-9W-.3) Santa Maria
-l CL-9@- 4 Sants Maria
-r- CL-6 A215) Sant Maria
.- CL-¢ axay Saate Maris
-1 CL-% glan) Sants Maria
-1 CL-6 2een Saats Maris
ox-1 CL-¢ geos) Sanm Maria
- TRn-1 YBF Graghite
-4 TYBN-2 YBF Graphite
L TBN-4 YBF Graghite
-2 TYBN-12 YBF Craphite
» TEW-1 Neadie Coke
c TEW-2 Needle Coke
%D TCW-3 Needie Coke
» TCW-S Needle Coke
- TEW-. Newtie Cone
- Tow)-1 Nat Graphiw
=s Tow)-2 Nt Graghim
7o Tow)-3 Nat. Graghite
us Tom) 4 Nt Graghite
nr Tow) - Nat. Graphite

" Density, .c-’

Packed Packing . B
Filler Helium Efficiency 3 €%
1.4 PN 14 77.5 1.142
L3 Ler 7.3 0.780
1. 480 1.883 7.0 110
1.612 2.084 77.4 0.729
1.47¢ 1.870 789 1.27
1459 1879 79.2 126
1. 457 1. 884 789 1.07
1,481 1. 889 8.4 0.%2
1wl 2.9i nm 0.78
L 2.10 7.1 o.8s
1.534 2.13 2.0 o.87
1.563 2.1s 2.7 0.87
1.556 2.16 2.0 0.86
1.66 2.21 75.1 0.973
L& 2.21 7.5 0. 969
165 2.21 4.7 0. 807
1.58 2.21 7.5 0.772
1.57 2.12 T4 1.006
1.52 2.12 1 0.684
148 2.12 69.8 0.810
1.4 2.12 65.9 0. %69
L& 2.1 8.4 0.803
1.7¢ 2.27 77.5 0. 856
1.74 2.27 6.7 0.716
170 2.27 .9 0.766
168 2.27 4.0 0.721
Les 2.27 74.0 0.762

S0 cpertmentslly dotrmined packed fililer demsities by
®esns of ¢ parameter vhich sccounts for Be bulk dea-
SiGes of miividunl particlss. The sormalizing factor

wsed here is Delium density --i. 0., the density of the
mnun“l-uh.r-h-lylﬂ-
Pycsometry - -which 1s assumed o represent the bulk
hn"(mlhl“ll.o-mhlmmﬁ-
ed © fill space completely . ~<tually, since holium cen

enter surface-connected "vids too small to be entered by
other particles, this is an overestimate of the bulk den-
sity that could be attained with perfect packing.) The in-
dex of packing efficiency is taken to be the packed filler
density o! the baked sample divided by the helium density
of the filler.
Frem Fig. 7. it is evident that there is a great deal
of scatter in data relating packing efficiency to CV_, and
that the scatter is worse for lower values of CVd. The
trend, however, is clearly that packing efficiency in-
creases with C\'d. It is believed that the scatter ,esults
largely from variations in particle shape and in the de-
gree to which wnids within the liller particles are con-
nected o particle surfaces. Thus, well-oriented, plate-
like particles would pack © higher densities than would
rounded equiaxed particles, and equiaxed particles to
higher densities than less-re¢ zular shapes. This might
be represented by the ‘shape-factor bands suggested by
the dashed curves in Fig. 7. Much of the rest of the data
scatter can probably be explained on the basis that parti-
cles whose internal porosity i3 largely surface-connected
have high helium densities but, if their pore volumes are
large, they cannot be packed ®© produce high bulk density.
'With such a filler the calculated pack.ng efficiency is mis-
leadingly low.

IV. BINDER CHEMISTRY

A. Polyphenyiene Binders (E. M. Wewerka)

Most of the polyphenylenes which have been reported
in the literature have been made from benzene or were
copolymers of benzene. In geners! they have been insol-
uble and infusible. Recently luilow and his coworkers
have reported the copolvmerizition of bipheny! and m-
terpheny! to give a polymer th.t is less crystalline than
those usually obtained ‘rom the polymerization of ben-
zene. As expected, the lower degree of intramolecular
bonding in this material caused it to have a true melting
range and a reasonable degree of solubility. Bilow's
work indicated that additional reductions in meliting tem-
perature and greater solubility could be obtained by fur-

ther increasing the degree of molecular disorder in the

polymer. To polvmerize such irregularities into the poly-
pheny'ene system has indeed been the main objective of
the CMF-13 work on these materials.

An effort to repeat some of Bilow's work has given
unsatisfactory results. Biphenyl and m-terphenyl were
copolymerized by Bilow's group from the melt--i.e., the
comonomers were melted and polymerized as such, after
the addition of a catalvst. Here it has been found that
when this procedure was used the reactants soon became
too viscous to stir, after which most of the polymeriza-
tio:. ok place in an uncontrolled, heterogeneous manner.

To alieviate this problem, an attempt is now being
made to arrive at polypheny lenes by solvent polymeriza-
tion cf aromatic materials, including benzene, biphenyl,
and a mixture of bipher | and m-terphenyl. It is antici-
pated that presence of the solvent will result in uniform
dispersion of the reactants, catalyst, and product during
polymerization. For this purpose the solvent must be
either non-aromatic or a nonreactive aromatic, so thet
it does not itself enter into the polymerization. However,
it must be able to dissolve 2 wide : .nge of aromatic ma-

terials.

