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THE MANUFACTURE AND DRODERTIES OF AN EXTRUDED, RESIN-BONDED GRAVIITE,
OMF-11 10T AAQL

hv

Morton €. Smith

ABSTRACT

CMI=13 1ot AAQL is 4 relutively lavge sample of an extruded, vesine

bonded graphite. It was manufaetvred from commereial raw materials,

which are felly ehazaeterized, awd using standard procedures, which

wpe deseribed in dotails  The prineipal physieal and meehanieal prop-

erties of the finished graphite are listed, in most eases as funetions

of temperature,

e e T

PRODICIION

Most commereinl graphites arve manufaetured from
mixtures of petroleum coke, carbon black, and eoal=tay
piteh. TFor speeial purposes, however, when the ceonome
ies of a particulur sitnation justify ity other raw mater=
ials are sometinies substituteds  One oecasionally use-
ful modifieation of the basie graphite formula is the sub-
slitution of graphite flour for petroleum eoke, principally
10 reduce shrinkage of the ormed maicrial during bak-
irg and graphitizing, Another is replacement of the piteh
hinder with a thermosetting resin, which makes possible
forming at room temperature to elose dimensional toler-
anees and avoids slumping of the formed hody during suh-
sequent heat {reatment.

A graphite incorporaling both of these modifications
has heen developed at T.0s Alamos Scientific Laboratory,
prineipally by Group CMB-6, and used in a variety ol
eritical appiications, for example, as the mairiz fo con-
iain pyrocarhbon-couted TJC2 Tuel particles in fuel ele-

©

n:ents for the UIITRER nuelear reactor. A common

formualation of this graphite, by weight, is: 85 parts
graphite {lour, 15 parts earlon blaek, and 27 purts fur-
furvl aleahol resin ealalyzed with maleie anhydridoe,

Several of the properties of sueh a graphite have
been examined in some details Most of the measure-
menis made, however, have been on fuel elemoents, the
properiies of whieh are afleeted by the presenee within
the graphite of 2 variable proportion of relatively enarse
fuel parlicles and by the faet that, 1o aveid thermal de-
gradation of these partieles, the material has heen graph-
itized at an ahnormally low temperature.

A large sample of a graphite of this fype, identificd
a8 CMP=18 Lot AAQIL, has therefore been made {0 serve
the following purposcs:

1, To demonstrate the state of the arl of graphite
manufaciuring in LASL Group CMF-13, and par-
ficularly the guality and uniformity possible in
such a graphite when each siep of ils manufie-
ture is conirolled o the degree that has hecome
possible in Group CMF-13;

2, 'To determine the properiies and examine the be-




havior of a good graphite of this type free of dis-
persed fuel particles and in the condition in which
it would exist after novmal graphitization or after
service at high temperature;

3. To establish a reliable base line against which w
compare the properties of other experimental
graphites in which filler materials, binder, and
manufacturing orocedures have been varied sys-
tematically,

AAQI graphite has been manufactured from commercial
raw materials, in standard proportions, using common
commercial equipment and nanufacturing processes. The
raw materials used have been characterized in detail,
complete records have been kept at every stage of manu-
facture, and the properties of the finished graphite have

been examined in depth,

Il._RAW MATERIALS

AAQI graphite was produced from a raw-materials
mix that contained 85 parts by weight of Great Lakes
1008-8 graphite flour, 15 parts by weight of Thermax

carbon black, and 27 parts by weight of Varcum 8251 fur-

furyl aleohol resin,  The resin contained 47 by weight of
maleic anhydride as a polymerization catalyst, which is

included in the 27 parts of binder listed above,
A. _Graphite Flour

Grade 1008-8 is a high-purity {f our manufactured by
Great Lakes Carbon Corporation. It i1s produced from a
special graphite made from a relatively nonacicular petro-
leum cok+ bonded with coal=far pitch, and is ground to a
LASL specification on screen-size analysis. The mater-
ial used to manufacture AAQI1 graphite wa s taken from a
larger lot of 1008-8 flour purchased by LASL Group CMB-6
and identified by them as "M2'" graphite flour. It was re-
blended and identified by Group CMF-13 as "Lot G-13"
flour,

The characteristios o: this graphite flour are summa-
rized in Table I. Tae photomicrographs of Fig. 1 give an
impression of the shopes and internal structures of the
particles composing it. They represent--at different
magnifications-=two areas on a vertical section through a
sedimentation column of flour particles permitted to settle
freely in an epoxy resin, The resin was caused to poly -

merize before settling was complete, "freezing' the par-

; WA
et ~

b.

Fig. 1. Vertical sections through column of Lot G-13 graphite flour seitling in epoxy resin. Hydrogen-ion etch;

bright-field illumination. (a) Near bottom of column.

100X.

(b) Fines near top of column. 500X.



TABLE §

SAMDPLE DATA ON 1OT G=13 GRADPUITE FLOUR

Sexeen Analysis (1. 8. Stil.), Wt ‘s

Miexomexograph Sample Statistics:  Speeifie Suriecn:

&30 mt‘Eh o 0, 0"/; ﬂ P e 4, Gél

1]
=00  +3h mesh 0 6,10 08

0,7 X

3

=35 +70 mesh

1]
SION P T

(LI
~ 0,314 m"/5
Fuzziness patio — 49,9

Measured
Caleulnted

=760 +100 mesh o 4,24 X
=100 +140 mesh © 11,49 ?13 o 123,24 Chemiea) Analysis;
=140 +200 mesh = 24045 Bg' = 56,080, u-2 nza - 220 ppm
=200 mesh o 68,99 3 Ash = 220 ppm
d w 1,102 Pe o 40 ppi
Mieromerograph Analysis, Wt, Sfj o 5,249 8 < 10 ppm
> W0y o 1,99 Gvd o 1,692 8i =~ 100 prm
200 > 100y o 23,20 Ca - R0 ppm
100 > 70y o 19,07 A% = 10 ppm
70 > 44y o 22,07 Crystallino Paramotors: M o 10ppm
4> 2y o 14,07 L, = 8518 Mg -~ lpmm
25 Wy o 10,07 dggp © 3.860 13 B < lppm
0> Gy o G869 {All other eommen impuritics helow
52 2y o 2,99 Holivm Density; 2. 109 g/cm3 doteetion limits of scmiquantitative
< 2w = 0.49 ' speetrochemieal analysis,)

ticles in place in a vertieal distribution of sizes and
shapes. Most of the particles have well=graphitized,
lamoellar internal struetures. The eoarser ones tend (o
have surface-connceted internal poroesity, which has bieen
entored by the epoxy resin.,  The finer particles aro gen-
erally froe of visiblo internal pores presumably beeausc,
in grinding to this sizo range, fraciure cccurred prefer-
cntially through such voids. The coarser partielos, near
the botlom of tho seitling column, arc not particularly
acicular in cross scetions There is an cvident {endency
to becomo so in the mediumn size range, and the fino par-
ticles are usually quite acic lar in scclion, A deserir-
tion of (his graphite flour as "nonaecicular" simply means
that it is less acicular than many other graphite flours.

Iellum density and specific surface arca of G=-13 fHour ‘

are both relatively high, again suggesting that most of tho
intornal poresity of individual particles is surfaco=-con=
neeted. Its "fuzziness ratio"=-=which is the ratio of spe-
cific surface aren measurcd by gas adsorption (o that
caleulated from Micromerograph sample statistics assum-
ing all pariicles to be smooth=sholled spheres==is cx-
tremely highe Particlo surfaces aye ovidently much less
smooth thai thoy appear {o be in Fig. 1, and a large inere-
ment of surface area not apparent in a photomicrograph is
probably accounted {or by very narrow interlamollar sep-
arations extending inward from pariicle surfaces.

Micromerograph size-analysis dals agree reasnae-
ably well with the screen anciysis, As scems usually 1o he
true of commerelal coke and graphite flours, these data
are only fairly well approximated by the general log-

<




normal function,  (This is probably a joint vosult of the
highly developed cleavage systems avallable in certain
parucle-size ranges and some peculiarity of the grinding
action in the Ravmond mills geaerally used to grind cokes
and graphites.) Of particular interest in the sample sta-
tstios derived from these data is the relatively high

vitlue of (‘\'i . the coetficient of variation of a linear par-

tole dimension, d. According o the Lewis-Goldman
naxing model, this indicates that the flour should pack to

relatively high density in a forming operation,
5. Carbon |!|;|1'.k

Ihe carbon black used as part of the filler in manu-
tactaring AAQI graphite was "regular” Thermax, a fur-
nace black manufactured by Thermatomic Carbon Co,

It was purchased directly fromthe manufacturer, and was
identified by CMF-13 as "Lot TP-3" carbon black.

