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PRE

NECEDING PAGHE BLANK FIGT FILMED,

CMF-13 RESEARCH ON CARBON AND GRAPHITE
REPORT NO, 7: SUMMARY OF PROGRESS FROM AUGUST 1 TO OCTOBER 31, 1068

I.__INTRODUCTION

This s the seventh In a series of progress reports
devoted {o carbon and graphite research and development
in LASL Group CMF=-13, and summarizes work done dur-
ing the months of August, September and Qctober, 1968,
It should be understood that in such a report many of the
data given are preliminary, incomplete, and subject to
correction, and that many of the opinions and conclusions
stated are tentative and subject to change., This report
is intended only o provide up-to-dute background infor~-
mation to those who share the inferests of the programs
described in it, and should not be quoted or used as a
reference publicly or in print,

Research and development on carbon and graphite
were undertaken by CMF-13 primarily to increase under-
standing of theinr properties and behavior as engineering
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 is microstructural,
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
properties are measured ag functions of formulation,
treatment, and environmental variables, and correlations
are sought among properties and structures. Raw mater-
ial and manufacturing techniques are investigated, im-
proved, and varied systematically in an effort to create
specific internal structures believed to be responsible
for desirable combinations of properties. Prompt feed-
back of information among these activities then makes

possible progress in all of them toward their common

goal of understanding and improving manufactured cnrbons
and graphites,

Since its beginning, this program has been spongored
hy the Division of Space Nuclear Systems of the United
States Atomic Energy Commission, through the Space
Nuclear Propulsion Qffice, More recently additional gen~
eral support for it has been provided by the National Aer-
onautics and Space Administration, through the Qffice of
Advanced Research and Technology. The direct and in-
direct support and the guidance and encouragement pro=-
vided by both of these agencles of the United States Gov~

ernment are gratefully acknowledged.

I, CMT-13 "STATE-OF~-THE-ART' GRAPHITL

Los Alamos Scientific Laboratory Report No. LA-
3981, "The Manufacture and Properties of an Extruded,
Resin~-Bonded Graphite, CM F~13 Lot AAQ1", was issued
on October 31, 1968, That report describes in detall the
raw materials and manufacturing procedures used to pro-
duce Lot AAQL, and lists its principal physical and me~
chanical properties, in most cases as functions of tem-
perature, It has been distributed directly to all organi-
zations and individuals who normally receive this Prog-

ress Report.

III, PUBLICATIONS RELATING
TO CARBONS AND GRAPHITES

An appendix to this report lists the publications re-
lating to carbons and graphites of which CMF~13 Staff

Members are authors or coauthors. Several of these

4 represent work done in cooperation with other LASL

Groups, and a few report work done before the existing

CMF-13 Graphite Research Group was organized.



This st will be kept up to date by noting in future
Progress Reports cach such publication as it is issued or
appears in the literature,

IV, HGHLY ORIENTED
POLYCRYSTALLINE CRAPHITES

A. tieneral

Frm R,

As part of the evaluation of several series of experi-
mental grinding products, o large group of hot-molded
graphites has been made in which these products were
used as fillers. Several of the resulting graphites were
quite unusual, and appeared potentially useful for a vari-
ety of upplications., In particular, some of the fine, re-
latively flaky products of grinding natural graphite, pyro-
lytic graphite, and needle coke produced highly anisotrop-
ic graphites In which neross-grain tensile strength and
resistance to delamination seemed to be much higher than
those of o pyrolytic graphite. In applications such as
nose tips and heat shields for reentry vehicles, where a
high degree of anisotropy can be used to advantage but de-
lamination and spalling are disastrous, such a graphite
may be valuable, It has the further advantages that it can
be made by well=known techniques from common raw ma-
terials, is finely polycrystalline so that additives such as
radiation absorbers and oxidation inhibitors can be finely
disseminated in it, and its preferred orientation ean pro-
bably be vontrolled to follow the contours of sharply
curved and pointed bodies,

Because of current widespread interest particularly
in reentry problems, a limited development program has
been undertaken in which the production and properties of
this class of materials will be explored in such depth as

the group's manpower and equipment permit.

B. Characteristics and Property Requirements

For an application such as a reentry external heat
shield, the principal requirements on the material used
are: (1) Resistance to surface recession by sublisiation,
QLxidation, and particle detachment; (2) Resistance to ther-
mal shock and thermal stress; (3) Thermal conductivity

through the material thickness sufficient to keep temper-

aturc and stress gradients at manageable levels, but not
80 high that hent transfer is excessive,

Except that 1 is subjeet (o delamination and spalling,
a properly oriented pyrolytic graphite should be outstand=
ingly resistant to surfnce recession, Exposing only low=
energy c~faces at the heated surfaces and with no binder-
residue to offer paths for accelerated penetration from
those surfaces, it should lose mnss by sublimation and
oxidation at a minimum rate. In an ordinary polyerystal-
line graphite, on the other hand, more active crystal
planes are exposed more or less randomly at such a sur-
face, and still more netive binder-residues usually pro-
vide continuous paths for selective attack hetween [iller
particles. A highly oriented graphite made from a flaky,
well-graphitized filler offers a possibility between those
extremes. Most of the filler particles can be arranged
to present c~-faces at the surface, and overlapping of par-
ticles should bhlock paths through binder residuc at short
intervals. (It may, in fact, be possible to find or develop
a hinder which graphitizes to produce a nearly homogen~
cous graphite, essentially eliminating these paths.) Such
a material Is not expected to equal a good pyrolytic graph-
ite in resistance to surface recession, but may at least
approach it.

The combination of more fundamental properties
which leads to good thermal shock resistance is not well-
understood. Clearly, however, high thermal conductivity
parallel to the heated surlace is desirable to remove heat
from intensively heated regions, avoid hot spots, and re-
duce local shear stresses and the probability of local de-
lamination, buckling, and spalling. At least in a heat
shield, much lower conductivity is desirable normal to
the surface, to reduce heat flow through the section. Un~-
fortunately, low conductivity increases temperature grad-
ients, thermal stress gradients, and the probability of
thermal stress failure. Anisotropy of thermal conduction
is evidently desirable, but it is not apparent what degree
of anisotropy is optimum. Pyrolytic graphite is probably
too highly anisotropic in this respect, and ordinary poly-
crystalline graphites not anisotropic enough. Flexibility
in this regard is one of the most attractive features of the

class of materials here considered.



Thermally developed strosses in a heat shield or
nose tip are three=dimensional, so that pronounced an~
isotropy of strength properties is evidently undesirable,
A major defielency common {0 pyrolytie graphite and
most laminated and filament=wound hodles is very low
tensile strengih normal to the layers composing the
structure. It appenrs probable that highly oriented poly~
erystalline graphites ean be developed which have a do-
sirably high degree of anisotropy of thermal conductance,
but much lower anisotropy of strongth,

In general thermal stress Is developed becausc ther-
mal expansion of a surface layer is restrained by n cool-
er underlying layer. Compression Is developed in the
heated material, and balancing tension~~which may lead
to fracture=-=-in material beneath it, A low thermal ex-
pansion coefficient parallel to the surface is desirable,
to reduce the dimensional change which must be necomo-
dated, and this is inherent in a highly oriented graphite,
Low clastic modulus parallel to the surfnce is also de~
slrable, to reduce the stress developed by a given di-
mensional change. This, unfortunately, is not typical
of an oriented structure., However, an occasionally use~
ful characteristic of a well-made polycrystalline graph-
ite is that it contains fine, well~distributed voids. Par-
ticularly in compression, these are available fo accomo-~
date volume changes or shape changes of the graphite
crystals, and the secant modulus in initial compressive
loading drops rapidly below the tangent modulus meas-
ureqd at low load. In a porous body, then, the compres-
sive stress developed by restraints on thermal expansion
is reduced, and so is the balancing tension which re-
strains it., Low tensile elastic modulus and high strain
to tensile fracture are also desirable, to reduce tensile
stress developed by a given dimensional change and to
postpene ultimate failure,

To the extent that these properties can be developed
in a single material, that material should be useful in
reentry and similar applications. A desirable combina~
tion of them appears possible in a highly oriented poly-
crystalline graphite, which it appears may combine good
resistance to surface recession, good thermal shock

properties, relatively low manufacturing cost, and a

high degree of reproducibility,

C. Hot=Molded Anisotrapie Graphites (R. J. Impregein)

In the course nf the grinding research described in
the last previous report In this series (LA-3980=-MS), a
group of hot-molded, pitch=honded graphites was produced
in which the fillers wore finely ground natural graphite,
pyrolyiic graphite, and needle coke, Some of the prorer-
tles of thosne graphites are listed in that report (Table 5,
page 9). Thelr densities ranged from about 1,63 to about
1,95 g/cma, and thelr erystalline anisotropies from
M= 2,810 M= 10,2, They were manufactured ns disks
only 5/8 to 3/4 in, thick, so that their across-grain me~
chanienl properties could not be determined by standard
tests,

Principally to permit machining of full-gize test
pleces for physical and mechanical testing, a group of
gencrally similay graphites has since been made in the
form of cylinders 2,5 to 4 in, din and 2,3 to 2.7 in, high,
The raw materials used are listed in rable I, the mix
formulations and molding conditions in Table II, and the
properties so far determined in Table III,

TABLE I

RAW MATERIALS USED TO MANUFACTURE
HOT-MOLDED ANISOTROPIC GRAPIIITES

Material

Identification Material Description

GP(Py)-2 Ground pyrolytic graphite

GP(Py)~10 Ground pyrolytic graphite

G(Na)-21 Natural graphite flakes (Southwestern
Graphite Co. Grade 1651)

CN-3 Needle coke flour (Carbon Products
Division, Union Carbide Corporation)

G-20 Graphite flour (Carbon Products Div.,
Union Carbide Corp., Grade GP38)

TP-4 Thermax carbon black (Thermatomic
Carbon Co.)