The ini*ial solvent choice for this purpose was deca-
hydronapthalene. However, evea benzene could not be
polvmerized in this solvent, due apparently to some fac-
tor such as a solvent-monoiner or solvent-catalyst inter-
action, a solvent-dipole mismatch, or solvent impurities.
An attempt has therefore been made to use nitrobenzene
as the solvent for polvmerization of benzene. This too
has so far been unsuccessful. However, a number of ex-

perimenta! variables remain to be investigated.

B. Synthesis of the | actone Component (E. M. Wewerka,
R. J. Barreras)

One of the bvproducts of polymerization of furfuryl
alcobol with v -alumina is thought to be 4-methyl, 4-
furfuryl, 2-en, \ -butyrolactone (v -BL"). T» assure
that this identification is correct, an attempt is being
made to carry out the independent synthesis of v-81
so that the product can be compared with material iso-
lated from the alumina-poivmerized furfurvl alcohol res-
in. At this point two alternative methods are being in-

13
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Fig. &% Alersative synthetic routes o t-methy | 4-furtury’,

vestigated, which are llustrated in Fig. 5. The first
two steps, ehich are commons © both synthetic schemes,
have boen compietad, and work is progressing on subse
quest stops

A stuly © determine the manner n which  -BL s
formed during the po hymerizaton of furturyl alcobo! has
alsc bees undertaken A joesible intermaediate in it for-
mabon s » -angelica lactone, and the conditons under
which e lacwae s produced from levulinic acd are
Berefore beiag examned. \Various condiions have been
tried ® effect B raasiormacon in a tacile manner, in-
claing wse of debydrating agents | NJR)‘ - Alx()J
ud‘)‘; altering reaction tidve Ap W 4 bours) and
adjusting pressure Atmospberic © '00 torr). None of
Bese has been entirely successful, and the best cond: -
Goas so far found for the reaction are slow distillstion of
levellmuc acwd at pheric pressure. Even under these
conditions, & considerable amount ¢! resinified material
was bund ia Be distilling flask. It is not certain whether
Bie resdus was a polylevulinic acid or & polymer of
aagelcs acwae formed Hhrough its double bod after

. |

2-en, v -butyrolactone ( “v-BL" ).

initial debvdration.

C. Infrared Investigations of Polymer Components
E. M _Wewerka)

Throughout the inveshigation of e low -molecular-
weight components < * ‘urfuryl alcobol resins. infrared
spectroscopy has been used as a qualiative ol ®© aud Ia
the ider tification of constituents isolated by gas chroma-
« wraphy. Infr.red data were available for most of the
speciu e expecied © appear in these resins, so that direct
compa. isons of these with the spectra of comjonents
isolatad Sere has pruovded a quick me®od of component
id-ntification. However, no spectral data had previously
bean compiled for two of the compunents 2, 5-difurfuryl
furan, and 4-methyl, 4-furfuryl, 2-em, v -butyrolactone
(v-BlL). A qualimtive correilation has therefore been
made of the [R band posibons with the structures assigned
© these two materials.

It was expected that 2, 5-difurfury! furan would have
an IR spectrum similar to that of its lower bomolog, di-
furylmethane. T .; was the case except for three new
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Fig. 9. Assigned nuclear magnetic resonance chemical shifts and multiplicities of the: low-molecular -weight

constituents of furfuryl alcohol polvmers.

bands found at about 1562, 976, and 792 cm .. Consid-
ering the strvctures of 2, S-difurfuryl furan and difuryl-
methane, .t appears that the 1562 em”! band is a ring-
stretching frequency of the center furan ring. The other
two bands are probably due to carbon-hydrogen out-of-
plane deformations of the center furan ring, since they
appear in a region in which such excitations are usually
observed.

The situation for v -BL is more complicated. In ad-
dition to bands expected for the furan system, many
others appear in the spectrum of v-BL, and assignment
of an excitation mode o each of them is difficult. How-
ever, corroborative evidence for the o , 8 -unsaturated,
v -lactrne structure can be obuained by examining the
160G to 1209 cm.l region of the spectrum.

A strong carbr nyl stretching band peaking at 1755
cm.l is found in the IR spectrum of v -BlL. Its relative-
Iv high frequency seems to be characteristic of lactone-

or ester -carbonyl groups. More substantial evidence in

this respect is the fact that the carboryi band of v-BL is
nea ™~ . _atical in both peak shape and position to that of
the simiiar molecule 4, 4-dimethyl, 2-en, v-butvrolac-
tone. Further, the carbonv! band of v-Bl appears simi-
lar to those of several other o , ® -unsaturated, v -lacwr2s
described in the literature.

Also of interest is a weak band in the v -Bl. spectrum
at 1603 cm ', which can be attributed o the conjugated
double bond in the lactone ring. Again the spectra of su')-
stituted o, ? -unsaturated. v -ipctones described in the
literature are useful for compaiisons. In nearly all in-
stances a band near 1600 cm | is observed in the spectra
of these lactones, providing further information regarding
the position of the double bond in the lactone ring of \ -BL.