As is lustrated by the electron micrograph ( Fig.
2), individual Thermax particles are smooth-shelled and
nearly spherical, Many « ' them, however, appear as
agpregates, which are not broken up by any deagglomera-
tion technique so far tried here.  (These may, in fact,
often represent intergrowths of particles, as is frequent-
ly suggested by their shapes.) Accordingly, two sets of
optical size-analysis data were collected, one represent-

ing individual spherical particles including those compos-

) 44

3

_a

Fig. 2. Thermax carbon black, Lot TI*-3. 20,000 X.

6

TABLE 11
SAMPLE DATA ON THERMAX CARBON BLACK,

LOT TP-3

Crystalline Parameters:

L 17.4 A

«

(I"O2 3.47 1

Amorphous Carbon = 477

Unassociated Layers = 13%
2
Helium Density: 1. 880 g/em

Specific Surface:

K.9 mz, '3

"

Measured

Calculated 7.143 mz %

Fuzziness Ratio 1.198

Size-Distribution Statistics:

Particles Agglomerates

d 0.328 4 0.538 u
n(zl 0.014 »2 0,066 uz
Hd 0,118 4 0.257 u
Ky 1.049 u° 1.150 .
Md 0.295 4 0.323 u
N 1716 403
(.IA/(.] = 1,64
N/NA = 4,23

Chemical Analysis;:
H,0 = 0.03% Si = 900 ppm
Ash = 0.23% Ca = 30 ppm
S = 0.04% Mg = 15 ppm
Fe = 20 ppm B < 1ppm

(All other common impurities below detection

limits of semiquantitative spectrochemical analysis.)

ing aggregates, and the other representing agglomerates

including isolated individual spheroids as well as clusters
of these. Both sets of data are plotted in Fig. 3 and sam-
ple statistics for both are listed in Table II. The agglom-

erate count gave a poorly defined distribution curve,
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Fig. 3. Particle and agglomerate counts for Thermax carbon black, Lot TP-3.

indicating that sample size (403 individuals) was not large
enough. The particle count (1716 particles) produced a
well-defined distribution curve.

Agreement hetween specific surfaces measured by
gas adzorption and calculated from optical-count sample
statistics Is quite good, giving an unusually low fuzziness
ratio and indicating that in this case the assumption of
smooth-shelled spherical particles was reasosible. The
low fuzziness ratio also confirms the relatively low he-
llum~density value in indicating that most of the internal
porosity of the Thermax particles is not surface-connect-
ed,

The calculated diameter of monosize spheres which
would have specific surface area equal o that measured

by gas adsorption is 0.359 u, in good agreement w. 1 the

average particle diameter of 0.328 p determined from
the optical count. The fact that the calculated value is
slightly higher than the measured one wunld be expected
because the size distribution has nonzero variance and
is positively skewed.

Small samples of Lot TP-3 Thermax, contained in
graphite crucibles, have been heat-treated for 30 min at
2800°C, and then examined iy electron microscopy and
x-ray diffraction. The external shapes of individual par-
ticles were observed in generai to have changed from
spherical to polyhedral, usually with quite well-developed
facets. Their average crystallite size, Lc , increased
markedly, from 17.4 E to 225 I\, and their average in-

terplanar spacing, d decreased significantly, from

002’
3.47 k to 3.378 . The degree of graphitization which

i



thene chunges reprenent wion unexpetedly irge for o

vty bon blick,
¢ Partury 1 Aleohol Rewin

Virewn Kol poadink, pedymerie, hiquid resin
nnanubietured by the Vareum Chemieil Division ol
Rerchokd Chemeids, Ines, by polvmertzation of furjuryl
aleohol, T density s L2 g mband ite viseority it 207°C
I approxinitely 250 ep,

The malecubin distibution of the Viereum uped to
naanubaeture AAQI praphite war determimed 1t room
tempoerature uning a Witers Model 200 gel peemention
chromutopgraph equipped with three elution columns in
serick,  Maximum pore diimeters of the polystyrene
pels with which the columns wepe piucked were, respee-
fivelv, B x lu” A,oR50 4, and 45 £ . Resin simples were
imected s 1,077 by weight solutions in tetrahydrofuran,
with mecetion time of 30 see. Flow rate of the tetrahy -
droturan solvent was 1 ml, min,  ‘The column system was

vadlibrated with respect o molecular weight by determin-

g the clution positions ot 6 series of sumples of polyoethy -
wne pnd polyprops fene glveols havieg nurrow moleculbar -
weight disty thutions and ot the furtary] aleohol monomer,
ey, and trimer, Fig, 4 s the chromiatograom produce -
ed, with g n (relutive refnetive index, 1epresenting
solute coneentrivtion) plotted against approximate molecus
lar welght of the nolute,

Polymerization of lurturylsilcohol producen several
chemieil specien wigun each molecular size range,
Theretore epeh point on the chromitogram rep enents
totad detector response to all species emerging at that
clution volume, and individual species cannot 1n general
bhe identibied,  However, peaks representing the monomer,
dimer, and trimer ave resolved at moleculay weights ol
about 100, 200, and 300, yespectively,  The distribution
shown in Fig. 418 very similar to those of turturvl alechol
resing of simalar vikcosity prepared in CMP-13 using
cither maleie anhydride or phosphorie gesd as the poly:
merization catalyst, However, the Varcum resin has i

distinetly higher content of monomer and shows o greater

« §
3 -
2 ¥
c 1
<
| 4
0 4
1 £ f 1 gt
T v v v v
40 126 380 1200 4000 10000

MOLECULAR WEIGHT (APPROXIMATE)

Fig. 4. Gel permeation chromatogram of Varcum 8251 resin used to manufacture Lot AAQ! graphite.




degt ee ol canversion o the Mgher molecular=welght proe
ducts,  This ieapparently the result of 4 manulucturing
process i which viseosity of the partidiv polymerized
resin in reduesd by additions of the moromer,
(Other Jotk of Vineum 8251 investigated have differed
from i one,ponerpally in the intermedinwe and high
moleculiir -weight vegions,)

Thix lot of Vireum resin has also heen characterized
by dhitferentid thermal analysis, which 18 not sensitive
to small changes in resin structure but is informative
voncerning the overall chemical processes that may be
expected o occur during curing and baking of a graphite
made rom it.  This was done in a duPont Model 900
differentinl thermal analyzer operated with a dead-air
sample envivonment and a AT sensitivity of 0,02 my
@5 C) any Simple weight was 50 mg, the sample con-
sikting o) 607 by weight ot 125 o 149w grevhite flour
and 407, catalvzed rosin, the latter including maleie an-
hydride curing catalyst in the proportion of 5'7 of the
weight of resin, ‘The reference sample was 30 mg of the
same greaphite tlour,  The sample was welghed into a
a-mnrdin sample tube and timped to a depth of 5 mm
with a steel rod. Peating rate was 30'C/min. from
ambront temperatars to 500°C, A small exotherm
occurred at 115 to 130“C, an endotherm at 130 to 145°C,
a large exotherm at 165 to 1685°C, and a broad exotherm
around 390°C. The differential thermal analysis curve
was very similar to those of a deries of CMF-13 experi-
mental resing preparved using maleic anhydride as the
eatalyst, many of vhich differed widely from the Varcum
resin in molecular distribution,  The principal difference
wabk reduced intensity of the exotherm in the 180°C re-
gion in the case of the more viscous experimental resins,
in which the higher molecular-weight species predomin-

ated.