Varcum Furfuryl alcohol resin (Uncatalyzed,
Reichold Chemical Co. Grade 8251)

Pitch Barrett 30 MH pitch (Allied Chemical Co.)

bor ]



TABLE 1I
MIX FORMULATIONS AND MOLDING CONDITIONS, HOT~-MOLDED ANISOTROPIC GRAPHITES

Speei=

men _.Mix Composition, Parts by Weight
Now_ Fillep Binder
40 B=2 KO GP(Py)=3 + 20 TP~4 40 Varcum
30 B=1 RO G(Naj=21 + 20 TP=4 20 Pitch
50 D=1 100 Gi(Na)=-21 30 Varcum
50 E-1 100 GP(Py) =10 20 Pitch
30 F-1 100 GP(Py)~10 20 Pitch
50 (-1 100 GP(Py)-10 30 Pitch
50 1I-1 80 GP(Py)~10 + 20 G-20 10 Pitch
50 I-1 80 GP(Py)=10 + 20 CN=8 30 Pitch
50 R~1 100 GP(Py)~10 26 Varcum
50 P~1 80 GP(Py)=10 + 20 G~20 00 Piteh
50 Q-1 80 GP(Py)~10 + 20 CN-3 30 Pitch
30 R-1 80 GP(Py)~10 + 20 G(Nn)~21 26 Varcum
50 $-1 80 GP(Py)~10 + 20 G(Nn)-21 26 Varcum
50 T-1 80 GP(Py)-10 + 20 G(Na)-21 30 Pitch

__Molding Conditions ‘) Change,

Pressure Temp Jaked to Graph,

_psi___ e A rd_
2000 800 -3, =0, 04
1500 400 =1,4 =0.4
1000 800 +0.3 =0,3
1300 800 -4, 0 +2.5
1000 720 -3, 3 +1,0
1000 700 =1,8 +1,0
1000 £00 ~2,8 11,8
1000 870 -1.3 +0,8
1000 700 m—— -
2000 600 -0, 9 1,1
2000 £00 ~1.6 +0,9
4000 £00 40,8 0.7
1000 880 ~0,8 +0,7
1000 800 -1.7 +1,1

Because of equipment limitations, molding pressures
were generally much lower than those used in producing
the previous series of smaller disks, and bulk densities
were correspondingly low, Pitch-bonded specimens
were hot-molded using a constant heating rate of 15°/min
to 800°C, with a 1-hv hold at 900°C, Resin-bonded spec-
imens were heated to 900°C in an 8.5~hr cycle which in~
volved slow heating through temperature regions in
which large exotherms were known to occur. Because
of equipment difficulties, not all runs reached 900°C.

All specimens were therefore baked in vacuum at 900°C,
and then graphitized in {lowing helium to 2700°C or high~
er.

Presumahly because their porosities were undesir-
ably high, some of the properties of these graphites
were disappointingly low., However, with-grain thermal
conductivities were relatively high, and anisotropy of
thermal conduction was indeed distinctly higher than an-
isotropy of tensile strength. In spite of low density,
Specimen 50 B~1 showed useful tensile strength in both
orientations, With-grain thermal expansion coefficients

were generally low, dynamic Young's moduli moderate,

and strain to fracture in a few cases relatively high,

Thermal shock indices, however formulated, are at
best only a qualitative indication of resistance {o thermal
shock and thermal stress., They are convenient, how-
aver, for preliminary comparisons among generally sim-
ilar materials. Those listed in Table III for with-grain
orientations are quite high, and are of the magnitude ex-
pected for a good, molded, commercial graphite such as
ATJ. Those listed for across~grain orientations are ex~
tremely low, relative even to across~grain indices for
highly oriented commereial graphites such as hot-worked
%ZTA. They should, however, probably be compared
with the across-grain value for a pyrolytic graphite,
which is about 0,06 The materials listed in Table III
should, on this basis, have thermal shock resistance
normal to an external surface from about 80 to about 200
times that of a good pyrolytic graphite.

These materials are believed to have sufficient pro-

, mise to justify further development, and perhaps eventual

direct testing of their therm al shock and ablation behav-

ior.



Bulk Density, g/’cma, Baked
Bulk Density, gi’cm3 y Graphitized

Young's Modulus, 10B psi

Shear Modulus, 100 psi
Internal Friction, x10™ tan o

Tensile Ultimate Strength, psi
Tensile Yield Strength, 0,2%, psi
Tensile Strain to Fracture, %

Compressive Ultimate Strength, psi
Compressive Strain to Fracture, %

Thermal Exp. Coeff., xlO"G/’C(b)
Thermal Conductivity, W/em~°C
Electrical Resistivily, pficm

Anisotropy Ratios:
Young's Modulus
Shear Modulus
Internal Friction
Tenslle Ultimate Strength
Tenslle Strain to Fracture
Compressive Ult. Strength
Compressive Strain to Fracture
Thermal Exp. Coeff,
Thermal Conductivity
Electrical Resistivity

Thermal Shock Index(d)

TABLE 1L
PROPERTIES OF HOT-MOLDED ANISOTROPIC GRAPHITES

Specimen No, () ..

40 D=2 50 B=1 50 D-1 50 [=1 B
WG AG WG AG NG A6 wWo Al
1,099 1.661 1,722 1,608
1.708 1,048 1.673 1, G40
1,237 0.283 2,893 2,003 1,428 0,614 - -
——— 0.202 0,662 0,422 0. 009 . 0,247 0,185
609 14-9 6-9 8-6 Ah‘i 10-8 - - = e
- 328 2541 1556 1819 735 1608 844
- 279 _——— - - 639 - 200
e 0023 0:20 s - 0.14 0l12 0- 37 00 30
3308 2807  4s0s  70p6 3821 4044 2037 3748
0.15 0.41 2.4 ——— 0.20 1.5 0,15 -
0.81 7,66 1,18 9,32 1,16 8,03 0,91 8,18
0.73 0.240 1,273 0,246 1,217 0.388 1,187 0,165
1913 11,017 877 5387 986 3368 1530 18,730

4. 4 ln 4 22 3 .-

- 1.6 — 1.3

2.2 1.2 2.0 -

ladeaded 1. 6 2 . 5 4. 7

——— ——— 1,2 1.2

———— 1.5 1,1 1.8

2.7 ——— 7.5 -

9.4 7.9 6.9 9.0

3.0 5,2 3.1 7.2

5.8 6.1 3.4 12,2
——— 9 226 5 319 7 14 — ———

(n) WG = with~-grain, AG = across-grain
(b) Average 25-645°C except 26°~500°C for No, 45 B-2

(c) Orientation may be incorrect

(d) kS/aE, with all umts as above except that k has been converted to cal/em-sec-°C



TABLE IV
CHARACTERIZATION OF HCTE GRAPHITE FLOURS

Helium e .. Micromerograph Sampln Statisties @) SR

Density - X - - N 2 Ve
sample _gremd xp, L . By O 7K
e 212 4,283 1,172 0.7150 12,8 8077 80,14 88
tio2d 213 3,000 0, 6438 1,071 27,93 4,032 14,76 1820
(=23 2,13 4,165 1,753 ~1,083 54,7 0,803 3,00 1055

(1) Caleuwfation based on log=normal model

SRUITATRCTITTE LOUNRINED S

Y. RAW MATERIALS

A._Solid Raw Materials (. D, Lewis)

1.__Characterization of HCTE ¢Graphite Flours

Three lots of HCTE (high cocfficient of thermal ox~
pangior) graphite flour, ldentilfed as CMP=13 Lots G-23,
(=24 and (=23, have hoen charaeterized swith regard {o
hellum density and particle size distribution, Reaults
are listed in Table IV, These are "sccondary" graphite
flours preduced by Carbon Produects Division of Union
Carblde Corporation by grinding a graphite made from an
afr=blown HICTE coke ("Robinson Coke') and eral-tar
piteh, They are belng used In CMI™~13 to produce n sc-
ries of exporimontal oxtruded sraphites tondoed to be
nearly isotropic and to have high expansion cocificients,

2, Surfuce-Area Analyscs

Surface-area analyses have been made by the BET
(nitrogen-ndsorption) method on coarse (FA), medium
(I'B), and fine (FC) fractions of ground commercial
grade YBT graphite, and on the products of grinding these
further at various feed rates in a Trost fluid-encrgy mill,
Results will be veported in connection with grindability

studies, described below,

3, Mixture Calculations

The TFININT computer program has been used to eal-
culate mixture statistics for several systems composed
of G-26 graphite flour (an HCTE flour described above),
G-18 graphite flour (Great Lakes 1008 graphite flour),

and the +88y, ~38u, +63u, and =534 fractions of the (=18
flour, These caleulations were used to construct dia=
grams predicting relative density as o funetion of mix-
ture compositfon for varfous binary combinations of these
flours. Extruded graphites nre now being manufactured
o compare predicted and observed relative densities for

ench gystem,

B, Liquid Raw Materials (E. M. Waowerkn)

1. Turfurvl Aleoho] Resins

An attempt Is being made to identify the low-moleeu~
Inr-welght speeles in furfuryl alcohol resins by separat-
Ing them by vacuum distillation followed by gas chroma-
tography, and identifying them by Infrared spectroscony,
mass spectrometry, and alemental analysis, Elemental
analyses have been completed on several samples collegt~
ed from the gas chromatograph, and in general correlate
well with preliminary infrared identifications.