D. NMR Investigations of Polymer Components {E. M.
Wewerka)

Nuclear magnetic resonance (NMR) has been a most




TABLE

x

EFFECTS OF BATCH SIZE ON THE PROPERTIES OF EXTRULED C RAPHITES

Binder Young's Electrical Thermal Coefficient of
Bula Cartea Modulus Resistivity Conductivity, Therma! Expansior,
Mis omparets Bawch  Deasily, Residue, 10° pa sOem W em-'C in/inc®
Fowr  Bisder Size  goem’ 1 wG WG AG 'C_ AG WG AG
G-is Vare %251 Small 1. w78 “. 5 2.52 1170 1s97 1.22 0.s 2.69 4.60
Coas LMW 1600 mall 1. .90s 4 2.57 1105 2059 1.0 o.70 2.5 s.2
Danges <002 2.9 s & -8 <018 -0 4 -0.19 «0.61
Goas Vare w251 large 1. 872 o.3 2.458 154 21m L21 s 2.4 4w
G-1e EMW 1690  large | w1 .6 2.74 1045 2096 1.25 om 2.46 S 02
" Damge~ 0 e «3.3 +«0.2¢ -106 123 +6.04 +«0.08 -<0.08 -0.12
G2y Vare &1 Small 1 8% “os 2.2 1150 1860 LT om 2.3 4am
w-29 Edw 60 Semall 1. %0 1.0 2. % 114 1903 1.29 oM 2.8 um
Danges 0. 008 2.4 «0.07 -5 -4 «0.12 «0.01 «0.4¢ 0.00
w2 Vare W1 lLarge 1. L L 2. e 1543 1.3 0.76 2.4 4u.®
-29 EMSN 1500 arge  1.W0 ) 2.% 1145 1914 1.2 oM 2.4 4.2
(Changes 0. 27 3.6 «0.08 0 29 -0.05 -0.04 -0.41 -0.60
G- Vare @ Somall I. s~ “ s 2.16 12%0 11 - - 2.61 4. 64
G-13 Varce %251 large 1. %01 2.3 1133 1901 1.2¢ 0.7 263 424
hanges 0.0 «0.15 -147 20 - «0.02 0.4
-2 Varc 251 Sena il 1. 4T .75 1626 17e o8 oT 5.19 5.4
-2 EMW 1600 Small 1. 906 .2 1.7 1368 LYY o 0.62 4.9 6.04
(haages <0.04 2.8 “0.04 258 <10 «0.10 -0.08 -0.26 -0.56
G- Vare ®51 lLarge 1. W) LA 72 1608 - -
2808 EMW 16090 large 1.so2 5L.3 .7 1590 - -ie e
hanges e 021 «3.2 -0.03 L] - - - -

@) Average, 15-645°C

shmbie amah Bcal weharqu for identfying e compoe -
ents of farfary | aloobcl resins. In Fig. 9 e NMN fre-

G ored b Be s b

les are Lsteu.

The tand positions relztive o Wwtramethy | silane (TMS.
calisd chemical shifts . are gives n parts per milliocn
dowufield from TMS. vi® as iadications o' whether the

particulnr band (s & sngiet @), 2 dowbiet @), or & mal-
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V. _EXTRUDED GRAPHITES

A. Effects of Batch Size and Binder Type . . Dick-
ingon)

Seversi relatively large betches of extruded graphite
have been made using four differest graphite flours and
wo differest farfury| aicobol restn binders The effects
of betsh ¢tz and binder type o= Be properties of graph-

TABLE X
ANISOTROPY RATIOS OF EXTRUDED CRAPHITES

Anisotropy Ratios Preferred Crystalline
Coefficient Orientation Pt
Mix Components Batch  Electrical Therma! of Thermal M Bacon g TR
Flour Binder Size Resistivity  Conductivity Expansion Value Index L _9%02
G-18 Varc 8251 Small 1.62 1.85 1.7 .77 1.454 -—- -
G-18 EMW 1600 Small 1.8 2.00 2.08 1.8} 1.473 -——- -—
Changes Small +0.24 +0.15 +0.37 +0.16 +0.019 -— -
G-18 Varc 8251 Large 1.88 1.89 2.04 .95 1471 - ---
G-18 EMW 1600 Large 2.00 1.74 2.04 2.15 1.542 -— -—
Changes Large «0.12 -0.15 0.0 +0.20 +0.071
G-29 Varc 8251 Small 1.62 1.65 2.05 1.75 1.435 —— -—
G-29 EMW 1600 Small 1.66 1.79 1.73 1.3% 1.360 —— ——
Changes Small «0.04 0.4 -0.32 -0.36 -0.075
G-29 Varc 8251 Large ' LN 1.72 1.48 1.382 480 3.360
G-29 EMW 1600 Large 1.67 1.74 1.77 - o s i
Changes Large -0.03 +0.03 +0.05 - -e-
G-26 Varc 8251 Small 1.15 1.16 1.06 0.35 1.0% —— .-
G-26 EMW 1600 Small 1.38 1.47 1.23 0.4%8 1.382 480 3.360
Changes Small +2.23 +0.31 «0.17 «0.13 «0.208 - -

ites made from the various fillers have been evaluated.

The size of 2 normal extrusion batch is controlled
by the capacity of the mix chamber of the CMF-13 extru-
sion press, which will hold approximately 900 grams of
most graphite mixes. Larger batche. made by blend -
ing and chopping the required amount of mix and extruad -
ing it in a series of lots of about 900 grams each @s has
been described in LASL Report No. 1.A-3981, and in pre-
viour reports in this series). Some variations in proper-
ties with batch size have been noted.