D). Maleic Anhydride

In the manufacture of AAQL graphite, the polymeri-
zation catalyst used was maleic anhydride in the propor-
This
catalyst was dissolved in acetone in the proportion 7.56 g

tion of 4%, of the weight of Varcum .- ' binder.

maleie anhydride to 10 ml acetone, and the solution was

mechantenlly stirred ito the resey for 15man at soum
temperature,

Use of acetone in this way v not standard i the man
ufacture of resin=bonded graphites, However, ssinta
in distributing the eatalyst througnout the pexin, o pro
duce more uniform polymerization, and plsa reduces vis
cokity of the binder, facilitating subsequent mixing with
the filler, The acetone is believed to have been com-
pletely removed from the mix by eviiporation heloye the

mix wias extruded,

. GRAPHITE MANUFACTURE

i o —"

A.__Mixing

i T— v

The mix used for the manufaciure of AAQL graphite
was prepared in six batches, cach containing 1400 p of
filler material,  The dry graphite flour and carbon black
were welghed individually, hand-stirred together hrefly,
then mixed for 15 min in an 8~-qt Patterson~Kelly twin-
The filler

mix was removed from the blender, the catalyzed hinder

shell blender equipped with an intensifier bar,

was hand-kneaded into it for 10 min, and the "woet” mix
was returncd o the blender,  Again using the intensifior
har, the mix was blended for 15 min, with interruptions
after 5 min and 10 min of blending to serape adhoring
material from the interior of the blender. After blepd-
ing, the six batehes were bottled individually and stored
overnight in a refrigerator. The next morning, after
the mix had warmed again to room temperature, the six
hatches were combined into one large bateh., This was
hand-stirred, then passed flve times through & Hobart
meat grinder equipped with a chopping plate having
0.125-in. dia holes,

The chopped mix, at & temperature of 42°C, was
loaded into the materials chamber of 2 40-ton Loomis
tiltable hydraulic extrusion press (©perated in the hori-
zontal position), in batches large enough to muke about
100 in. of 0.5~in, -dia extruded rod. The chamber was
evacuated to a residual pressure of about 500 u, which
was maintained for 1 min. Then the ram was advanced
to develop pressure of 3200 psi, which was maintained

for 1 min, Finally ,

pressure was increased




te abatt 000 priand the mix wiek extruded ag 0, 5=in, ~din

rod at 2o o L, min, Beeaune ot cooling while the
Girhy Jntehen wea o extrdod, the Liter bitches were ex-
truded st somewhnt lower temperiduren, hghey pres-
nurens, sl Jower rites,

Rods produced at this stage were erumbled, hund -
ntirved b one Livge bideh, and chopped by one pass
through the meat grinder,  Enough mitersal w fill the
vhimbiey of the press wak then chapped again just before
1wty douded into the press, and was extruded again under
the conditions isted above, When the entive lot had been
resextraded, the vods were again crumbled, hund=stirred
mie one bitteh, and chopped again,

Sube equent o twin-shell hlending, then, the raw =
nmaderids mix was hather mixed by Sopping it five
timen, extrudimg it, chopping 1L twiee, extruding It again,
and chopping it onire, Finally 1t wag separated into
bitehes Sarge enough to produce one exteesion ench, and
cach bateh was chopped onee more just before 1t wak

loaded into the press oo tinal extrusion,
B, Extrusion

During the last chopping operition, mix temperatuiy
wiip adjusted (6 42°C, The mix was then loaded into the
miterials chamber of the extrusion press, which was
held at 30°C by electrical-resistance strip heaters. The
evacuation and pressure cycle used were those outlined
above except that final extrusion pressure was carefully
mmintained at 7600 psi. Extrusion conditions are sum-
marized in Tahle III.

Each extrusion was about 0,501 ~in, ~dia and 100-in,
It was caught as it left the die in a split copper

The first 7 to 16 in.

long.
tube lubricated with flake graphite.
of vach extrusion were ervopped off, and the rest of the
extrusion was ¢ut into 10~in, long rods which were num-
hered consecutively on their leading ends.  Mate~ial
cropped from ¢xtrusions 1 through 14 was crumbled, hand-
stirred together with material reclaimed from chopper
cleanups, eote., chopped twice, and extruded under the
above conditions to produce extrusions 15, 16, and 17,
The extrusion system used was a materials chamber

2 in. din and 15 in. long followed by a simple breaker-

10

pliate and die which gave a 16 0 1 extrusion ratio, The
hreaker=plate was u hardencd steel eylinder 2,620-m, di
and 1,57 0=wn, long conaining #ix 0, 5688 -in.~din holexs
equally spaced on a 1 Gem,~din cirele, Both ends of ench
hole were countersunk sufficiently to form sharp edges
between holes,  Conical protrusions on the center line on
both sides of the breaker-plate increased pressvre on the
mix locally and maintained a smooth mateeial flow into
the dies  The die had a 60° included-ungle lead-iu tapering
from 1.75 to 0.500 in, dia. The land of the 0,500~in,~din
die opening was 2, 168 In, long and was ground to 8 u in,
rmsb. ‘The die was heated only by conduction from the ma-
terials chamber and by flow of material through it. How=-
ever, after the first few passes == which were part of the
mixing process -~the temperature ot the die body and

miterials chamber were uniform.

C. Curing

The numbered 0,50-in~dia, 10=in. long, green ex-
trudew rods were laid horizontally in grooved graphite
blocks which were loaded into trays and coverved with car-
bon black.
and all trays were loaded together into a Model V23-SD

Each tray was covered with aluminum foil,
Degpateh oleetrie recirculating air oven. In an air atmos-
phere, they were heated to 200°C over a period of 6” hr

in the following cycle: heating from 20 to 45°C at 3. 13"
hr; holding at 45°C for 10 hr; heating from 45 to 90°C at
5°/hr; heating from 90 to i38°C at 2"/hr; heating from

138 to 200°C at 5.,17°/hr; holding at 200°C for 8 hr; fur-

nace~-cooling to room temperature.

D. Bakin

The cured rodet were wiped free of adhering carbon
bl ~k and inserted horizontally into 0.625-in.,~dia holes
drilled in a 5.75~in.~dia commercial graphite rod 12 in,
long. This was loaded into a1 Model 290-71 Marshall
horizontal electric tube furnace. The furnace chamber
was evacuated to a residual pressure of 100 i or less,
then heated to 900°C over a period of 41 hr in the follow-
ing cycle: heating from 20 to 450°C at 19.55°/hr; heating

from 450 to 900°C at 23.68°/hr; holding at 900°C for 2 hy;



FINAL EXTRUSION CONDITIONS FOR GRAPHITE AAQ!

TABLE 111

Ext. Holding ixtrusion Pressure Green Rod Lead End
Bateh Vacuum Proegsure Max. Min, Speed Temp. Rod Dia. Di sea rd
No, ool b8t opst o psl in./min _7C__ No. S, PR n._
1 n00 3200 7000 6400 147 he 1 to 10 0.502 ]
2 300 3200 7600 7000 147 42 11 to 18 0.501 13
3 00 3200 7600 7000 156 41 19 to 26 0.501 ]
4 500 3200 7600 7000 156 42 27 to 343 0.501 16
) 500 3200 7600 7000 160 42 34 W 41 0.501 9
6 300 3200 7600 7000 164 42 42 to 50 0.501 9
7 950 3200 7600 7000 160 42 581 W 59 0.501 10
8 650 3200 7600 7000 150 42 60 t 68 0.501 §
9 600 3200 7600 7000 153 42 69 t 77 0.501 10
10 650 3200 7600 7000 156 42 78 o 86 0.501 11
l‘l(u) 650 3200 7600 7000 1m 42 87 t 94 0.501 23
12 650 3200 7600 6800 167 42 95 to 103 0.501 10
13 600 3200 7600 6409 17 42 104 to 112 0.501 14
14 1600 3200 7600 -—- 167 42 113 to 121 0.501 7
15(’» 600 3200 7600 7300 133 40 122 o 129 0.501 11
16(1,) 600 3200 7600 7600 100 a8 130 to 138 0.501 H
17“)) 600 3200 8900 8300 176 38 139 to 147 0.501 11

(a) Ten inches of rod were extruded before pressure held; leading-end discard was increased to aliow this material

to be discarded.

(b) Extrusion batches 15, 16, and 17 were made from leading-end discards and other material reclaimed from earlier

operations, which were combined, chopped twice, and extruded.

extrusion batches.,

They therefore differ slightly from earlier

furnace~cooling to nearly room temperature in about 24
hr.