The effects of viscosities of acid-catilyzed furfuryl
aleohol resin binders on the properties of extruded graph-
ites made from them are now well documented, Two se-
ries of acid~catalyzed resins designed to investigate the
effects of molecular distribution have been synthesized,
and are being used as binders in the manufacture of ex~
perimental graphites, A series of resins catalyzed with
v ~alumina is now being synthesized to determine the ef-
fects of viscosity of binders of this type, and to permit
a direct comparison of graphites made from them with

graphites made from comparanle acid-catalyzed resins,



2,__TPurfuryl Aleohol=Tormaldehyde Copolymers

pEAEANS LA R

Fvaluation of furfuryl nleohol=formaldehyde colymers
as hinders for graphite is continuing, ‘fhree addition. .l
series of resing have been prepared and are now heing
tested, including a reference sevies of standard furfuryl
tleohol vesing, copolymers having n 10:1 ratio of furfuryl
aleohol to formaldebyde, and copolymers having a 2:1
vatio of furfuryl nlcohol to formaldehyde, In general,
several members of each secfes are earbonized In the
absence of any filler, used as binders with n standard
filler to produce extruded rods, and used ns binders with
a filler having large erystallite cize to produee molded
compaets. Information is collected on earbon residue,
degree of graphitization, and puch propertices ns density
and strength,

To this point, none of the copolymers investigated
appears particularly promising for use as a binder. How=
ever, additioni] resins and further ovaluations are re~
quired before n decisfon on the uscfulness of this type of
copolymer ean be made,

3. _Donor-Acceptor Complexes

The study of donor=aceeplor complexes of vinyl
cthers and totracyanoethylene (TCNE), directed toward
possible initiation of polymerization renctions by charge-
transfer mochanisms; hag continued, It now seems clear
that many problems previously attributed to component
instability were actually due to formation of donoy=-
acceptor complexes between TCNE and the solvents used.
These cor«s:licated the interpretation of ''CNE band posi-
tions and the identifieation of TCNE-vinyl ether charge~
transfer bands, Acetonitrile, however, appears to com=-
plex very lttle with TCNE, and will hereaftor be used
generally as a solvent for these systems,

The charpe~transfer bands of TCNE and butyl vinyl
cther (BVE) and of tetracyanoquinodimethane and BVE
in necetonitrile have been identificd in the ultraviolet-vis~-
ible reglon. At the concentrations required to follow
simultancously the changes of the bands of the acceptor
and donor molecules, equilibrium in these two systems
Is approached very slowly, Turther work at higher com-
ponent concentrations will be attempted.

At low concentration (gm"‘"M), no evidenee of donoy
acceptor complex formation could he detected in the
TCNE=-DVE system In methylene chlovide, However, the
large charge~transfor band hetween TCNE and the solvent
may have obscured it TCNE-BVE chavgoe=transfer hand.,

4. _Rosing for Carbon Foams

In collaboration with LASIL Group CMBe6, a limited
investigation has heen undertaken of resins potentinlly
useful for thoe manufaciure of earbon foams,  LKight ex-
perimental resinsg (KEMW No, 165, 171, 185, 203, 206,
207, 208 and 212) have been synthesized and furnished to
Group CMB=6, who will Investigate thelr foaming behav=
for and the properties of the foams produced. These ine
clude standard furfuryl rleohol resins, 10:1 furfuryl aleo-
hol<formaldchyde copolymers, and 2:1 furfuryl aleohol-
formaldehyde copalymors, cach nt several different vige
cosltics, A sample of n commereinl alumina polymerizcl
furfuryl aleohol resin (Karbo 44/1) hns also been pro=
vided, A new urethane foam formulation is being tested
for compatabllity with these resins,

The urethane formulation currently used utilizes a
reaction between a difsoeyanate and o polyfunctional hy-
droxyl compound: TI) (,’

HO-R “OH + OCNRNCO = (-R ~0-C-NII-R-NII-C-0)

{in addition to the main veaciants, cntalysts, emulsifiers
and surfnctants are usually added to the system.) The
urethane form s apparently intended to act only as n
carrier for the resin, which s the prineipal source of
carbon, and not to react with it. However, in the case of
furfuryl aleohol resins, the possibility exists that mono=-
functional hy Jroxyl groups in these resing will react with
diisocyanate groups from the urcthane to prevent reaction
to higher polymers, This would leave a system of low
moleecular weight polymers with undesirable foaming
properties, To avoid this difficulty, the most promising
approach appears to be an effort to eliminate the free
hydroxyl groups from the furfuryl aleohol resins, or al-
ternatively to compensate for them as much as possible.
This can be accomplished in a number of ways, includ=-
Ing:

(a) Polymerization of acid~catalyzed furfuryl alecohol



resins to the highest degree compatible with sub=
BEUent processing.

1) Use of resing of low inher ent hydroxyl eontent,
sueh s the glunini=polymerized resin mention=
o} abave,

{¢) Inclusion in the urethane formulation of addition=
al dhfsocvanate molecules to compensate for the
Invdroxyl groups present in the vesin,

VI, EXPERIMENTAL GRAPIITE MANUFACTURE

A.__tivnding Rescaveh (R, 7, Impresein)

As was reported in LA-3032-MS, an Investigation
has been undertaken of the effeet of mill variables on the
rate at which a given material is reduced In a Trost {luid=-
energy grinding mill,  For the first experimonts in this
Investigation, a coarsely ground commereinl YBT graph=
ite == from Lot GP(YBI)=6 == was separated Into three
size fiactions by repeated sereening on o SWECO Vibro
Energy Separator, These were n coarse (=34+062 mosh)
fraetion uged for grinding series FA, an intermedinto
(~62+100 mesh) fraction used for sorics B, and a {ine
(~100+200 mesh) {raction for series FC. Samples of each
fraction were ground in the Trost mill using n variety of
feed rates, and cach grinding product was characterized
with regard to relative fineness (wt % «210y) and speelfic
surface area measured both by the BET (nitrogen-adsorp-

tion) wethod and by the permeability wothod (using u
Fisher Sub=8leve Slzer), Data for the FB SePies are sume
marized in Table V, togethor with enleulated g indabilities.

Grindabllity, P, is defined ps the vate of ehange dur-
ing grinding of some particle characteristic which vepre=
sents energy absovbed, relative fineness, ete. In Table
V, three diffevent grindability indices are shovwn, one
based on ehange in surface aren measuved by nitrogen ad-
sorption, one on change in surface area measured by gus
permeablility, and one inerease in weight fraetion of par=
tielos finer than 10u, measurced by micromesh gicving,

In cach case the change has heen multiplied by the feed
rate to the mill, so that grindability is expressed as total
Inerease In surlfaee area or welght of fines per minute,

At thu lower feed rates, Inercase In surface area per
gram and in proportion of fines wag large, as might he
expeeted from the fact that o large amount of energy was
available o a relntively smnll number of particles. How=
ever, grindability == ropresenting total new surince or
welght of fines produced per unit time =~ was low, be=
cause of the low rate at which material was pagsed through
the mill,  With inerensing feed rate the amount of now
surface or of fines produccy por gram of materinl passing
through the mill was reduced, but grindability inereased.
As {8 shown in Flg. 1, the inerease wasg at first approxi-
mately linear with feed rate. At about 10 g/min o maxi=~
mum was reached after which grindability deerersed, as

TABLE V
SPECIFIC SURFACE AREA, FINENESS, AND GRINDABILITY AS FUNCTIONS OF FEED RATE;
INTERMEDIATE FRACTION, YBF GRAPHITE

T'eed BET SURFACE PERM SURFACE ; TFINES

Grind ey SBQ *n o I;B Sg p QSP" Pzp P Pp
No, g/min mo/g m"/p m“/min m”/p m-/g m°/min <10y g<l0p/min
FB-Feed === 2.14(8p) == —— 0.05(S,0) == - 0 —

B~1 1.8 13,40 11,26 20,3 2,01 2,060 4,062 1.9 1.7

B-2 3.8 13.02 10.88 41.3 2.30 2.25 8,56 77.2 2.0

B -3 8,5 10,32 8.18 69,5 1,81 1.76 15,02 58.6 5,0

FE -4 18,5 5,566 3,41 58.1 0.75 0.70 12,91 23.0 4.3

B-5 31,0 4,65 2.51 77.8 0.51 0.46 14,29 17,4 5.4

FB-6 GY.8 3.75 1,61 112.4 0,31 0.26 18,063 10.2 7.2

10
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Fig, 1. Grindabilities of FB graphite as functions of
feed rate to Trost fluid~energy mill,

would be expected if the mill became overloaded, Unex-
pectedly, however, grindability again inereased with feed
rate when rates were above about 20 g/min, and contin-
ued to do so to about 70 g/min, where the miil became
choked (as was indicated by severe blowing hack of feed
material),

At low feed rates the grinding action in this mill is
apparently '"first-order'. Grindability is linear with
feed-rate, by particle-on-particle impact, The maxi~
mum in the grindability curve probably appears at the
point at which the concentration of particles in the mill
has become great enough so that particles in the same
stream interfere with each other, reducing the momentum
rer particle attained before they impinge on the opposing
stream of particles, The subsequent increase in grind-
ability at high feed rates must represent some change in
grinding mechanism. This may be an increase in mutual
attrition within the particle stream, cccurring when par-
ticiw crowding is severe. This would be favored by the

fact that, with less reduction in size per particle, aver-

age particle size within the mill heeomes larger, and
Inrger particles In general are weaker than small ones
produced Irom them,

Since the three curves of Fig, 1 are approximately
parallel, it appesrrs that -~ at least for this material -~
any of the threo grindability indices used {s a ugeful Indi-
cation of grinding behavior,

B, Mixing Experiments (R, J. Imprescia)

In the hope of developing a nearly isotropic, low=
permeanbility graphite made from commercially available
materials, a group of six commercial fillers was seleet-
ed for inftial mixing experiments. The group included
three relatively coarse flours (Lots C-1, C~10 and (3~14)
and three finer ones (Lots C-3, C=8 and G~24), Four,
identified hy the letter C, were coke flours and two, iden-
tified by the letter G, were graphite flours,

Eight binary combinations of these flours, each in-
cluding a coarse and a finer component, have been Inves-
tigated. The weighed fillers for each mix were blended
together for 10 min in a Fisher-Kendall laboratory hottle
blender, Then an amount of stearic acid representing
slightly less than the optimum binder cor centration was
added, and blending was continued for 10 min., The mix
was compacted in a 1,5-in, dia steel die at 800 psi, and
the dimensions of the ejected compact were measured,
From the known weight of filler and the volume of the
compacted mixture, a packed filler density was caleulated.
Both the blending procedure and the compacting pressure
were selected to minimize the probability of filler~parti-
cle fragmentation,

Packed filler density as a function of mix composition
is plotted for each binary system in Fig, 2 through 9, In
six of the eight systems there is an intermediate composi-
tion at which the filler mix compacts to higher density
than does elther of the pure components, In one system,
Series 41 shown in Fig. 2, there is a small peak in the
density curve, but at a value no higher than that of one of
the components. Series 42 (Fig. 3) shows no maximum.
Series 47 (Fig. 8) is unusual in showing two separated
maxima. In each plot, cach extreme point and each point

in the vicinity of a maximum represents the average ol at

11
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least two independent determinations. Each point in the
region of the double peak in Fig, 8 {s the average of
three determinations,