The four fillers used in this experiment were: Great
Lakes Grade 1008-S graphite flour, CMF-13 Lot No. G-
13 CMB-6 lot No. M2). Great Lakes Grade 1008-S
graphite flour, CMF-13 Lot No. GG-1% CMB-6 Lot No.
M), Creat | akes Grade 1608-S graphite flour, CMF-13
Lot No. G-29 CMB-6 Lot No. M), premixed with 15%
of Thermax carbon black. and Santa Maria graphite flour,
CMF-13 Lot No. G-26 (Y-12 SMIV Blend 1). The two

binders were: Varcum 8251, a commercial furfuryl al-
cohol resin made by diluting a high-viscosity esin with
monomer to a final viscosity of about 250 cp: and EMW
1600, a CMF-13 furfuryl alcohol resin made by polvmer-
izing directly to a viscosity of 1600 cp. In all cases the
binder contained 47 maleic anhydride as a curing catalyst.
a.d the dry mix composition was 85 parts graphite flour
and 15 parts Thermax carbon black.

Properties of the graphites produced are listed in
Tablez IX and X. The values given are averages repre-
senting a number of rods from each batch, and in most
cases several measurements on each rod.

With all four of the fillers, substitution of EMW 1600
for Varcum 8251 significantly increased bulk density,
binder carbon residue, and Young's modulus. The effect
<1 this change in binder on other properties and on the
anisotropy ratios was less consistent. In most cases,
however, the use of the more viscous binder increased
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TABLE XI

BULK DENSITIES OF SOME ACE4 EXTRUSIONS

o< men

n 1
Namber 0. 475 . dia . 475 . dia 4 :" :'J!’: - 0 ‘.":\":"d:ua
ACEI 2% 1. %1% e e 1924
ACEA- I 1 8is 1.9 919 1 924
ALCES In (-7 1. 91 1.81%
ACES 12 1.91s " 1. 920 1.924
ACE4S 1ele .31 318 1.320
ACs 23 iL.w2e 1.91% b 1 4
ACES Avg L 13 pr. 1.9 « 818 « 0¢l 1.921 2 0.003

B dogree A asisiropy of the graghite, and Bis trend
a8 stromger for amall batches han for Lrge ones
AR iscrease n batk b size wsually i reased bulk des
ity emder cartme ressfue. Young s medulas, and de
gree oA ametrogs . although (a general these changes
were nBer as Brge wor as consistent as ose procduced
n changng e bowder
In mrge fakhes of graghite made using FMW 1500

resia some stratur sl impwriectaons have heen  bmerved
murverogacaih . munh a e lorms f centralh weated
Amal crach svstems sma il puned micTocracks and
strings of pores. These apgwar mt W have heen serous
h 4 apag w Be properties of the g aphites, since the
M gheo! streagthe am! demsities o ‘27 beerved sere
messured vn Bese graghites. Al least in part ey may
bave resulied from 3 promcumced ncrease i viscosity of
Br [M% resm ohich cccurred at some @hmwn Ume
Swring Be ot severs! months A new orocedure for
sturing amd wsing suh resins s beem established w
ol Be poesid:ility Dat tod ch

nges of Bis type
will aflusnce 'elure reswits | However exmperimens

heve doen endertaben W determine why and ot what stage
o masudacture o1 hea! (res Mment heose defects were pro-
B

Craghite ACE4. made oo & large bawch from G-18
Grest Lakes 1006-5) grash.we (owr. Thermas cartos
Slach and UMW 1600 graghive Mow . wes fowmd micro-
scopiceily ® cv” Wis some micr~crecks parsiiel k e
emIwsios ams Mowever W physicsl properties were

Full-leng® Rd 13- 1engtt Rod,

Bulk Density, g em

Juite uniform, and it was selected for tensile testing and
fensity evaluation.  The unmachined rod approxmately
75 0. da) tested 10 4-in. lengths gave an ultimate

tensile strength ¢ 32 Psi with standard deviation of
1 pe Specimens machined to 0.250-1n. dia 1n the
enter of the gage section with large end radii gave an
slimate tensile strengts of 4775 psi with standard devia -
Lon of 207 pei. This is the highest strength so far re-
ported for a CMF-13 extruded graphite.

Densities were measured on D ACE4 ruds from
which the tensile bars were machined. Measurements
were made on full-lengtl hars. on 1 3-length bars, on
I 2 length tars from whics a skin 0. 020-in. thick had
been removed, and on | J-leng® tars machined % 0250
in. dia, with “he results listed in Table XI. There is a
trend woward higher density away 'rom the surface of the
extrusion. which indicates that the exteriors of the rods
were slightly more porous than their interiors. This
would he expected W cause some ¢ hange in strength wih
specimen diameter. but not the large change noted above
Evidently either the specimen used or the testing proce -

dure for full diamete: specimens gives misleadingly low
values.

B._Effects of Catalyet Consentration §. M. .