Processing of all rods in Lot AAQ1 required five bak-
ing runs. So far as could be determined, baking condi-
tions were identical in all runs. Rods baked in each run
are identified in Table IV. Rod No. 1 was subsequently
damaged in handling, and was discarded.

E._Graphitizing

Baked rods were cut to a standard length of 9.25 in.,
the maximum that could be contained in the resistively~

heated Model 550-C Brew furnace used for graphitizing.

They were loaded vertically into the furnace chamber,
which was evacuated and refilled with helium twice.
Then, maintaining a very slow flow of helium through the
furnace, the rods were heated at a nearly constant rate
to 2830°C over a period of 6 hr, and furnace-cooled to
nearly room temperature in about 3 hr. Rods numbered
2 through 77 were graphitized together in one run, nd
rods 78 through 147 in a second run essentially identical
with the first.

11



FABLE 1V .

IDENTIFICATION NUMBERS O RODS INCLUDED IN EACH BAKING RUN

Run No, kg Run No., K7 Run No, KN Run No, &9 Run ~No., 90
| 27 w29 12 o 49 30 w41 117 w 1
2 W 26 O w76 7 w 92 92 w98
99 w105 106 w 116
IV, STRUCTURE appear in many cases to have developed somewhat angu

lar outlines, suggesting that they may have graphitized to

A. Electron and Optical Microstructure
A._Electron and Optica croxaeal some degree during the graphitizing heat-treatment of the

rods.  The presence of these particles identifies regions
I'he microstructure of a typ cal longitudinal section

occupied by the graphitized binder residue  between
through a finished AAQI graphite rod is shown in Fig. 5 I Ll

larger particles of graphite flour having obviously lamel
at 100X magnitication, There is some evidence of a tend- . l :

lar internal structures. Mixing of raw materials was
ency for the larger and more acicular filler particles to

evidently good, and this and most other sections examined
assume orientations in which their longest dimensions

appeared to be dense, well bonded, and essentially tree
sre approximately parallel o the extrusion axis. The

of voids and cracks, However, a few small voids and
cpoxy resin used o impregaate and mount such specimens

clusters of voids were encountered.  Figure 7 shows the

was found to penetrate o graphite only to a very limited

' 2 ) . . longest stringer of voids observed. A few c-face cracks
depth, indicating a low proportion of connected porosity.

were also found, one of which is shown in Fig. K.
Another typical section is shown in Fig. 6, with a

The most serious type of defect noted was that illus-
shghtly different eteh and at 10, 000X, The relative ly Vi

trated i Fig. 9. This is a series of connected cracks,
small, approximately equiaxed areas represent particles

: , extending through the binder residue between filler par-
of carbon black. From comparison with Fig. 2, these

ticles, and located ;ust below and approximately parallel

Ny :
"/:;',_ . to the eylindrical surface of the extrusion. These cracks

are believed to have formed as a result of an elastic
springing apart of filler particles when, as the extrusion
emerged from the die, the radial compressive stresses
developed by the die wall were relieved and the rod was
permitted to expand. Although not common, cracks of

this type were found in several pf the AAQ1 extrusions.

B. Microradiography

Thin longitudinal and transverse slices of AAQI
graphite, cut from Rod 22. were vacuum-impregnated
with sulfur and microradiographed (by LASL Group

(iMX-1) at section thicknesses of about 9.005, 0,010,

and 0.020 in. Because sulfur is more opaque to x-rays
Fig. 5. Longitudinal section through AAQ1 graphite
extrusion. Extrusion axis is vertical. Hydrogen-ion
eteh; bright-field illumination; 100X. areas in the radiograph and as dark areas on prints made

than is carbon, voids intruded by sulfur appear as light

12
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Electron micrograph of AAQ1 graphite. Xenon-ion eteh: 10,000 X,
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Fig. 6.

. . Y

i S

Fig. 7. Void stringer in AAQ!I graphite. Xenon-ion etch: 5000 X. In this section the voids have been filled with an
epoxy resin 'which has etched in a distinctive conchoidal pattern. The arrow indicates one such void.
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Fig. 9. Transverse section through AAQI1 graphite ex-

trusion, showing epoxyv-filled, circumferential, interpar-
ticle crack, Irregular dark spots are holes, believed to
be polishing artifacts. Unetched; bright-field illumina-

tion: 150X,

H000X,
almost horizontally across the picture, at the edge of a large particle of graphite flour,

The crack has been filled with epoxy resin, and
A void cluster

from 1t,

Figure 10 is a pair of prints typical of such micro-
raciographs, enlarged optically to about 5X. The con-
centration of light areas near the cylinder axis represents
a relatively large region of low porosity around the cen-
ter of the extruded section, which absorbed very little
sulfur., This is believed to be associated with merging
in the die of six separate streams of material emerging
from the six holes in the breaker-plate. A faint herring-
bone pattern is visible near the edges of the longitudinal
section, representing an alignment of voids between flake-
like filler particles which, in this region, tend to assume
orientations in which they are inclined at about 30° to the
extrusion axis. A tendency toward a tangential arrange-
ment of these particles is evident in the transverse sec-

tion.



of sulfur-impregnated lon-

Microgradiographs

Fig. 10,
gitudinal (a) and transverse (b) slices of AAQ1 graphite,
each about 0,020~in, thick. Tungsten continuous radia-
Kodak High-Resolution Plate

optical enlargement to about 5 X,

tion at 15 kv subsequent

C. X-Ray Diffraction

Average crystallite thickness, L

o

and average

interplanar spacing, d ol AAQI graphite were 405 /

002’
and 3.362 ', respectively. These parameters represent
a well-graphitized material although, because of dilution

of the graphite flour by the less well-graphitized carbon

black and binder residue, L |
.

actually smaller and

(I“(): larger than for the original flour.

Preferred orientations were analyzed for samples
taken from both ends of each of four different rods. Re-

sults are listed in Table V, where o O is the Bacon

Ox O7Z
anisotropy factor and M is the exponent of the sine func-
tion, 1( @) l“ sthb, which best describes the change
in concentration of basal planes with angle relative to the
extrusion axis. The average Bacon factor and M value

represent a moderately high degree of preferred orienta-

FABLE V

PREFERRED ORIENTATIONS OF AAQ!I GRAPHITE RODS

Rod

No. Rod End M qn\ ”../
AAQIL-3 Leading 1,50 1,34
AAQI-3 Trailing 1,70 1,38
AAQI1-40 Leading 1. 79 1.37
AAQL-40 I'railing 1.70 1,34
AAQIL-OK Leading 1.56 1. 34
AAQIL-0K Trailing 1,57 1,34
AAQ1-130 Leading 1.69 1,39
AAQIL-130 Trailing 1.61 1,36
Average 1. 64 1.36

tion of the order normaiiy found in small-diameter ex
truded graphite rod. Very little d'fference in texture was

observed within individual rods or from rod to rod.

V. CHEMICAL COMPOSITION

Semiquantitative spectrochemical analysis of samples
of AAQ1 graphite (by LASL Group CMB-1) indicating the
presence of the following concentrations of common im-
purities:

Ash < 300 ppm

Fe 30 ppm
Si 30 ppm
B : I ppm .

All other common impurities were present in concentra-
tions below the detection limits of the analytical method
used.

The raw materials used to manufacture this graphite
were quite pure, and composition changes during mixing,
forming, and heat-treating were small. No significant
contamination of the materi- 1 occurred during processing,
and the general reduction in impurity levels expected to

occur curing heat-treatment was realized.