For each system in which a maximum oceurred at a
density higher than that of elther component, the compo-
sition which produced maximum density was identificd
and assigned a "mix number', which is listed in Table
VI. Each of these mixes was used as the basis of a fur-
ther series of similar experiments in which the effect on
packed filler density of additions of Thermax carbon
black (Lot TP-3) was investigated,

Mixtures of Thermax with the binary filler mix were
prepared and molded as described above. Packed filler
densities for each ternary series are plotted as functions
of Thermax content In Fig, 10 through Fig. 15. With
the exception of the extreme points on each curve, which
are average values from at least two determinations,
each point represents one determination only. In only
one case (Fig. 10, Thermax added to Mix No. 1) did the
carbon black addition produce a further increase in pack~

ed density of the binary filler mix, and even here the in~

.crease was small., Evidently, even at low concentrations,

the Thermax particles do not just enter voids in the struc-

ture, but also occupy positions between filler particles

13



TABLE VI
BINARY MIX COMPOSITIONS WHICH PRODUCED MAXIMUM PACKED FILLER DENSITY

Mix Composition, Parts hy Weight Packed IFiller

Mix No. Component A LComponent B Density, g/om" Series No,
1 556 parts C~10 45 parts C-3 1,35 43
2 60 parts G-14 40 parts (i-24 1,46 L5
3 90 parts (=14 10 parts C=3 1,89 45
1 30 parts C~1 70 parts G-24 1.37 40
5 30 parts C-8 70 parts G~24 1,33 +7
6 50 parts C-10 50 parts G-24 1.42 48
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TFig. 10. Packed filler density and porosity vs. compo=- < {32 8
sition, Mix No. 1 plus Thermax.
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1400 —y——r——T—T T Fig, 11, Packed filler density and porosity vs. compo-
sition, Mix No. 2 plus Thermaux.
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and expand a network which is initially quite closely
packed. The particle density of Thermax (1. 88 g/cms)
is significantly lower than those of the other components
of these mixes (2.0 to 2.2 g/c1n3). Therefore the mass
contributed by the carbon black addition is not sufficient
to compensate for the expansion it produces, and in gen-
eral in these systems deusity decreases when it is added.
The effect of Thermax on compaction behavior is

perhaps more clearly shown by plotting porosity as a
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Fig, 15, Packed filler density and porosity vs., compo~
sition, Mix No. 6 plus Thermax,

function of Thermax content, as has also been done in
Fig. 10 through 15. The volume occupled by each mix
component (including internal voids which are not surface
connected) was caleulated from its welght and particle
density, the latter measured in a helium pyenometer.
The fraction of specimen volume not occupied hy particles
vas Identified slmply as "porosity", although obviously it
does not include enclosed voids within filler particles,
Trom this set of curves it is evident that minimuwm poros-
Hy does not necessarily coincide with maximum packed
filler density. Thus, in Fig. 10, the density maximum
is at about 10% Thermax, and the porosity minimum is
at about 20%. In Fig. 12 there is no density maximum,
but a porosity minimum appears at about 25% Thermax.
In PFig. 14 porosity diminishes while density remains
nearly constant, and in Fig. 11 and 15 porosity remains
nearly constant while density is decreasing quite rapidly.
Obviously, in some systems, porosity and density can he
adjusted almost independently of each other,
Pitch-bonded specimens, molded at 4000 psi and
900°C, have been made from the filler mixes which pro-
duced maximum densities and minimum porosities in the
six systems shown in Fig. 10 through 15, In the two

cases where maximum density and minimum porosity do



TABLE VII
POROSITIES AND DENSITIES OF HOT-MOLDED GRAPHITES

Filler Components

Caleulated Porosity, rf&(d)

5 ()

_Density, g/em Graphi tlzodm

Specimen Mix ’I‘he;jmnx Packed Bulk Packed Bulk Bulk D(*éxslty
No, No, b Iiller Speeimen Filler Speeimen g/em
ABE-2 1 10" 24,5 16. 8 1,511 1,664 1,657
4BF-1 1 20¢) 24,6 16,7 1,501 1657 1,660
d41-1 2 0 21,9 16,0 1,686 1,815 1,780
A5E~-1 3 0 23,7 16. 8 1.648 1.798 1.664
45 F-1 3 25(0) 20.4 13.9 1,663 1,790 1,774
46F~1 4 0 26,0 18.7 1,534 1,699 1,710
ATE~1 b 0 27.0 18,3 1,533 1,715 1,742
agE-1® 6 0 25,2 18,4 1,541 1,681 1,669

(1) Numerous surface eracks; properties probably not reliable.

(b) Composition selected to give maximum density.

(¢) Composition selected to give minimum porosity.

() As hot-molded. Does not include enclosed porosity within filler particles.

(¢} As hot-molded.
(f) Graphitized at 2800°C.

not coincide (Fig, 10 and 12), mixes were used of both
compositions, Results are listed in Table VII. Because
of the presence of the pitch-binder residue, calculated
wrosities are lower and densities higher for the bulk
specimens than for the packed fillers. Data for the bulk
specimens, including bulk density after graphitization,
are not relevant to the packing investigation being consid-
ered here, but are of practical interest with regard to
the graphites that may evolve from this study.

Although the curve of Fig., 10 predicts lower porosity
for Specimen 43 -1 (20% Thermax) than for Specimen
43 E-2 (10% Thermax) in fact the two specimens were
nearly identical in this regard. 7his may be because the
pressure used in hot-molding, which was more than four
times that used in the experiments leading to Fig. 10,
was sufficient to crush some filler particles and improve
packing. Specimen 45 F-1, containing.26% Thermax in
the filler and expected to have minimum porosity, indeed
had 3.3% less interparticle porosity than did Specimen

45 E-1, which contained no Thermax.However, density

16

was also inereased by the Thermax addition, which would
not be predicted from Flg. 12, This again may be an
effect of higher molding pressure. Specimens 44 E-1 nnd
45 P-1 show the lowest interparticle porosities and high-
est packed filler~particle densities of any graphites in this

series, and so are interesting for further development.

C. Extrusion Variables (J. M. Dickinson)

Many factors affect the properties of extruded graph~
ites, including the variables of the extrusion process it-
self. The more important extrusion variables are die~
system design, speed, pressure, vacuum and tempera-
ture. Binder-to-filler ratio in the mix being extruded,
effectiveness of blending and conditioning treatments, ete,
are also important beyond their direct effects on structure
because they affect most of the extrusion parameters.

In order to evaluate the interplay among these many
variables, the CMF~13 extrusion press has recently been
instrumented to monitor the principal extrusion conditions

continucusly. In the meantime several series of experi-



TLHULE VI
EXTRUSION CONDITIONS AND PROPERTIES, ABE GRAPHITES

Graphitized Properties

Green " Crvsie lﬁw‘
Speei- _Extrusion Conditions Rod Rod  Dens=- Eleetr. (@) Young’s(a) Compr. @) A lf ? t‘l ) e
men Pressure Speed  Temp, Dia. Dia. ity 3 Resist, Mogulus Strength QQ”Q*L#)/M"M
No. ~ Die Used _ psi In./min _°C in, In, g/em” _pnem 10 psi psi__ M %ox"%y
ABEl  Normal 4400 171 46 0.5005 0.4757 1,885 067 2,54 8760 2,1 1,45
ABE2  Short-
land 6400 124 42 0.508 0,5056 1.891 1072 2,36 8369 1.5 1,35

(ay With=grain propertics.

ments have been conducted to examine individually some

of the more important variables,

1, Die Design (Series ABE)

The ABE series of graphifes was made to examine the
effects of shortening the land of a "standard" extrusion die
by a factor of four, from 2 in. to 0.5 in., with all other
varlables kept as nearly constant as possible. The mix
contained 85 parts G-18 graphite flour, 15 parts TP~4
Thermax carbon black, and 27 parts Varcum furfuryl al-
cohol resin, and was extruded through 0.500-in, dia dies.
The exiruded rods were cured and baked using cams 12
and 16 (described in LA-3989~-MS, page 23) and graphi-
tized to 2830°C,

these graphites are summarized in Table VIII. All rods

Extrusion conditions and properties of

appeared to be sound and of high quality.

Although extrusion pressure was the same for the two
lots of graphite, extrusion temperature was slightly high-
er and extrusion speed much higher when the normal die
(Die No. 1) was used. With the short-land die (Die No. 2),
diameter of the green rod was much greater and it subse-
quently shrank less during graphitizing, It also had far
higher density than has previously been observed for rods
which expanded appreciably as they left the die. Pre-
ferred orientation was considerably reduced by shorten-
ing the die land, which may account for the differences in
with-grain electrical resistivity,Young's modulus, and
compressive strength. No microscopic evidence was

found of an internal crack system or any other micro-

structural feature associated with expansion of the green
rod as it left the die,

Unfortunately, lincar shrinkage and carbon residue
were not measured in this experiment. It will be repeat~
ed, with additional measurements, in part simply {o con-
ftrm the very Important vbservation that a relatively large
change in anisotropy can be produced by a very simple

change in die design.

2. Binder Content (Series ABD)

Small variations in green diameter and final density
of resin-honded graphites m ade under nearly the same
conditions have often been observed, and usually no rea-
son for them has been apparent. One possible reason is
small variations in initial binder content. Another is
evaporative loss of part of the binder prior to extrusion.