The effect of the cuacentration of cui ing catmlyst add -
ed ® Varoum 8231 binder res was discreend briefly
s Regort No. J ia e series. Up © 2 5.3, an increase

TABLE XII

COMPOSITIONS AND EXTRUSION CONDITIONS OF ZrC - GRAPHITE COMPOSITES

ZrC Content Extrusion Conditions i Green Comments
Sample Weight Weight Binder Pressure, Velocity, Temznmrg‘l Vacuum, Diameter, °n Mix
Numnber Ratio ® Fraction Increment’ pe: in./min  Mix Chamber Torr __in, Texture
ACP4 0.10 0.091 0.257 3825 164 45 50 40 0.5035 Wet
ACP'“‘ 0.10 0.091 0.257 6120 171 6 4O 400 0.5005 Wet
ACPS 0.20 0.167 0.257 4050 180 41 L & 450 0.5025 Wet
ACP? 0.30 0.231 0.257 160 53 4= 500 0.5055 Wet
ACPS 0.40 0.286 C.056 5625 157 49 49 650 0.504 Dry
ACPS 0.50 0.333 0.060 5670 164 43 43 700 0.506 Dry
ACP10 0.60 0.375 0.104 405¢ 164 4+ 49 <900 0.504 OK
ACP11 0.67 0. 402 o.111 3825 1711 4“4 51 <900 0.503 Wet (?)
ACPI12 0.77 0.435 0.113 3375 171 4 3 900 0.502 A little wet
ACPIy 0.87 0. 466 0.195 3825 171 47 s 600 0.504 A little wet
ACPI4 0.97 0.493 0.087 3600 157 4% 49 > 1000 0.5035 OK
ACPI1 0.0 0.048 0.057 4350 164 48 4% > 1000 0.5055 Dry
ACP16 0.025 0.024 0.057 5625 164 4 50 700 0.5025 OK
ACP17 0.125 0.012 0.114 4725 171 46 4% 1000 0.506 oK
ACPIS 0.006 0.006 0. 000 4500 171 47 6 1000 0.506 OK

@) Ratio by weight of ZrC to graphite filler @85 parts G-18 plus 15 parts Thermax).

&) Fraction of total filler ZrC plus G-18 plus T *rmax) that i1s ZrC

« ;rams of binder added per gram of ZrC in addition to 27 pph required for the graphite.

€ ACPS was made us'ng EMW 1600 binder. all others were made with Varcum 8251,

in catalyst concentration increases the carbon residue
realized from the binder and the bulk density of the fin-
ished graphite. However, if too much cataly=t is used
the polvmerization reaction occurs too rapidly, which
can damage the graphite during curing or even cause the
mix to ‘setl” before or during extrusion.

Craphites made from high-viscosity furfurvl alcobol
resins have sl own some tendency toward cracking, jar-
ticularly when made in large batches. It was thought
possible that the cracking occurred during curing and re-
sulted from use o oo high a concentration of catalyst.
Accordingly. three lots of extruded graphite were made
from S5 parts G-1% Creat Lakes 1008-8) graphite flour,
1% parts Thermax carbon black, and EMW 1600 furfury!
2lcobo! resin catalyzed in one case with the usual 47 of

maleic anhydride and in the others with 37 and with 27

of male.c anhydride. The graphites with 47 and 27 of
catalyst were heat-treated together. That containing 37
of catalvst was made more recently, after a2 distinct in-
crease ir resin viscosity had occurred, and mzy not be
directly comparable wth the other two.

Graphite ACES, in which the binder contained 47
catalyst, had bulk density of 1.905 g cm1. binder carbon
residue of 49,27, and electrical resistivity of 1086 ,licm.
Gravhite ACES, in which the binder contained only 27
camly=t, had bulk density of 1. 887 g/cm”. binder carbon
residue of 47. 47, and electrical resistivity of 1119 | Lem.
No differences were detected microscopically between the
two graphites.

It appears that in this case no benefit was obtained
from lowering the concentratior of male:c anhydride cat-

alyst from 4% w 2%, and that scme degradation of graph-
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TABLE XaQn

CRYSTALLINE PARAMETIRS AND PROVFERTIES OF HEAT-TREATED POCO CRAPHITES

Crysmlline Param.ters

Origine Bul a . L o r— Therral Electricai
Now< imen Prace {nm.t‘, Voud 202 e o L'fwdmanm Ruf-!xv-ry.
No Tade A cm Fracton A_ » M Wiem-X s .Cm
15 AXZ W 1.5% i 3. 365 430 10 0.7¢ 1949
4 AXZ R Al 14 1384 430 0.¢1 0.75 1921
AXZ OB« LS 27 1. 364 a 0.17 089 i615
- AXT UGB .81 27 1. 366 375 <0.01 0.2 1588
P19 1.753 221 1. 367 180 0.18 .07 1222
12 AXM-WQ 1.75 22 1.368 150 0.12 1.1 1337
10 EP-1924 1.766 21 3. 367 355 .07 1.28 1133
i AXM g 1L.7e7 s 3. 367 0.09 1. 14 13150
S Ey i 1.773 212 ' 8T 350 0 04 1. 18 11se
ANF-Q TRS 2¢ 3.367 350 0. .12 1.1s 1’8
AXF -9 1. 817 e 3.368 35e L. 04 1.29 1237
AKF QB F ) 0.185 1. 368 139 0.01 1335 1068
s A QB 1% 157 1. 368 33 0.09 L1219
‘ AXE OB 1. 900 0. 1548 3.368 325 0.07 cwe 1018
AXF QR 1.4 0. 154 3,368 125 0.0 iLm L1 o
& Manmas amsotropy from [ (4 1 sm" ]

e properties resuitsd (rom the change
Mhe graphite made s 1. maleic anhydride catalyst

had belk density of 1. %14 ¢ om . binder carbon residue

f A8 1, elec’rica. resisuvity of 1096 _lem. s
Youwag's modulus of 2.66 x 10" pei.  Because of the
change in binder viscosily with time. it is not clear that
e high dens.ty of Dus material was due  De catalyet
concentration uax. The possible desirability of reduc
ng De malewc anbydride concentration from 4% o 3T in
high wiscosity furfury! alcobol resin  » | therefore be

dete minad in & fulure experiment o Jis type.