TABLE VI
POROSITY DISTRIBUTIONS O' AAQl GRAPHITE

Porosity
Avceskible
Total Porosity to 2600 pri He = 2
siomple No, " I S xi_m hg_:i B
AAQL -6 16,0 3.2 =0.75 0.63 0,96
AAQL 14 1 K 2.9 ~(), K6 0.57 0. HH
AAQT 10,k 3.0 -0.75 0.57 0.431
AAQL 6 1oy 3.2 -0, 77 0.66 1.25
AAQL Y 16,0 3.2 -0, 42 0.46 0.41
AAQL- 15,9 3.1 ~(). K2 0.56 0.70
AAQ =60 1o 7 3.0 -0, K3 0.57 0.77
AAQIL-VY 16,2 3.6 -0, 78 0.62 0.83
AAQT 0K 10,9 3.1 _— - _—
AAQL 11 16,1 3.7 -1 6 0.54 0. 14
AAQT 1oy oo 3.4 -0.78 0. 66 1.01
AT 1as 1000 3.0 ~0.74 0.39 0. 80
Averane I 3.1 -0.77 0.57 0.64
(5 0,2 0.2 0.08 0.08 0.3

smm nm e mesw %

VI. PROPERTIES

A Dennity

Hulk density of each rod of AAQL graphite was deter-

e inedividually by weighing and measuring it, Weigh-
ing to the nearest 0,001 ¢ was an an analytical balance,
Leupth measurements to the nearest 0,001 in, were

mawede inoajig equipped with a diadl micrometer, and di-
ameters were measured similarly, to the nearest

0,000, 1 in, Measurements ot 10 rods by each of three
individuals gave a range of weight measurements of
0,001 g, of length measurements of 0,000,5 in., and of
dinmeter measurements of 0,001, 1 in. A propagation~
of-crror analvsis indicated that the uncertainty of bulk-
density determinations due o limitations of measure-

3
ment aecuracy was less than 0,008 g/em”

The bulk densities of individual rods ave listed in
Appendix A, ogether with their eleetrical resistivities
and Younp!s moduli. Average density was 1,901 g‘/cm3
with extreme values of 1,894 and 1,909 g/(:m3 and stand-

ard deviation of 0.002, 8 g/(:m’}. Comparison of the

16
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standard deviation with the calculated uncertainty of
measurements suggests that the scatter of measured den~
sity values resulted principally from the measuring sys-
tem used. Bulk donsity of the graphite was essentially
constant throughout the lot, and was unusually high for

an unimpregnated graphite,
B. Porosity

Mercury-porosimetry measuremwents were made on
12 specimens of AAQ1 graphite selected to represent
both the most-dense and the least-dense rods in the lot.
Data were treated using the finite-interval statistical
model, with the results listed in Table VI. Average total
porosity, from density measurements, was 15,97 of the
specimen volume, Average porosity accessible to mer-
cury at 2600 psi, the highest pressure used, was 3,17
of the specimen volume, or only about 20 of the total
porosity. While mercury-porosimetry data must be in-
terpreted with caution, the traditional analysis of data
collected on AAQ1L graphite indicates a maximum pore

diameter of about 35p and a median pore diameter of



obout 0, du,
€. Elastic Properties

1. Young's Moduly

Longitudinal Young's modulus of each rod of AAQ1
praphite was determined individually at room temperature
by o thin=rod resonance technique, and i8 listed in Appen-
dix A. Average dynamic Young's modulus for the entire
lot was 2,308 x 106 psi, with extreme values of 2,225 x

»

l()(’ and 2,364 x 106 psi and standard deviation of 0.0197 x

106 psi. A propagation-of-error analysis indicated that
by the method used this modulus could be measured with
an uncertainty of about 0. 83%(, or approximately £0,02 x
1()6 psi. Most measured values fell within this limit,

which is very nearly the standard deviation of the measure-

TABLE VI
TEMPERATURE DEFENDENCE OF LONGITUDINAL
YOUNG'S MODULUS OF AAQ1 GRAPHITE, ROD 86

Temperature, E,
D 106 psi
25 2.330
200 2.330
300 2.350
400 2.365
500 2.385
600 2.410
700 2.435
800 2.465
900 2.495
1000 2.54
1200 2.65
1400 2.78
1600 2.93
1800 3.04
2000 3.15
2200 3.23
2300 3.28
2350 3.29
2400 3.29
2450 3.27

ments. Agaln, an extremely uniform graphite is indiei-
ted.

A sceries of measurements of dynamic Youug's mod-
ulus as a function of temperature was made on one long -
tudinal specimen from Rod 86, A thin-rod resonance
technique was used, and a high temperature of 2476°C
was reached with an acceptable signal reading. Results
are listed in Table VII and plotted in Fig. 11, Dyvnamie
Young's modulus Increased with temperature to a maxi~
mum value near 2350°C, with no apparent minimum he-
tween room temperature and this maximum. The speci-
men tested showed little change in modulus with repeated
heating and cooling, and no hysteresis upon sudden cool-
ing from about 900 to 450'C. ‘

Static Young's modulus was determined during initial
loading of previously unstrained longitudinal specimens
in the tensile tests described below, both at room temper-
ature and as a function of temperature between ambient
and 2750"C. As is discussed in a later section in connec-
ticn with the tensile testing procedure, these data . o not
considered to be of high quality --although part of the
broad scatter shown in Fig. 11 is believed to be real
and characteristic of the first loading of small samples
0. a porous solid. The dashed line has simply been
sketched through the scatter to suggest the probable
trend of the data.

At low and moderately elevated temperatures, these
results indicate an initial static modulus which is only
about one-half to two-thirds of the dynamic modulus.

(In a few tesis involving load cycling or repeated loading,
the static value appeared to increase toward the dynamic
one as the specimen was repeatedly strained.) Above
about 1500°C the quality of the static measurements im-
proved, data scatter diminished, and initial ,iatic modu-
lus decreased~--while dynam.c modulus continued to in-
crease to about 2300°C. (In a few tests in this tempera-
ture region,static modulus appeared not to be changed
significantly by limited amounts of prestrain.) These
results suggest the possible existence at high tempera-
tures of a "relaxed" modulus which is very much lower

than the "unrelaxed' one measured dynamically, and

which decreases quite rapidly as temperature increases

17
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Fig. 11. Longitudinal Young's modulus of AAQ1 graphite,

above about 1500°C.

In an attempt to resolve the differences between stat-
ic and dynamic values of Young's modulus, both types of
measurements were made at room temperature on speci-
mens 0.25~in. dia, 10-in, long, machined from Rods 15,
35 and 39, Static measurements were made in a low-
level stress-strain apparatus in which slowly applied
dead-we Wt loading is used to develop tensile stresses
up to abcuc 22 psi, and strain is measured with an unbond-

ed strain gage, Dynamic measurements were made by a

18
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thin-rod resonance technique. Densities of the three
specimens were 1.907, 1,915 and 1,907 g/cma, in agree-
ment with the microradiographic observation of a rela-
tively dense region along the extrusion axis., Dynamic
Young's moduli were 2,375 x 106, 2.386 x 106, and 2. 375

X 106 psi, respectively, correlating well with densities.

In spite of precise instrumentation, careful measurements,
and use of a very low stress range, static modulus values
scattered broadly and erratically from specimen to speci-

men and during successive cycles of loading and unloading



the mame specimen.  The most probable static moduli for
the three specimens were Judged o be 2,12 x l()“, 2,00 x
lnh,aml Y80 X l()‘i pei, respectively, Loand ve extension
recards were generally curved (convex upward) during the
st evele or tvo of loading, becoming essentinlly linear
in hnter evelens A lower loading rate (4.5 psizmin) usu-
alhv == but not alwavs == gave lower and less consistent
madulus values than did o higher rate (9,0 psizmin).,
Madulus measured during loading wag usually == but not
alwavs -~ Jower than that measured during subsequent un-
loading.  The static moduli determined were significantly
less than the dynamie moduli ol the same specimens, but
were much higher than those measured in regular tensile
tests and plotted in Fig. 11, These difforences reflect
the deficiencies of the sirain=-measuring system used for
the tensile tests, and also suggest cither that the stress-
strain curve lor AAQL graphite is strongly curved at un~
resolvably low stresses or thut, even at room temperia-
ture, a time-dependent relaxition occurs to reduce the

apparent modulus in a "statie" test,

A ceylinder 0,250, 2-in, dia was cored from Rod 93,
leaving intact a shell of material 0,081, -in, thick which
included the extrusion skin.  Density of the core was
1.4907 g',./'(,'m:; and its longitudinal dynamic Young's modu-
lus was 2,35 X l()6 psi, in reasonable agreement with the
results noted above. Density and dynamic modulus of the
shell were 1. 889 g/cn13 and 2,29 x 106 psl, respectively.