To investigate the effects of r2latively small varia-
tions in binder content, four extruded graphites were made
under very carefully controlled conditions using 25 to 28
parts of Varcum binder to 85 parts G-18 graphite flour and
15 parts TP-4 Thermax carbon black. In all cases time
hetween mixing and extrusion was minimized. Results
are plotted in Fig. 16, with pore "'size" statistics derived
from mercury porosimetry listed in Table IX. Green
diameter is a minimum at 27 pph of binder, the hinder
level believed from previous work to be the optimum.
Electrical resistivity is also a mirimum at this value, as
is average pore "size" indicated by )E3 . Both density

and Young's modulus have maxima at this same binder

17
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Fig. 16,
concentration. The differences in internal structure re~
sponsible for the property variations were too subtle to be
identified by either optical or electron microscopy. All
graphites appeared to be similar, well mixed, and with
normal types and concentrations of defects,

Green diameter of rods made from the "standard"
mix containing 27 pph binder was near the maximum which
has previously heen observed using this formulation, The
maximum variation from it (about 0.004 inch at 25 pph

binder) was approximately the same as the fluctuation in

18

Effects of binder concentration on properties of ABD graphites.

diameter observed over a period of months among several
other lots all made with this same filler mix and binder
concentration., Since variations in bindexr level among
these previous lots is believed normally to have been less
than 0.1 pph, it appears that this is not the primary cause
of variations in green diameter. However, the associa-
tion of green diameter with other properties of the finished
graphite is apparent.



TABLE IX
PORE "SIZE" STATISTICS FOR ABD GRAPHITES

Binder Total Porosity
speeimen Content Porosity Accessibie
_No, pph ¢ to 2600 psi Hp °6
ABD =4 25 17,85 536
ABD2=4 26 17,04 4. 83
ABDI1~4 27 16,84 3.83
ABDd4~4 28 17,20 4,29

Pore 'Size" Statistics

Z 2 = 83 g
3 Sxa Bys Uy dy ty
"'0586 0405 "'3208 1686 ;601 2;51
-, 696 84 051 772 3.08 0d
- 537 +738 470 1,19 18,5 716

3. Multiple Extrusion (Series ABC and Provious Series)

Early in the CMY=13 graphite program the problem
of hiending raw materinls was Investigated, and it was
concluded that a final procedure involving three succes=
sive stages of extrusion with intermediate chopping of the
mix gave good results. Additional studies of this type
have recently been made, again using Great Lakes Grade
1008 graphite flour, but in this case from a newer lot
(CMB~0 Lot M~-3, CMPF-13 Iot G-18) which was some~
what more aclcular than was that previously used (which
was CMF~13 Lot G-13, taken from CMB~6 Lot M~2).

All specimens in the new, ABC series were made
from a mix containing 85 parts G-18 graphite flour, 16
parts Lot TP~-4 Thermax carbon black (which is believed
to be identical with Lot TP~3 used previously), and 27
parts Varcum bhinder containing 4% maleic anhydride cat~
The mix was extruded as 0,5~in. dia rods which
were cured to 200°C in a 72~hr eyele (Cam No. 12), baked
to 900°C in a 60~hr cycle (Cam No. 16), and graphitized

alyst.

to 2830°C in 6 hx, All graphites in the series were made
by chopping the mix five times before the first extrusiun
and twice hefore each succeeding extrusion. The number
of successive extrusions and properties in the cured,
baked, and graphitized conditions are listed in Tables XII
and XIIT, which are to be compared with the results of
earlicr experiments summarized in Tables X and XI.

In previous experiments using G-13 graphite {lour
(Tables X and XI), good correlations were found between
the amount of final mixing (chopping and extrusion) and
hoth bulk density (Fig. 17) and Young's modulus (Fig. 18).

Density and modulus rose quite rapidly with the first few

extrusions, then more slowly with additional extrusions,
The point in each figure plotted beyond the tenth extru-
sion, labelled "21~3", indicates the result of a mixing

procedure involving 21 chops in advance of the first of
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TABLE X
PROPERTIES OF MULTIPLY EXTRUDED GRAPHITES (G-13 FLOUR)

Young's Eleetrieal s . -

Specimen Densify Modulus Resistivity CQ;MMQL”Q%L{%%MW*
Number, Mixing glem A0 pst TSR 11 =M ~OX Taz,
AADH=2 2 chops, 1 Ext, 1, 862 2.10 1138
AADK=4 2 chops, Ext. 1,887 2,20 1073 1,83 1,61

2 chops, Ext.
AADB-G 2 chops, Ext, 1,897 2,86 1070 1.36 1,65

2 chops, Ext,

5 chops, Ext.
AALE~8 2 chops, Ext, 1,900 2,89 1063 <36 1.61

2 chops, Ext.

2 chops, Lxt.

5 chops, Ext.
AADB8~4 10 Ext. with 1,907 2.49 1111 1.42 1,83

2 chops preceding

each
AADG-6 21 chops, Ext. 1,918 2.5 1064 1,39 1.65

2 Us."[)s, EX(}.

2 ¢ho », Ext.
AAQ1L 5 chops, Ext. 1,901 2.31 1160 1,306 1.64

2 chops, Ext.

2 chops, Ext,

TABLE XI
POROSITY OF MULTIPLY EXTRUDED GRAPHITES (G~13 TLOUR)
Porosity
Total Accessible Pore ''Size" Statistics
Specimen Times Porosity to 2600 psi Hg )‘{ S2 3 q2 .
Number Extruded % % 3 X3 Bx3 3 Yd3 Bag
AADS-2 1 17,61 4, 47 ~-0.22 0.69 -0, 38 1,20 5.86 132
AADB-6 3 16,06 2,43 -0, 82 0.83 1.66 1.33 33.6 1867
AADB~8 4 15,93 2,71 ~0.77 0.78 1,88 1,24 27,4 1080
AADB8~4 10 15,62 3.48 -0, 86 0.77 2.12 1,37 31.4 1088
‘ 21 chops

AADG-G 3 15,35 2.04 ~-0.95 0.97 2,62 1.57 46.7 1012

20

3 Ext.




TABLE XII
PROPERTIES OF MULTIPLY EXTRUDED GRAPHITE (G-18 FLOUR = ABC SERIES)

Binder Young's Electrical  Compressive Crystalling Anigotropy
Speeimen Times Carbon Mo‘glulus Resistivity  Strength ) o (e)
_Numbep (@ Extruded _ Density Residue 10 psi Lem psi___ . ggg_(__; ?gﬂxfng/w
B 1.811+,001 A7, 64,1
G 1,854+, 001 45,841 2,343,008 1118414 8250700 2,00 1,470
ADBCl~2~C 2 1,855,003 85, 7.2
B 19 834;'.’0 005 ‘180 7&‘02
G 1,877,001 47,042 2,468+, 02 1021423 79504800 2.24 1.470
ABCl-3-C 3 1,800, 003 8604 3
B 1. 839+, 005 A0, 84,2
G 1,882+,002 47,942  2.488+.03 1020:4:112 78603500 2,12 1,505
ADBCL=4=0 4 1,858+, 004 86, 6. 1
B 1,839+, 006 50,142
G 1.882:, 005 48.24,2 2,540 9606433 83004500 2.29 1.6507
ABCL-5-C b 1,857,004 86.84.2
B 1,837+, 002 50,84, 1
G 1,891, 004 48,641  2,56854.02 984437 8250£400 2,356 1.512
ABCl-6-C 6 1,855, 001 87,4k, 2
B 1,835, 005 50,54, 4
G 1,870,004 48, Gk, 4 2,6294.02 1044::46 8500300 2,07 1,518
(a) C, B, and G indicate cured, baked, and graphitized conditions respectively.
(b) M values approximately 0,12,
(¢) oox/coz values approximately +0,01,
TABLE XIIL
POROSITY OF MULTIPLY EXTRUDED GRAPHITES (G~18 FLOUR ~ ABC SERIES)
Totsl Porosity Pore "Size" Statistics
Specimen Times Porosity Accessible - 2 d L2
Number Extruded % to 2000 psi He X3 Sx3 B3 3 5 a3 Bas
ABCI1~1 1 18,0 5.7 ~0,23 0.97 ~0.11 1,41 8.73 202,
ABCJ-“‘Z 2 1700 3.8 "00 60 Oc 60 0.55 10 00 9. 39 2291
ABC1-3 3 16.8 4.0 -0, 60 0.81 0,66 1,05 8.48 204,
ABCl-4 4 16.7 4.3 -0,70 0.58 0.41 0.88 7.08 192,
ABCI-5 ] 16.4 4.5 -0, 84 0,86 -0.77 0.72 4.20 101,
ABCl-6 6 16.7 4.9 ~0, 64 0,76 1.19 1,30 28. 1100,
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Flg. 18, With~grain eleetrical resistivity of multiply ex-
truded graphife rods made with G=13 flour,

three extrusions, and s located arbitrarily with regard
{o the abselssa,  The asterisks indicate data for AAQL
graphite, which was mixed by a procedure similar to that
represented on the abscissa by "8 times extruded” but
which involved three additional chops in advance of the
[irst extrusion,

Eleetrieal resistivity changed only slightly with re~
peated extrusfon (Flg, 19), but appeared to decrease
slightly as a result of the second extrusion and to Inerease
slightly between the fourth and tenth extrusions.

Porosity was measured by mereury porosimetry and
pore "size" distribution statistics were ealeulated using
the FININT code. Both ealeulated total porosity and po-
rosity acceessible to mercury at 2600 psi are plotted m
Fig, 20, Accessibie porosiiy is & minimum at three ex-
trusions, but total porosity continues to deerease slowly
with additlonal extrusfons, The point representing 21

18 T T T T T T T T T

pod

=

* TOTAL
s ACCESSIBILE TO Hg AT 2600 psi

POROSITY, %
Tt

O L.
| /
&
0""
" 1

3 4 6 6 T 8 9
NUMBER OF TIMES EXTRUDED
Tig. 20. Total and accessible porosity of multiply ex-
truded graphite rods made with G~13 flour.
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Fig, 21, Logarithmie pore "slze” statisties for multiply
extruded graphite rods made with G=13 flour,

chops and 3 extrusions was the lowest with regard to both
total and nceessible porosities, suggesting that after the
first fow extrusions tho chopping operation is more effee
tive in redueing pa2osily than s repeated extrusjion, Pore
"size" stullstics nre phrtted In a logarithmie form (as they
are calculated Initinlly) In Fig, 21, and on the hasis of n
linear ""pore diameter" in m terons, derived from the log-

arithmic values, in Fig. 22, X,3 deerenses slowly with
each successive extrusion while 8’2{,} increascs slightly,
indicating a decreasing average pore "size' and a broad-

ening distribution of pore "sizes'. In terms of 4, , how=

)
gver, it appears that averagoe pore "size' is lnergaslng
slightly while the breadth of the distribution inereases
drastically. The trends indicated by the logarithmie data
of Fig. 21 are probably the more reliabie, since these
curves are based moye direetly on experimental measure~
ments,

Crystalline anisotropy is plotted as a functfon of num-

ber of extrusions in Fig., 23, Anisotropy is represented
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Fig. 22. Linear pore "size" statistics for multiply ex-
truded graphite rods made with G-13 flour,
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Pig, 23, Crystalline anisotropies of multiply extruded
graphite rods made with G~-13 flour,

both by an M value, where M is the exponent of the co~
sine In the cosine functlon which best represents the inten~
sity distribution in the diffracted x-ray beam, and by the
Bacon anisotropy fnctor, cox/coz' Both Indicate a grad-
ual Inerease in degree of preferred orientation with re-
peated extrusion, The points representing material pre~
pared using 21 chops and 3 extrusions would fit the curves
mueh better at 8 exfrusions than they do as they have actu~-
ally been plotted, suggesting that degree of preferred
orvientation is influenced more hy the extrusion operation
than by chopping.