V1 GRAPHITE CARBIDE COMPOSITES

A. FExtrwled Graghite I r( Composiies §. M. Dicxinson)

For use ia 3 studv of e relctonst'p between ther -
mal comductvity and thermal diffusivity. & heter. Jenerus
moterial » required. A jarticulate comp eite cont..s.ng

var-ous proportions of Z-C particles in a graphite matrix
has been selected for this purpuse. It is desirable that
the graphite matrix remain essentally ibe same while
the 7rC content s increased from zeroc to above 507 by
we ght.

The ACP series of composite extrusions has been
made o study binder requirements, fabrication and heat-
treating problems, and the quality and uniformity of the
rods produced. The mix consisted of 85 parts (-18

K reat lates Craude 1008-5) graphite fMlour, 15 parts Ther-

max caroon back, a variable proportion of ZrC powder,
and Varcum %251 furfury! alcobol resin binder containing
4% maleic anhydiride curing catalvst. The binder coucen-
traton was 27 ppt reladbv: to the g aphite filler graphite
fiwur plus carbon biack; with additional binder added to
ccat e ZrC particies. Compositions and axtrusien con-
ditions are given in Table Xl

7From the data of Tuble XII, it appears that the binder
requirements of these compneites will be about 0.1 g

resin per gram of ZrC in addition to the 27 pph required
for the graphite matrix. [t also appears that binder con-
centration may be critical, since additio: 3 only slightly
greater or less than this made the mix appear to be
either Wo wet or o dry. Some further adjustments of

binder requir ts may be ind d by property data
when they become available.

Extrusion pressures remained rather low for this
series of composites, and green diameters were typical
of the grarhite without additions. Extrusion ACP5 was
made using FMW 1600 binder instead of Varcum 8251,
and «i course had e highest extrusion pressure and the
smaliest green diameter.

Preperties are now deing determined on this series

of compnsites

VIIL EFFECTSOF PO ON GRAP
PROPERTIE.

A._Previeus Werk

The effects of poresity on the elastic properties of
Poce ard Santa Maria graphites have previously been dis-
cussed in Reports No. 11, 12, and 13 in this series.
Preliminary results on the effect of porosity on the ther-
mal conductivities of heat-treated Poco graphi‘es were
described in Report No. 13,

E._Mesi-Treated Poco Graphite Sampies

In order © isolate unambiguously t*¢ effects of po-
ros:ty. it is necessary ® have available a series of spec-
imans in which fractional porosity is the only signif.cant
variable and the graphite matrices are essentally iden-
tical. In an attempt v produce such a series, fifteen
specimens of Pnco graphite of varving density were heat-
treated together in flowing helium at 297°C, which is be-
lieved in ail cases to exceed the graphitizing tempera-
ture originally used by the manufacturer. It was expect-
ec that this woula wliminate differences in the matrix
st~uctures due to variations in their previous thermal
histories.

The bulk densities of the fifteen heat-treated spec:-
mens ranged from 1.539 o 1.90¢ g :::.3. ccrresponding

to void fractions of 0.316 tw 0. 154.

X-ray parameters of these specimens, determined
by J. A. O'Rourke, CMF-13, are listed in Table XIII.
The degree of crystalline perfection, as indicated both by
interplanar spacing, dooz, and bv mean crystallite thick-
ness, lc. was slightly higher for the lower -density ma-
terizls, although the differences were not large. Be-
cause adjacent orthcgonal sections were not available,
crystalline anisotropies could be measured only as M-
values. Fach sample was examined in several azimuthal
directions, and in each case the M-value representing
the direction ={ greatest anisotropy was determined.
While these maximum values are listed in Table XIII,
the average value for each sample was 0. 04 or less.

Although minor variations in x-ray structure were
detected, these differences were smal!, and all speci-
mens were very nearly isotropic. Certainly the major

variable in this series of graphites is density.

C. Eiastic Properties (P. E. Armstrong)

By extrapolating the curve of elastic modulus vs
void fraction to zero void fraction, an apparent modulus
for theoretically dense material can be determined. The
slope of the curve is a measure of the effectiveness of the
voids in reducing elastic modulus. For the Poco graph-
ite sampies describcd above, the slopes of the modulus
vs void fraction curves were greater than were those of
similar curves for powder-metallurgy tungsten, indicat-
ing that in the graphite the voids were mc re effective in
reducing the elastic properties. The same conclusion
was reached by fitting the two sets of data o a modified
Mackenzie equation.

The ratio of Young's modulus to shear modulus was
nearly the same for all of the graphite sariples, indicat-
ing that the tyvpe and character of the porosity did not

re as the amount of porosit increased. As is indi-
cated in Table XIV, elastic moduli at theoret.cal density
idetermined by extrapolation, as described abive) are
much lower for Poco graphite than for single al
tungsten, but the relations betweer the various moduli
are very nearly the same for the two materials.