Because of the small diameter of the graphite rods,
Young's modulus normal to the extrusion axis could not
be measured. However, room-temperature measure-
ments were made at 3 MHz of longitudinal pulse-trans-
mission velocities both parallel and normal o the extru-

slon axis, In the

One sample from Rod 86 was used.
axial direction pulse velocity was 1,182 x 105 in./sec

and in the transverse direction it was 0,872 x 105, giving
a velocity ratio of 1,36, This ratio, when squared, indi-
cates that the corresponding bulk-modulus ratio was 1. 84
which, to a good approximation, should represent the

anisotropy of AAQ1 graphite with regnrd to Young's mod~

ulus.

2, _Shear Modulus

Shear modulus normal to the extrusion diveceton wae
determined on one specimen by an oddy - eur rent technmue
involving the use of cloacly fitting aluminum sleesyes on
citeh ond of the specimen,  The dyniomie sheir maoduhe. o
measured wik 0. 74K x l()" jisie An thaeussed bolow,
pulse-velooity measurements also indicated i signihieant

degree of anisotropy with regitrd w sheir modulus,
3. Pulse~Transmission Veloeities

In this type of material, the difference hetween thin -
rod and bulk pulse~transmission velocities depends an de-
gree of anisotropy and Polsson's ratio, For an isotvropie
miterial, theory predicts o ratio of bulk velocity to thin=
rod veloeity of unity when Poisson's ratio is zero, of 1,01
when Poisson's ratio is 0.1, of 1,05 when Poisson's ratio
is 0.2, and of L. 16 when Poisson's ratio is 0.3, For one
AAQL graphite specimen,the thin-rod veloeity wa 1,101 x
10:j in./80¢ (giving 1 = 2,84 x l()” psiin the axial diree-
tion) and the bulk velocelty in the same direction was
1,182 x 105 in./8ec.  The small ratio hetween the two,
1,083, may be evidence that Poisson's ratio of this graph-
ite Is very small,

Measurements of shear pulsestransmission veloeities
at 3 MHz wcere also made at room temperature on the
same sample. Three measurements made with the pro-
pagation direction parallel to the extrusion dirccetion but
with different polarization divections gave the same pulse
velocity, (6.21 +0.08) x 10% In. /sce, indicating that the
extrusion axis was an axis of symmetry with regard to
elastic behavior. Measurements of velocity perpendicular
to the extrusion axis gave values of 6.47 x 104 In.ssee
when the polarization direction was parallel to the extru-
sfon axis and of 5.46 x 104 in./sce when it was perpendie~
ular to that axis. The lower of these transverse shear
velocities is about 12% less than the average axial shear
welocity (6.21 x 104 in./sec), suggesting a significant de-
The
average axial velocity should huve been identical with the

torsional thin-rod value, 6.48 x 104 in./sec. The 4%,

gree of anisotropy with regard to shear modulus.

difference, however, is within the expected combined
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unes fanfy od thee twa methods,
Do Tenstle Propaerties
Lo Rove Tepreridure Tents

Sy proups of longitadinal specimens of AAQT graph=
te dieve been tested i tension ai room temperature, with
thee pesulte hinted in Table VI, Specimen pumbers are
the manbers of the rods from which imdividual test bars
wors nnelamad, plus aoeetter Ay B, ap Cindicating, ree
rpectivedy, the end ol the rod extruded fivst, ite central
vepaens, sod s tennling ends The "standiord® test bar ured
Iiued o pee seetion 1, 0000, Jong, peving i diimeter by
Aabot 0, 003 my, brom s ends to aominamum 0, 250=n, di
af 1t eoenter, The giage seetion termanided im0, 047 =1n,
vaddat Tewding to 00300 an, odi cwd seetions, providing o
seuany ¢ showlder against which tracking marvkers could e
seated lor apticad strain measurements,

The (st group of eight specimens listed i Table
VHI wits tested inanr goa syvetem usuadly used for elova-
ted = tetpperature testing, at i constant rate of erosshead
motion of 40005 i, omin, Removable tracking targets
were attiached o both speeimen shoulders, and were ohe

sepved wath an Optron optieal tracking sestem.  This may

Live produced o small wsymmetry in loading,  However,
the average ultimate strength detormined, 3004 psi, was
relatively high for a well=graphitized material, and the
standard devintion ol the measurements was only 4, 6'/ of
the average,  Poreent permanent elopgation, from meas-
urement of reassembled broken test bars, averaged

0, 147, which is normal for a polyerystalline graphite.
Stress-strain curves, from optical=tracking data, are
plotted in Appendix €. Strain data collecied during the
carly stages ol loading were in general of poor quality,
principally heeause of erratie small changes in specimen
position as it aligned itself with the tension axis.  Statle
Young's modulus values derived graphically from the
stress-strain eurves were correspondingly uncertain,
However, as viould be expected in initial loading of pye-
viously unstrained graphite, they indicated a relatively
hroad variation in inltial Young's modulus from specimen

to specimen, and an inidal static modulus which was only
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sbout one-halt o two tharde ot the dypimie modulus e
ported above, AN atiesa-ntrain vupven were slightlhy con
vex upsvitrds, and socotd them grouped well, The other
twa, Jor mpecimens 204 and 658, were htecprer, stuggent -
g thal ticre specimens might have been proestiaomesd
acerdentadly of somes point an therr e bier history,

A reconc sroup of three specinens win tested undey
the piume corsseeaones but by anothey operatoy in s ditferent
testing machine, uning i ditterent type of loading Hixtures
and without tracking markers,  One relatinely low
strength vitdue was measured, but the average ultimite
strength (2903 poi) was not signiicantly ditferent from
thiat ol the first group,

The thivd "group' was 1 single subnize specimen,
No, 68, machined (o 0,200-in, gage dinmetay but others
wine identical with the standard specimens of the Lirst
two groups, It was tested in the elevated-temperature
unit, without tracking markers, to verify that the use of
subsize specimens in some of the high=tempoerature tests
discunsed below had no Jarge effect on the strength meit k-
urement.  Its ultimate strength was slightly above the
average for larger=diameter specimens, as might be
expected from the density gradient observed in the ex-
truded rod, but was within the seatter of those other
measurements,  Its permanent clongation was very low
hut, as seen in Appendix B, this was not characteristic
ol subsize specimens.

The three specimens composing the fourth group of
Table VI were standard specimens tested in the low-tem-
perature unit, without tracking mavkers, at a rate of
erosshend motion four times that usuaily used. No signifi-
cant change in ultimate strength was observed from this
relatively small inerease in strain rate,

The fifth specimen group consisted of four specimens
tested at their full as-extruded cross sections by use of
metal grips cemented W the ends of unmachined rod see-
tiong. Tests were mad, in the low-temperature machine
without tracking markers at 0.020 in./min ¢rosshead nwo-
tion. Data scatter was relatively broad, and It is not cleay
that the full ¢ross-scction rod differed in strength from
the reduced section tested in the case of machined speei-

mens. If there was a difference, however,it was a small in-




Spcr unen

Nt
oA
RUIAY
41
it
Y
PR
1A
1LTA
Avenape

v

oA

1y

Tt
Averipe

4]

e

[Nt
Ive
Average

T

113A

1148
64A
5B

Average

g

128

020
K28
Average

a

Spevimen Fype
Standard, 0,250 1,
Standid, 0,250 an,
Stamdad, 0,200,
Stonchard, 0,250 1,
Standiyd, O, 250-1n,
Stamdard, 0,2,50-n,
Standard, 0,250 an,
Standind, 0,240 an,
standard, 00200910,

Stamdbard, 0,250,

Standard, 0,250 0n,

Standard, 0, 2401,
Standard, 0, 250-1n,
Standard, 0, 250-1n,

standard, 0,2,0-1n,

i
4N
i
i
din
di
dii
din
i

it

i
i
tha
din

din

Subsize, 0,200=in, dit

Standiard, 0,2,6-in,
standiard, 0,250,
Standard, 0,250=1n.
Standard, 0.250-in.