When a resin binder of the Varcum type is used, the
mix "dries out" during repeated extrusion and {inally he-
comes too dry to extrude properly. This usually occurs
somewhere belween the fifth and the tenth extrusion, de-
pending on such factors as temperature of the mix during
chopping and extrusion, the proportion of hinder used, the
amount of solvent added to the binder, if any, and the hu-~
midity of the room. There is no straightforward way to
evaluate thi, variable or its effects.

The new ABC series of multiply extruded graphite
rods was made using the more acicular G-18 graphite
flour and with acetone to dilute the binder. The mix was
overly dry for the sixth extrd51011, which is probably re-
sponsible for changes in the trends of several of the
curves shown below.,

Densities of the ABC graphites in the cured, baked,
and graphitized conditions are plotted in Fig., 24. In all
conditions density increased sharply with the first few ex~
trusion passes, levelled off, then finally decreased a

little. Binder carbon residue, plotted in Fig. 25, in-
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Fig. 24. Densities of multiply extruded graphite rods
made with 5-18 flour,
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Fig. 25. Binder carbon residues in multiply extruded
graphite rods made with G-18 flour.



ereased Hnearly with number of extrusions for the cured
state and at a dimihishing rate for the baked and graphi~
tized conditions, The inerecase in carbon residue is not
enough in any case to account for the corresponding in-

erease in density, so that much of the density increase

1300 I I I T T

o
G
o
i
l

OO~

1000t~

900}~ -

ELEGTRICAL RESISTIVITY, pficm
®

| | | ] |

| 2 3 4 ]
NUMBER OF TIMES EXTRUDED

Fig, 26. With-grain electrieal resistivity of multiply ex~
truded graphite rods made with ©~18 flour,
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Fig. 27. Crystalline anisotrepies of multiply extruded

graphite rods made with G-18 flour.
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must be attributed to Improved packing of filler particles
as a result of multiple extrusion.

Electrieal resistivity, plotted in Flg. 26, hod a mini-
Both the

average value and the standard deviation shown for rods

mum value at about the fourth extrusion pass.

extruded three times ave probably high due to one rod
which had abnormally high resistivity,

Degree of preforred ovientation (Fig, 27) was distine(=
ly higher than for graphites made from G-13 flour, and in~
ereased smoothly with number of extrusion passes to the
sixth pass, which was probably disturbed by excessive
dryness of the mix. Both with-grain eleetrieal resistivity
(Fig. 26) and with-grain Young's modulus (Fig, 28) re~
flect the changes in preferred orientation. With-grain re~
sistivity was distinetly lower and with~grain modulus ap-
preciably higher than for equivalent graphites made from

G~13 flour,

Compressive strength (Fig. 29) was measured using
only three speeimens o represent each extrusion condi~
tion, and data scatter was broad. Standard deviations
overlap for all conditions, and it is not clear that there
was any real change in compressive strength with repeat-
ed extrusion,

Total and accessible porosities for the ABC series
are plotted in Fig. 30.
dent in Fig, 20 for graphites made with G-13 flour, hut

They show the same trends evi~
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Fig. 28, With-grain Young's modulus of multiply extrud-
ed graphite rods made with G-18 flour.
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Fig, 20, With-grain ultimate compressive strength of
multiply extruded graphite rods made with G~18 flour,
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TFig. 30, Total and accessible porosity of multiply ex-
truded graphite rods made with G-18 flour.

are higher in both total and accessible porosity, Pore
"size" statistics for the ABC graphites are swmimarized
in Pig. 81 and 32, As indicated by }23 , pore "size" de~
creases with repeated extrusion, with little change in the
breadth of the distribution (represented by the variance,
Si3) . In this case, the linear parameters (Fig. 32)
showed generally similar trends, but with unreasonable
values after six extrusions -~ probably again originating
in excessive dryness of the mix, but exaggerated by the
data treatment.

Microstructural differences among graphites of the
ABC series were too subtle to be detected by either opti~
cal or electron microscopy. All appeared well mixed

and were partially penetrated by the epoxy mounting re-
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TFig. 31, Logarithmic pore "size" s{atistics for multiply
extruded graphite rods made with G~18 flour,
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Fig. 32. Linear pore "size" statistics for multiply ex -
truded graphites made with G~18 {lour,
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sin, indicating some degree of interconnection of porosity.
Some c-face cracks, void colonies, and stringers of voids
along large filler particles were observed, hut in only
normal sizes and concentrations,

Summarizing the data from both series of multiple
oxtrusions, it can be concluded that, at least for this type
of graphite and this section size;

(a) The principal useful properties of the graphite

are improved by repeated extrusion up to the point at

which the mix becomes excessively dry, which with
normal handling occurs after about five extrusions.

(b) This improvement is represented by increases

in density, Young's modulus and binder carbon resi-

due, and decreases in electrical resistivity and ac~

cessible porosity. These changes are accompanicd
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by an Inerease in degree of preferred orvientation, and
s0 by Inereasing anisotropy of structure and proper-
ties.

(¢) For most purposes the optimwn number of times
to extrude appears to be three, although for special
purposes cither two or four extrusions may be pre=
ferred,

() Chopping the mix a large number of times has the
samo effeet in increasing density and deereasing ac-
cessible porosity as has repeating the extrusion oper-
atlon, but does not increase the degree of preferred

orienfation,

D. Copolymer Binders (J. M. Dirkinson)

Experimental extruded graphites of the ABT series
were made to investigate the hehavior as binders of a
group of furfuryl aleohol~formaldehyde copolymer resins.
These resins were synthesized by E. M, Wewerka, CMF~
13, and covered a wide range of compositions and viscos-
ities.

The filler used was a mixture of 85 parts G-18 graph~
ite flour and 15 parts TP-4 Thermax carbon black and
binder concentration was held constant at 27 pph. Binder
descriptions and extrusion conditions are summarized in
Table XIV, (The "FA/HCOH ratio" indicates the relative
proportions in which furfuxyl alechol and formaldehyde
were mixed in preparing the resin.) Extrusion pressure
appears to be directly related to binder viscosity, and

green diameter inversely related to binder viscosity. No

relation was evident between FAZHCOH ratio and extrusion
parameters,

Extruded rods were eured at 2,5°C/hy to 420°C, haked
to 900°C in 60 hy, and graphitized to 2830°C in 6 by, Car-
bon residues in the cured, haked and graphitized conditions
are listed in Table XV, together with properties of the
graphitized rods, Carbon residues were somoewhat lower
than would he expected in similar graphites made with n
normal furfuryl alcohol resin such as Varcum. Densities
were also somewhat lower, with the possible exception of
Lot ABI'10. Graphites made from resins having 1/1 and
2/1 ratios of furfuryl aleohol to formaldehyde had lower
densities than did comparable graphites made from resins
having a 20/1 ratio. It appears that still higher ratlos
should be investigated.

Microstructural examinations of extruded rods in the
cured condition showed a dense, well~-mixed material, per-
haps slightly deficient in fine filler particles. After graph-
itizing, microstructures were much like those observed
in similar graphites made from furfuryl alcohol resins,
but with more visible porosity. Specimen ABT4 contalned
a number of central cracks, probably caused by an exces-
sively high rate of gas evolution during curing or baking.
Specimens ABI10 and ABF11 showed zones of interparticle
cracking extending inward about 260 to 500 from eylin~
drical surfaces.

Because of the presence of carbon-black particles in
the binder residues, no evidence on the tendency of these

hinders to graphitize could be collected hy optical or elec-

TABLE XIV
BINDER DESCRIPTIONS AND EXTRUSION CONDITIONS, ABTF GRAPHITES

Binder Description

Specimen Identi- FA . Viscosity
Number fication HCoH Fatio ep
ABT 4 EW197 1/1 1200
ABT 8 EW205 2/1 366
ABF 9 EW206 20/1 355
ABF 10 EW207 20/1 645
ABF 11 EW212 2/1 1623
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Extrusion Conditions

Pressure Speed Temp. Green
psi in./min °C Dia., in.
9300 171 47 0.5005
5400 171 43 0.506
5400 176 40 0.506
8300 171 48 0.5025
9500 164 51 0.501



TABLE XV
PROPERTIES OF ABF GRAPHITES

. Carbon Young's Electricnl Denslty Cm‘mn‘essivc
SEpeelmen Residue Mogulus Resistivity 3 Strength
Number Condition . 10" psi B £l em _g/em )
ABT 4 Cured 60.2+1,1

Baked 46,921, 1

Graphitized 43.9%1.1 2,040, 02 000427 1,838,003 9576420
ABT 8 Cured 61,94, 1

Baked 47,1k, 1

Graphitized 45,44, 1 2,534, 03 16445 1.844+,003 )
ABIF 9 Cured 64, 1.2

Baked 49, 0, 1

Graphitized 47,0, 4 2.314,02 121246 1, 8554, 003 m———
ABF 10 Cured 63, 7£1.9

Baked 48.8:x1,7

Graphitized 47,041,7 2,67, 07 1126419 1,894, 008 ———r
ABT 11 Cured 62,71, 6

Baked 47,6+1.6

Graphitized 46,71, 5 2,66+, 08 1160423 1,86564, 012 -

tron microscopy. A series of molded specimens wag
therefore made In which these copolymers were used as
binders at concentrations of 27 and 58 pph and the filler
was G-18 flour only, with no Thermax addition. These
were made at low pressure, and were in general very po-
rous, After graphitization, the binder residues were in
general indistinguishable from the filler particles by
They had well~

developed lamellar structures and strong optical anisot- -

either optical or electron microscopy.

ropy, indicating thit in the presence of the G~18 filler

particles all of these binders hagl,g;faphitized very well,

VII.