Since the Mackenzie theory apparently allows for a
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TABLE XaV
PREDICTED ELASTIC MODULI OF THEORETICALLY
DENSE, 2900°C-ANNEALED, POCO GRAPHITE
COMPARED TO THOSE OF SINGLE-CRYSTAL TUNGSTEN

Poco Tungsten
Grapghite Single Crysal

Young's Modulus, £, pesi :.951106 '8 1ll06

Shear Modulus. G, pei Liex10® 23.0x10°
Bulk Modulus, K, pei 2.33x10° 46.9x10°
Ratw, Gw E 0. 38 0. 388
Ratio, KW E 0.7% 0.791

distribution of pore sizes, the conc lusion can be drawn
Bat the effect of voud fraction on elastic properties of
craphite and of tungsten s d.iferent because of differences
ecither in pure shape or (o parti<le anisotropy.

Extruded graghites made from Santa Maria fillers
seem W have the same density -modulus relation found for
the heat treated Poco graghites, and W correlate well
with molded Santa Maria graphites in this regard.

D. Thermal Conductivity . Wagner)

B. N. Ivsnov (Tepofizika Vysokikh Temperatur 4,
875, 1966) has suggested hat in any porous, dielectric,
crystalline material, the « flects of pores on thermal con-
ductvity will be manilested as a scatering of phonons
and electrons. Craphite is not a dielectric, and at this
time it is felt hat the thermal conductivity of graphite is
descritable in wrms of a phonon -scattering mechanism
oaly. Mowever, it appears thai ivanov s ideas may be
apphcabie w phonon -ecattering by vouds in polycrystal-
ne graphite.

The tradittioma | kinetic thew ry expreseion for therma!
condectivity, * _ is

Application of Mathiessen's rule to thermal resistances
vieks

n
1 1 i A
4 : ! ! !
=1 ) BS U jores

where the subscripts BS and U indicate boundary scatter -
ing and Umklapp scatiering respectively. From Ivanov's

work

t LNXT

pores
where N is the number of pores per unit volume and XZ
IS the scattering Cross-section per pore.

In the case of the samples d:scussed above, an at-
tempt was made o keep the graphite structure constant
except for the pores. [f this was accomplished, any
changes in the observed thermal conduc: vity should be

due only to cha ’ .
0 changes in pores and

Tt

-~ !
pores

Considering heat conduction across a plane, where N ' is
the number of pores per unit area and xz is the mean
scattering cross-section of the pores in that plane, N Xz
is just the two-dimensionsl void-fraction, which can be

expressed in terms of density as follows

. N . « .
~ 1/ (voud fraction) & 1,m )

where ‘° is the theoretical density of graphite and * is
e observed desity of the graphite sample. Thus, for
the samples of heat-trrated Poco graphite, if Cl and V.
are constant, a plot of \ v+ reciprocal void fraction
shouid vield a straight line

Termal conductivities of the Poco graphite samples
described above have been measured at room tempera-
ture by the flash <iffusivity method, and are plotted in
Fig. 10 as a function of reciprocal void fraction. Indeed
the dats ar’ well represented by a line, and again it ap-
pears that the only significant differerce among tie sam-
ples was in their fractional porosities.
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E. Electrical Resistivity (P. Wagner

The electrical resistivities of the heat-treated Poco
grapnite specimens have also been measured, and the
data examined in the light of Ivanov's paper. His formu-
lation suggests that electrical resistivity should vary
with porosity in the same way as does thermal resistiv-
ity --that is, that electron-scattering and phonon-scatter -
ing are similarly affected. If this were the case, elec-
trical conductivity, & . would also be a linear function of
reciprocal v +d fraction, which it is not. If, however, a

simple densi ~orrection is made such that

"th % ( RS ) "obe (1-P)
where "a corrected electrical -onductivity
o = measured electrtal conductivity 1/p
obs )
P void fraction

Then °g the electrical resistivity corrected to theorei-

ical density, will be given by

¢ -5 P
‘R Do 90

2

-

ELECTRICAL RESISTIVITY, ywecm
T

1 1
Qi Q2 a3 Qe

VOID FRACTION

Fig. 11. Effect of porosity on the electrical resistivity
of 2900°C-annealed Poco graphites.

Where °, is the measured electrical resistivity. A plot
of 5, Vs P from this relation should give a curve which is
concave upward.

Electrical resistivities of the Poco graphite samples
are plotted in this way in Fig. 11. There is considerable
scatter in the data. However, if the viewpoint is taken
that any structural flaw in the material or indeterminate
error in the messurement must vield a resistivity value
which is higher than the value truly representative of the
material. ttan the best curve is the one that goes through
the smallest measured values of . Such a curve has
been drawn in Fig. 11, and is indeed concave upward.

Concern has been expressed in the literature with re-
gard o the effects of pore shape and orientation on scat-
tering. In the limit, th2 expressicn for electrical con-
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ctvity might have the form

%
. =

2 1-aPbP

bere & is an sdjustable jarameter (loeb, A. 1., J
m. Cer. Soc. 37, %, 1%4 whose value would reflect
e wcatiering effectiveness of the pore structure.