Standard, 0.250~in.

din
dian
dia
dia

dia

Full ercss-section rodd

Full eross-seetion rod

Full eross=section rod

Irull eross=section rod

Teull ¢ross-section rod

Full cross~section rod

Standard,
Standard, 0.250~in.
Standard,
Standard,

Standard,

0.250~in. dia

dia

0,250~in. dia
0.250~in,
0.250=in. dia

dia

l“uw 11

Fensgon,
Pennion,
Tension,
‘Tension,
Tenwlan,
Tenxion,
Tension,
Tonkum,
Tension,

Tenrniuon,

Tensjon,
Tenwion,
Tension,
Toension,

Tension,
Tension,

Tennion,
Tension,
Tension,
Tension,

Tengion,

Tension,
Tension,
Tension,
Tension,
Tensgion,

Tensgion,

Tension,
Tension,
Tension,
Tenslon,

Tension,

TABLE VI
FONGITUDINAT CTENSI E PROVERTIES OF AAQL GRAPHITE TESTED AT ROOM TEMPERATURI

Tent

0,00 in, nun,

(h, 00, I, pun,

0,005 I, nun,

g, 005 I, man,

O, 005 -1, .,
0,005 1, nmn,
0, 00H=1n, . pUN,
0, 00h=1n, . min,
0, Q05 -1, . min,

O, =10, . muan,

0, 000« 1, . nun,

G, o=, min,
0, 005 ~in, , min,
0, 005=1n, min,

0. 005=in,, min,

0, 00h=In, ,, min,

0, 020-1n, - min,

0, 020~in, -min,
0,020-in, s min.
0, 020~in, /min,

0. 020~in, /7min.

0, 020-in,/min.
0. 020~In. /min,
0. 020-in, /min,
0. 020~in. /min.
0. 020~in./min.
0.020=in, /' min.

0. 005~in. /min.
0.005~In. /min.
0.005~in. /min.
0.005-in, /min,
0.005-in. /min,

Tent

Atmunphere

Alr
Ay
An
An
Ay
A
Alr
Alr
Alr
A

Alr
A
Alr
Ar
Air
Ar

A
Ay
Air
Ajr
Air
Alr
Air
Air
Air
Air
Air
He,
He,

’
He,
He,

3 peig
3 psig
3 psiyg
3 peig
3 peig

Ultimate
Tenntle Strength
l)hl

2411,
111N
JOMG
SRR K
KT
Al
WKGH
PRT2

3004

3044
2003

1KK

3167

BOKS
1G4

JOKY
3632
336K
BOGK
BPA1

208

3015
2H36
2097
2949

09

Flangation
(o g,

0,1
0, 04
0, 1
0,21
N
0,11
0,12
0, 14
0, 14

0,04

e oz

es o2

0.09
0.10
0.13
0.10
0.02

Tt
Yo'
Mh“l!llu'
1 pea

"

o s

1. 14
1. 09

1,13
00 0‘1
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miespdied st O prags, whinel woes ptposlueedalfer the speer
men el tarnaer ol b buad beonodepaesad I evaeen
SR Lo resplual preoane Loy fhaa T l T W B ITY N
gt pets sond Wi vt ad sraam meaeut gy sy slean W e
used], amd strens stiam v vercin e photted in Appendax v,
There was o sipnde.amt shdleyerass Betwecn th se pesalts
and thore af tests niele o nd g eement witho reradt,
tram sdieeent specouens (LA, o8B, w2CY fested moan we

extremely poaly Pl stressestinm ear ves produed
prouped well with the less steepeonrves Jor ests prele
i were utespectod Iy consastent ot sdojaee,

Mot speeimens Guled by besttle fraetune msn one al
the yadir ternapating, thest age secnioms, suppesting onwe
degree o noteh -nensitisin o of mesichphpeent of the spee
nyen el tenston ases, Froweture surbiwees were ey
pranubior moippein anee ot anopens val were gurte that and
approximuitely norngd o the tenaom asee Mieraseopne
et ons o seetions through Daeeture ey e - vevisil
el that tracture pathso were partly through hinder resypdue,
partv through ey partedes, and petly adony ey laees
hetw een the twos a8 diseusked i the next seetion,

Although variations i testing equipmaoent, steain rvite,
specimen diameter, and ambient atmosphere appear to

Live inereased the ranges of the tenstle properties meis-
ured, there (s no evident reason W exelude any of the val-
ues Jisted in Table VI from caleulition of the roome-tem:
perature properties of AAQL graphite, neluding them all,
the average ultimate tensile strength was 3052 psi with a
standard deviation of 201 ps1; average permanent elonga-
tion in 1=in, was 0,137 with a standard deviation of 0. 037%;
and averuge initial  statie Young's modulus wag 1.31 x

6 . 6 .
107 pri with standard deviation of 0,26 x 10 " pwi.

2. Elevated-Temperature ‘Tests

Tensile tests woere made in helium o longitudinal
specimens of AAQT graphite over the iemperature range

ambient to 2750°C, with the results plotted in Fig, 12 and
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tabulidted i Appendix By Specimens st cofegamned by
svaeantbing the Jartee chaanber too penidual pressare
Jose e 1o i g1 ol contimnpg oo evieewste it whale the
specinen wits el o the desyroed testing, tempenaure
amd held o 1 By, (Resuduad prensupre st tempetatur e
Witk sty Jess than 2 x 1o b tory after this autianning
period ) The clstmbe witk then tilled with hielium b

P ennure 3 pra sty e strospier e tempeniar e, pressur e,
abef pticad tanehers were sadjunted aver o period of bt
1O e Loyosnni ned thie tensa e test waes ndde at o constant
vide o eronshieied mation of 0,005 mymn, However, i
tests mude st temperatures above 2000 ¢ hinad vieaam -
stegasmng wis foer B la at 2000 ¢, alter whieh the fusnace
wits L Ted with helium (o 3 puag before the specimen wis
Bitted tee thee fentmy temperitun e,

All strenpth ditta trom thene fests hinve hoen plotted
m kg, 12, topether with notehed-bar tests disceussed m
the next rection,  Apparenthy heeause of o canbination of
noteh srensitivity, severy rignd mercise in strength with
temperatar e, and i hagh temperature grivdient i the spees
men ends, mont stamlind speeimens tested in the imter
vl 17000 to 23207 broke premuturely through the thread-
ed speeimen enday Theretore, as (s indieited m the
Ppare, severial subsize speeimens woere (ested at 2000
w2400 ',

A 0.2 viela strength distinet from the ultimate
strenpth wis fiest deteeted at 2250°C. At this and higher
temperatures, vield strenpth has theretore been plotted
separitely. However, in plotting, vield strength has been
oftset upward in temperature hy 50" to avoid confusion
with points representing ultimate strength,

Between room temperature and 1750°C, altimate ten-
nile strength inercasced almost linearly with temperature
trom about 3000 psi at room temperature to about 4250
pstat 1750, Between 1750 and 2325°C, the strength in-
ereiase wis much more rapid. A relatively sharp strength
maximum occurred at about 2325°, at a strength level of
about 8050 psi, or approximately 2.7 times the room-
temperature value. At higher wmperatures,strength de-
creased rapidly as temperature increased  but was still
about 4650 psi at 2750°C,

Yield strength at 0.2 offset decreased with inerens-
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Fig. 12, Longitudinal tensile properties of AAQl graphite tested in helivm,

ing temperature from the temperature at which it could

first be measured, 2250°C, to the highest testing tempera-
ture used, 2750°C. The rate at which it decreased was
approximately equal to the rate of decrease of ultimate

strength with temperature above 2325°C.

s ar s e e m eriaigia-n  weered sheA k.