STRUCTURAL STUDIES

A. Carbon Blacks

1. Electron Microscopy (L. S. Levinson)

Six lots of carbon black, listed in Table XVI, have

are listed in Table XVI.

been purchﬁsed from Cabot Carbon Co. An attempt was
made to disperse a sample of each ultrasonically Jfor ex-
amination by direct-transmission electron microscopy.

In agreement with the observations of Dr. F. A, Heclkman,
head of the Cabot Co.'s microscopy section, it was found
to be impossible to disperse any of them into discrete
particles, and so particle counting was not a’ciempted.
Hoyyever, the observed particle diameters were consistent
wifh the nominal particle sizes reported by the Cabot Co.,
which are listed in Table XVI.

2. X-ray Diffraction (J. A. O'Rourke)

Crystalline parameters of the six Cabot carbon blacks,
as-received and after heat-treating for 30 min at 2820°C,
All showed some degree of graph-
itization as a result of heat treatment, and the two Sterling
Grades (Samples T~7 and T-8) graphitized significantly.
Carbolac 1 and Super Carbovar (Samples T-3 and T-4)
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CMP=13

Lot

Nu, (Girade
Tt Carholac 1
mrem Carbolac 1
- Carbolac 1
T~ Super Carbovar
- Super Carbovar
—— Super Carbovar
T=5 Monarch 81
——— Monareh 81
T=6 Elftex 5
- Elftex 5
T-7 Sterling 9¢
- Sterling 99
T-8 Sterling FT

Sterling T

Condition

As~recoeived

0.5 hr @ 2820°C

1hr @ 2820°¢")
As~-received

0.5 hr @ 2820°C

1 hr @ 2820°¢®

Ag~-recelved
0.5 hr @ 2820°C
As-recelved
0.5 hr @ 2820°C
As-received
0.5 hr @ 2820°C
As-received
0,5 hr @ 2820°C

TABLE XVI

CRYSTALLINE PARAMETERS OF CABOT CARBON BLACKS

Partlcle(o’) Amorphous  Unassociated
Size LA d. kL Gnﬂx:bon I,a?"ex's
f 4 002 s 1 component
€0 11,9 3.45 29 13 —-
15,4 ~3.44 - 10 "Amorphous"
{ ~145  ~3.42 - -~ Crystalline
17,1 3,44 -— - "Amorphous"
{ 105 3,40 - - Crystalline
140 9.5 3. 53 35 ) m——r
23 ~3. 44 - 10 "Amorphous"
: { ~250 ~3.41 e m—— Crystalline
22,2 3.44 - —— "Amorphous"
{ 100 3.40 - - Crystalline
220 11,0 3.456 38 5.5 ———
- 44 3.44 - - ———
290 12,7 3.48 31 4.0 )
—— 58 3,44 - - ———
420 15,1 3.48 23 4.0 -
—— 100 3,405 -— - _—
1600©) 16,2 8.47 19 2.6 -
-—- 210 3,387 -- -- -

(1) Nominal average particle diameter reported by Cabot Carbon Co.

(v Two treatments of 30 min each at 2820°C.

(¢) Measured mean particle diameter, from LA~3989-MS, page 5.

were quite fluffy and pachked to very low densities in the

sample holders, so that parameters reported for them

are approximate only. After heat treatment both contain-

ed minor proportions of a more highly crystalline com-

ponent, which was resolved graphically and is listed sep-

arately in the table.

fractions of single, unassociated carbon layers.

Both also still contained measurable

They

were therefore given a second 30-min heat-treatment at

the same temperature, with the results shown in the table.

A crystalline component was still apparent in both sam~

ples, but the diffraction peak reprélsenting it was broader

and more intense than after the first heat treatment. A
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small proportion o1 unassociated single layers was still
present in Sample T~4, but none were detected in Sample

T"Bt

B. Hot-Worked Pyrolytic Graphites (L. &. Levinson)

Two samples of pyrolytic graphite which had been
swivelled at high temperatures in CMF-13 experiments
have been examined to determine the orientation at which
the microscopic appearance of a section chaﬁges from
lamellar to sealy. Specimen T-34, for which preliminary
results were reported in LA-3989~MS, showed this transi-

tion when the angle between the section and the average



layer=plane orientation was 45° to 46°, Specimen T-35,
examined recently, showed the transition when the angle
was 49° to 50°,  Since these specimens were somewhat
curved and were difficult to mount precisely, it is folt that
these results represent reasonable agreement,

To determine the transition anglo as nceurately as
possible, a larger, more nearly flat specimen of hot=
pressed pyrolytic graphite has been obtained from Dr.

J, T. Meers of Union Carbide Corporation's Parma Tech~
nieal Center, This is a type of material now heing market-
ed as monochromators for neutron and x-ray diffraction
studles, The piece recelved by CMF~13 was stated to be
slightly substandard for that application, but indeed was
ncarly perfect, X~-ray measurements by J. A. O'Rourke,
CMF-13, showed an essentially infinite crystallite size,

a d-spacing of 3,356 f (which corresponds to about 10 to
15% of disoriented layers), and an M~value over 300, in-
dicating very little wrinkling of basal planes. Specimeis
prepared for transmission electron microscopy (using the
Scotch~tape technique) were so;::m»&hui' turbostratic, as in-
dicated by moire’fringes and selected~-area diffraction
patterns, The moire’ patterns showed evidence that dis-
locatlons were present, On a section cut at 45° to the
average basal plane the structure was uniformly lamellar,

with no indication of growth cones,

C. Fracture Path in ATL Graphite (L. S. Levinson)

Grade ATL is a pitch~bonded graphite of medium
grain size and moderate density manufactured in very
large sizes by Carbon Products Division of Union Carbide
Corporation, A sample of ATL graphite broken in three-
point bending was reassembled, mounted in a low-viscos-
ity epoxy resin, and examined to determine the path fol-
lowed by the fracture. In this graphite there are many
relatively large voids both within and befween filler par-
ticles, and the fracture path seemed largely to be from
void to void. Because it contains particles of carbon
black, the binder residue in ATL graphite is easily iden~
tified, and it was clear that the fracture path was in some
places through binder residue, in some through filler par-
ticles, and in some along the interface between binder

and filler. On the basis of a very limited sample, it ap~

pearcd that the preferred {racture path was through filler
particles where theiy lamellar and void structures produced
a weak zone at a high angle to the tensile axis, and at the
interface between filler and binder when weak zones within
tha particles were nearly parallel to the axis of tension,

VIII, PHYSICAL AND MECHANICAL PROPLERTIES

A, Deformation Mechanlsms (J. Weertman, E, G. Zukas,

W. V. Green)

An analysis has been made of the stress and displace~
ment-veloetty fields around a erack in n material under-
going high~temperature creep, Both Isotropie and aniso-
tropiec materinls were considered, and the increase in
ereep rate caused by the presence of a high density of
cracks was caleulated. It was concluded that high erack
density (which is normal in a graphite) increases creep
rate In tenslon very much more than it does the ereep rate
in shear,

The growth kinetics of simulated cracks machined in-
to the gage sections of ZTA graphite specimens have been
studied in tensile creep tests. Displacement-time and
displacement-position dingrams have been constructed,
and will be compared with predicted displacement diagrams

based on the analysis described above.

B. Activation Enerpy for Creep (W. V. Green,
E. G. Zukas

In recent experiments an attempt has been made to
extend the determination of an activation energy for ten-
sile creep to the lower limit of the temperature region in
which ereep occurs rapidly enough so that it can be ob~
served accurately in a short~time test. Initial experi-
ments were with Graph-i~Tite G at 2100°C. These were
abandoned when it was discovered that the particular billet
from which samples were taken had not been reimpreg~
nated by the manufacturer, and so was not typical of this
commercial grade. A second set of experiments was
therefore undertaken in which the material fested was an
experimental graphite, CMF~-13 Lot AAQIL. By use of the
change~-in~-temperature technique between 2100 and 2300°C,

an activation energy for creep was determined which was
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approximately the same as that previously determined at
higher temperatures, However, steain to tensile fracture
of this graphite is small (less than 1)) in this tempera=
ture vange, and uneeprtaintios in strain measurements =-
on which the ealeulation of activation energy is hased ==
wore therefere relatively lavge.  The determination will
he repeated In o third series of tests on A'TJ graphite
which, it is hoped, will sustain at least 1 w 2% of tens{le

ercep stradn at ench of the temperatures of interest,

C._Thermal Conductivity (P, Wapmner)

1, Boronated Graplites

Tor metals, and for degenerate systems in general,
the eleetronic component of thermal conductivity, k‘e’ is
related to eleetrical conductivity, o, by the cquation:

2 k.
ke © ST “{%}>20T= 2.45x1080T,

where kB is the Boltzmann constant and ¢ is the charge
on the eleetron, The ratlo ke/o at a particular tempera-
ture is, therefore, a consiuat for all such systems,

To a good approxi:nation, the tot.  thermal conductiv-
ity, k, of a graphite can be expressed as the sum of a

lattice component and an electronic component:

ko= kL+ k(3 )
TFor praphite at a partieular temperature, the ratio
k/o = (kL + ke)/o is several hundyed times as great as
for a metal at the same temperature. Since k e/0' is
assumed to be the same in the two types of materials, this
suggests that kL/o- is very large in graphite, and that in
graphite most of the thermal energy is transported by the

lattice., However, the relationship hetween k. and ke

in graphite has not yet been reported in the litcl;rature.
Interest in this relationship is two-fold. First, there
has been considerable speculation that electronic trans-
port processes in graphite are enhanced by a bipolar dif-
fusion mechanism, but proof of this must await a meas-
urement of kc . Second, knowledge of kL is required

to compute in-plane crystallite dimensions (La) from ther-
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mal=conductivity measurements, A means of separating
k, which is routinely moeasured, into its two components
is therefore bheing sought,