The differeat effects of porosity os the thermal and
ectrical conductivities of the annealed Poco graphites
wear © indicate Bhai phonon scaltering s the impurtant
echanism i therm.al conduction and that electron-scat
ring--by a differeat mechanism s the important one

e'sctrical comduction. In this regard it is of interest

, examine Be bebavior of a system in which the natures
! he carriers are better understwod. The effects of po
ity on he Bermal and electrical conductivities of
ageien_ i which heat oaduction |8 known W he about
71 electromic in mature, have been described in the lit-
anwe Ealcinsks, C. 1 Wagner, P, amd Cowder,

. R.. J. Less Common Metals 7. 353, 1964). Since
& ) sad g are costrolled by electronic processes
ot*u-«ﬂmmwwhumwum
wuld slso be the same as that ocbserved for o in graph-
¢. In e case of tangsten this is indeed the experimen -
| cheervaticn

VIl SKIN EFFECTS IN GRAPHITE
@ Wagner)

“Shis effects” are often ~eported for grapbites, for
—*-m-nthu‘mhmum-:uud
ariter ia Bhis repert. To expiore the magnitude of such
» offect, -w&i-lnrhr-dm-lwh
lsctrical resistance guraliel © the extrusion ixis) was
w-uawmtﬂc-.-ulo«ml
raghite, the rod was hined ® ely smaller
maﬂmlwm-mddm
sch machining step. Considering the observed resist-
ace o be e resultast of e paraliel resistances of &
.“d-d.w.m.u.hn-
wmase of evch tibe was calceiatad from

Lo 4

where n is the number of tubes considered plus one the
evlindrical core). From these results the “true” resis-
tivity of each imag nary tube was calculated, and has been
plotted in Fig. 12 «s a function of radial distance from
the center of the rod. (The original rod radius was
0.2175 in. . and radial position is given as a fraction of
this distance, measured from the axis of the rod. )

From Fig. 12 it is seen that the electrical resistivity
of the graphite is highest at the surface of the sample and
decreases continuously toward its center This is prob-
ably not a result of the existence of a higher degree of
preferred orientation of filler particles near the surface--
although that situation is believed to exist. Extrusion
produces a preferred orientation in which the layer planes
of the graphite structure, which contain the directions of

minimum electrical resistivity are inclined to the sur-
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fig. 12. Wig-graia electrical resistivity of AAQ1 graph-
ite, rod No. 134, as a function of radial posi-
tion.
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Fig. 13. With-grain electrical resistivity of AAQ! graph-
ite, rod Nc. 134, as a function of the square
of radial distance from the rod axis.

face at a low angle. A high degree of preferred crienta-
ticn therefore results in relatively low with-grain resis-
tivity, which is not the situation near the surface of the
AAQ! graphite rod. Accordingly, relatively high resis-
tivity near the surface of the rod must in this case appar-
ently be explained in terms of a nigher concentration of
defects there. These defects may be voids, from loss
of volatile matter through the surface lavers, or cracks
produced by contraction stresses, w/' would tend to be
highest near the surface, or some combination of the
two. Empirically, when the resistivity data are plotted
against the square of the radial distance, they are rea-
sonably well represented by a line (Fig. 13). This would
be consistent with a diffusion mechanism of some kind
involved in formation of the defects.

There is also a skin-effect on the thermal expansion
of AAQ] graphite measured in the with-grain direction.
The as-fabricated rod, with the extrusion skin intact,
had an average thermal-expansic coefficient @5 -£45°C)

of 2.46 x 10_6 *C. After removal of about 0. 005 in. of

surface material from the rod radius, the average coef-
ficient was 2.89 x 10.6 *C. Further graphite removal
appeared © have no effect. Apparently, since there was
no gradient of thermal expansion at greater depth, the
skin effect on thermal expansion has a different cause
than does that on electrical resistivity. The effect on
thermal expansion is consistent with the presence of a
highly oriented surface layer on the graphite, whose ef-
fect on electrical resisiivity was apparently overwhelmed

by other aspects of the graphite structure.

IX. GRAPHITIZATION

A. Graphitization of Furfuryl Alcohol Resin R. D.
Reiswig, E. M. Wewerka)

A sample of an experimental, high-viscosity, furfuryl
alcohol resin, CMF-13 lot EMW 1600, was cured at 60°C
for 30 days, after which it was still slightly deformable.
Small particles and spheres of vitreous carbon were
forced into its surface while it was still warm, and the
sample was then baked and graphitized in normal cycles.
Microscopic examination of the sample after the graphi-
tizing heat-treatment showed that, where the resin had
been deformed by indentation by the particles, optical an-
isotropy had developed and lamellar structures--indicat-
ing graphitization--had appeared, with the basal planes

f the graphite aligned parallel to the surfaces of the in-
dentations. Elsewhere the structure of the heat-treated
carbon residue was optically isotropic and featureless.
as would be expected of a vitreous carbon.

This observation supports the concept that the graph-
itization of a furfuryl alcohol binder residue, which oc-
curs when it is associated with a filler, results from the
mechanical strain that occurs when the resin shrinks

around an essentially incompressible filler.

B. Graphitization of Needle Coke (R. J. Imprescia,
J. A. O'Rourke)

Crystalline parameters have been determined for
samples of a needle coke which were heat-treated indi-
vidually at temperatures up to about 2700°C. The coke

investigated was Union Carbide Corporation No. 1 Needle
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