It has been reported (Hove, J. E., Conl, on Indus=-
trial Garbon and Graphite, London, Sept. 1857) thot the
addition of boron to graphite changes its eleetrieal con=
ductivity ==~ and thus ke -= without affeceting k. If this
were correet, It should be possible to deduce the relation-

shipof k, kQ by comparisons of the eleetrieal and

thermal Iﬁ'opevties of a series of graphites containing con=
trolled amounts of boron, Accordingly, the series of ex-
truded, resin=bonded graphlites listed in Table XVII was
made, using the samo raw materials and manufacturing
conditions throughout except for small additions of finely~-
divided metallle boron to the raw mixes. Results of with=-
graln measurements of electrical resistivity and thermal
conductivity are listed in the same table and plotted in
Fig. 38, Standard deviations of the electrienl-resistivity
measurements, which aro very sensitive (o structure,
are also lsted in the table, to demonstrate the remark-
able uniformities of the Loronated graphites,

As was expected, electrical conductivity of the peaph-
ite, e, Increasea with inereasing boron content. Unex-

pectedly, however, thermal conductivity, k, diminished.

o——

TABLE XVII
WITH-GRAIN ELECTRICAL RESISTIVITIES
AND THERMAL CONDUCTIVITIES OF
BORONATED GRAPHITES AT 300°K

Boron
10t No. Content, % 0, 10 em k, w/em=~"K
AAM-12 0,000 1068, o= 3.1% =114
AAM-B 0.000 1076 ~-- -
AAM-10 0,022 1071, o= 3.2% 1,11
AAM-9 0.039 957, o= 1.6% 1.10
AAM-6 0.041 1064, o= 0.5% 1,07
AAM-11 0. 062 875, a= 3.9% 0,99
AAM-7 0.081 875, o= 0.4% 0.98
AAM-8 0.158 766, o= 0.6% 0.80
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I"lg. 88, Thermal conductivities and clectrical resistiv~
fties of boronated graphites.

X-ray diffraction measurements by o. A. O'Rourke,
CMF-13, showed that d002’
graphite, did not change with boron additions over the

the layer spacing of the

composition range considered, and produced no evidence
for the presence of boron carbide. Apparently boron
atoms have substituted for carbon atoms in the layer
planes of the graphite structure, inereasing the number
of electrical charge carriers but degrading the periodicity
of the lattice and reducing the lattice component of ther-
mal conduetivity.

It is possible that very small boron additions
(<< 0.1%) may produce a system in which electrical
properties vary while phonon transport, is unaffected. It
is apparent, however, that in such a system the changes
In electrical resistivity would be too small to measure
with the aceuracy required to deduce the relationship of

ch 1o ke’ Boronated graphites, therefore, will not he

further studied at this time for that purpose. The possi~
bility of using small horon additions to reduce eleetrieal

resistance and inerease uniformity of properties remains
interesting for othor purposes.

2, Silicon=Doped Graphites

A group of extruded, resin-bonded graphites, listed
fn Table XVIII, wns made In which silicon was added in
small amounts in the hope that, unlike boron, it might
alfeet eleetrical conductivity without altering thermal
conduetivity, As can be scen from the average properties
listed In the table, over the range of concentrations con=-
sidered silicon had no systematic effect on these proper=
tles.

3. Pyrolytiec Carbon

An attempt was made to determine the thermal con=
ducetivity of a pyrocarbon speceimen manufactured by LASL
Group CMB=-8 and of interest to LASL Group K=-4,
the specimen was only 0,028 em thick, the best that could

Since

be done was an estimate based on flagh~diffusivity meas-
urements, which gave a value of k= 0,08 w/em~°C. This
materinl was less anisotropie than was a specimen pre-
viously tested, for which k= 0.014 w/em~°C. The rela-

tive values appear to be reasonable.

D. Propertics of POCO Graphites (P. Wagner)

Density, electrical resistivity, and thermal conduc~

TABLE XVIII
WITH-GRAIN ELECTRICAL RESISTIVITIES
AND THERMAL CONDUCTIVITIES OF
SILICON-DOPED GRAPHITES AT 300°K
Silicon

Lot No. Content, % 0, wiem k, w/em-"C
AAM~16 0.000 1131 1.33
ABIH~1 0.045 1141 1.24
ABH=-2 0.20 1146 1.26
ABH-3 0.59 1122 1.28
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TABLE XIX
ROOM=TEMF ERATBF PROPERTIES OF POCO GRAPHITES

tride

Designation ~Londition_
AXY Graphitized to 2300°C
AX7%=QB Impregnated, not regraphitized
AX7Z-QBG Impregnated, regraphitized
AX7Z-9Q Graphitized to 2000°C
AXF Graphitized to 2300°C
AXT=QB Improegnated, not regraphitized
AXI-QBG Impregnated, regraphitized
AXT=0Q Graphitized to 2900°C

Eleetrical Resistivity  Thermal Conductivity

Density, 2 =0m e weeme
gromd W AG WG AL
1,55 2163 £169 o8 7
1.62 1084 2030 V6 W13
1,61 1891 1994 V67 W63
1,55 2202 2114 61 v 33
1,84 1586 1571 82 . 81
1.88 1551 1558 00 + B0
1.87 1418 1460 05 « 64
1.81 1376 1420 9 96

tivity have been measured ot room temperature on speci-
mens wken from hillets of eight commereial graphites
manufactured hy POCO Graphiie, Ine,, with the results
listed in Table XIX. The two basic grades represented
are AXZ, thelr lowest density standard grade, and AXF,
thelr highest density standard grade, DBoth are normally
graphitized only to 2300°C. The effects of graphitizing (o
2000°C, of impregnating without regraphitizing, and of
impregnating and regraphitizing are supposedly {llustrated
for both grades by the samples listed, If these samples
are {ypleal, graphitizing to 2000°C instead of 2300°C had
essentinlly no effect on Grade AXZ, but significantly re~
duced density and resistivity of Grade AXF, and Increased
its thermal conduetivity. For both basic grades, impreg-
nation (without subsequent graphitization) increased den-
sity and thermal conductivity and reduced elecirical resis-
tivity, Graphitization of the impregnated material then
reduced density slightly, reduced electrical resistivity
further, and further increased thermal conduetivity, The
measured densities of the samples of AXZ, AXF and AXP-
QB were within the ranges listed by the manufacturer's
advertising literature, while that of the AXZ~-GB was be~
low the listed range, Electrical resistivities of all four
of these grades were below the ranges listed by the man-~
ufacturer.

The structures and properties of these graphites are

heing explored further.
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8. _Thormal Shoek (D, T. Eash, P, B, Armstrong)

As has been indieated above, ealeulated thermal shock
indices are generally agreed to have only qualitative use~
fulness in Indfeating resistance of a given material to ther~
mal shock (and {o thermal stress In general)., Apparatus
for experimental ovaluation of thermal shock resistance Is
available in only a fow places, and s normally speelalized
to one or a foew specific specimen sizes and shapes, So
far as s known, none of these speeimen geometries happens
to be appropriate for evaluating the small specimens which
CMF=-13 usually produces,

Ceriain of the experimental graphites produced by
CMP-13 are expected {0 have unusuglly high resistance {o
thermal shock, and low thermal-shock resistance {s ex-
pected to be an Important limitation of certain others.
Sinece liftle confidence is placed in ealeulated thermal
shock indices, and since appara‘us for experimentally cval-
uating thermal shock reslstance of these materials is ap-
parently not available elsewhere, it seems important that
CMF-~13 develop a testing capability of its own, Such a de-
velopment has therefore been undertaken, on o relatively
low priority (because CMF~13 manpower for such work is
limited). The apparatus used is an eleetron~-beam gun, in
a system designed to test specimens approximately 0.5 in,
dia, -~ such as can be machined from the extruded graph-
ite rods normally made by the Group. In preliminary ex-

periments on seven widely different graphites, all were



broken at o specimen thickness of 0,033 In., and a wide
range of power was requived. Commerelnl AGSX and
one CMF=13 experimental graphite broke at 400 watts
power input, while 1820 watts were required fo erack
commereinl 8868 and a different experimental grade,

In common with other apparatus using an Intense heat
souree, such as an eleetrie ave, this eleetron gun appears
to deposit o much energy at the eenter of the heated spot
on the speeimen surface, Here it rapidly vaporizes the
graphite, and often penetrates the speeimen completely,
Attempts to spread the energy over a larger area by do-
focussing the electron beam have been partially suceess-
ful, and eracking has been produced in the specimens
tested. However, defocussing has resulted in a nonuni=
form pattern of energy=doposition, A redesigned eleetron
sun and defleetion system, eapable of higher power and
better control, has therefore bheen built and will soon be
tested In this apparatus,

A testing unit of this type has obvious advantages and
limitations, It I8 potentially capable of precise control of
both energy input to the specimen and of energy distribu-
tion on the speeimen surface., Operating in a vacuum it
provides for removal of moisture and adsorbed gases
from the specimen hefore it s tested, and it can he used
to preheat specimens either to degas them thoroughly or
o initiate thermal shegk tesis at an elevaied temperaiure
rather than at ambient temperature, With a good vacuum
system and o rotating specimen table, it permits reason-
ably rapid testing. In Its present state it is Intended to be
used only on small-diameter specimens, although it could
be modified for larger ones. To be broken in thermal
stress, o specimen of small diameter must also be rela~
tively thin, and a thickness ef about 0,033 in. seems to be
To be relinble with this
spechmen geometry, testing must probably be confined to

sujtable at 0,6 in.diameteyr.

carhons and graphites in which maximum f{iller-particle
diameter is small compared {0 0.033 in., which limits it
o tests on very fine-grained materials,
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