As measured at room temperature on reassembled
tested specimens, percent elongation of the 1-in, -long
gage section was about 0.1% at all temperatures below
2250°C. At higher temperatures it increased slowly with
it perature, but was still only about 1.0% at 2750°C,
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representing a relatively brittle material,  Individual and
average values at each testing temperature are tabulated
n Appendix B,

Specimen diameter was also remeasured at room
temperature on tested specimens,  Those tested at 2750
had acquired a surface layer of pyrolytic graphite about
0,001«in. thick, presumably evaporsted from the graph
ite heater tube, which is believed not to have affected
their tensile behavior signiticantly,  Those tested at low -
er temperatures had not changed measurably in diameter,
indicating that the small amount of permanent elongation
which occurred was produced principally by opening of
cracks or other voids in the graphite structure,

Initial static Young's moduli determined in these tests
are tabulated in Appendix B, and stress-strain curves
plotted from optical tracking data are shown in Appendix
C. Because of tracking difficulties,not all tests produced
useful stress-strain data  and,in several cases indicated
by arrows on individual curves, the stress-strain curves
used are from other tests in which failure occurred pre-
maturely through the “2cimen ends or in the loading
grips. In general,tracking was better and results more
consistent at the higher testing temperatures. The stress-
strain curves arve in general convex upward, although at
2500 and 2750°C they show an initial region which is necr-
ly linear. Accuracy of the optical strain measurement
can be estimated by comparing permanent strain indicat-
ed by these curves with percent elongation measured on
reassembled specimens, listed in Appendix B. Agree-
ment is not exact but is closer than might have been pre-
dicted on the basis of uncertainties in modulus measure-
ments, the anelastic properties of graphite, and the limi-
tations of the tracking system itself. While the data from
which these curves vere plotted are not of high quality,
the curves are believed not to be seriously in error.

At all testing temperatures, fracture surfaces were
finely granular in appearance, quite flat and smooth, and
approximately normal to the tension axis. Howvever, at
temperatures above 2000°C there was some tendency
toward less regular, more angular fractures, at angles
less than 90° to the stress axis. Fracture location was

usually toward the en of the gage section, near or adja-
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cent o the beginning of the radius leading to the specimen
shoulder.,

Ihe fracture paths were apparently similar in all
specimens tested at all temperatures. At low magnifica
tion, as illustrated by Fig. 13, the fracture appeared to
pass between tiller particles almost entirely through bind
er residue, Higher magnification, however, showed that
a signiticant fraction of the path was either through filler
grains or at their interfaces with the binder. Thus, Fig.
14 ilustrates cleavage of a filler particle which happened
to be oriented so that its lamellar imternal structure was
approximately parallel to the fracture path., Figure 15
shows a region in which the path was nearly normal o the
lamellar structure of a filler grain and, instead of pass
ing through the grain, followed its interface with the bind
er. However, the usual situation was that Hustrated n
Fig. 16, in which the fracture was a mixture of intergran-
ular, transgranular, and interfacial with, (1 anvthing, a
preference for the intergranular path through binder res-
idue.  This is contrary to the situation in most high-den-
sity pitch=bonded graphites, in which there is a strong
preference for transgranular fracture.

Weight loss during testing was normal for a graphite
which had previously been heat-treated to a temperature

above that at which the test was made. In general it was

Fig. 13. Fracture path in AAQ1 graphite broken in ten-
sion at 2400°C, as revealed by impregnation of reassem-
bled specimen with epoxy mounting resin. Krypton-ion
etch: 75 X.



Fig. 14. Cleaved lamellar filler particle. Krypton ion etch: 7000 X. Reticulated central area is epoxy impregnant

separating fracture surfaces. Light areas result from heavy-metal shadowing of replica.

Fig. 15. Fracture along interface between filler particle (left) and binder (right, containing carbon black).
Krypton-ion etch; 7000 X,



i L M i x e e, | through filler, partly througl
! 000 X
A order of hundredtl ol one percent ind increased

! ightly at the higher testing temperature

[he fracture behavior described above suggested
that AAQ1 graphite was distinetly more sensitive to the
resence of notches than were most other graphites whicl
had previously been tested under the same conditions. A
qualitative exploration of its notch sensitivity was there
fore undertaken by testing a small group of sharply-notch-

ed tensile bars at a tew different temperatures.
[he specimens used were standard 0,250~in.~dia test
bars on which the gage diameter had been reduced locally

to 0,125 in. by machining a circumferential 60° V-groove

at the center of the gage length., Root radius of the

groove was 0,001,4 to 0.001,7 in. which, according to

o

Peterson's curves,  produces a stress-concentration

factor, Kt’ of about 4.5. ['ests were in helium at a con-

stant rate of crosshead motion of 0,005 in. under

min,

»

LNp -
3 .

A

-

- 5%

,

binder residud ind partly at interfaces. Krypton=io)
the ame conditions used for unnotched tensile test
Results are listed in Table IX and nlotted in Fig. 12.
Except for one low value at room temperature, the
notched strength values were Hlu'\ln‘t'h‘tll\ consistent,

From room temperature to 2000°C, notched strength wa

about one~half o two=~thirds of unnotched strength, indi

cating a relatively high degree of notch sensitivity--whicl

if anvthing, was higher at 2000°C than at room tempera

ture. Above 2000°C, and especially above 2325°C, the d«

2500°C the m

gree of notch sensitivity decreased, and at

terial was essentially as strong with the notch as without

it. This that at least a small amount of real

suggest
plasticity exists in this graphite at 2500°C, and that it

may be developing at and above about 2250°C,

l. Diametral Compression Tests

In an attempt to measure the tensile strength of AAQ]
graphite normal to the extrusion direction, diametral

compression tests were made in air at room temperature



TABLE IX
ULTIMATE TENSILE STRENGTH AS A FUNCTION OF TEMPERATURE, SHARPLY-NOTCHED TENSION BARS,
AAQ] GRAPHITE, Kt = 4.5

Test
Specimen Temperature, Test
__No. "C Atmosphere
928 Room Air
48C Room Air
408 Room Air
Average Room Air
78A 1000° He, 3 psig
1028 1000° He, 3 psig
Average 1000° He, 3 psig
48A 1500° He, 3 psig
DA 1500° He, 3 psig
Average 1500° He, 3 psig
114A 2000° He, 3 psig
36B 2000° He, 3 psig
Average 2000° He, 3 psig
481 2250° He, 3 psig
_5C 2250° He, 3 psig
Average 2250° He, 3 psig
9C 2325° He, 3 psig
114C 2325° He, 3 psig
Average 2325° He, 3 psig
68B 2500° He, 3 psig
49C 2500° He, 3 psig
Average 2500° He, 3 psig

Unnotched
Tenslle Tensile

Strength, Strength,
—_psi sl

1255

2414

2245

1971 3052 0.65

Notched
Ratio, Notcehed
to Unnotehed
Tensile Strength

2100
1528

1814 3548 0.51

2364 4003 0.59

2576 5236 0.49

5635 7665 0.74

6381 8046 0.79

5958
6386
6172 6317 0.98

on 7 full cross~section rod segments machined from

Rod 30. Results are listed in Table X. Although they
are quite consistent, these strength values are extreme-
ly low compared to the longitudinal tensile strength given
above, even for a relatively anisotropie material. Re-
sults at Battelle Memorial Imsititute3 indicate that this is
typical of diametral compression tests on graphite. The

strength calculated from such a test is said in generzl to

be considerably lower than that measured in direct ten-
sion, by a factor which varies from one graphite to an-
other.

Accordingly, the strength values listed in Table X
are believed not to be correct on an absolute basis. How-
ever, they are expected to be useful tor comparing this

graphite with other generally similar graphites.
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TABLE X
APPARENT TRANSVERSE TENSILE STRENGTH
OF AAQI GRAPHITE AT ROOM TEMPERATURE,
FROM DIAMETRAL COMPRESSION TESTS

Ultimate

Specimen Strength,

Lo No. B .1
J0A 1545
308 1572
J0¢ 13149
30D 1508
JOE 1494
301 1452
Average 1477
o] 106

15, _Compressive Propertics

Compressive tests were made in air at room temper-
ature on eight longituding specimens of AAQ1 graphite
from four different rods. Results are listed in Table XI.

The compression speeimens used were full ¢ross-
scetion segments of the extruded rods, each 1,50 in.

long. They were tested at a constant rate of crosshead

TABLE XI
ROOM-TEMPERATURE COMPRESSIVE PROPERTIES
OF AAQLl GRAPHITE

Ultimate Yield Strength
Specimen Compressive Strength, (0.2%),
No. psi psi
2C 11,430 9, 560
2D 11,188 9, 896
44C 10, 386 9,269
44D 11,133 9, 865
90C 10,922 9,438
90D 10,453 9,304
17C 10,977 9,770
Average 10,916 9,593
g 357 243
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motion of 0. 020 in./min between removiable ol=steed
platens coated on their bearing surfuces with "Fluora-
Glide!, a conmerceial fluorocarbon dry lubri\':mt-'1 Nu
stress=-strain data were colleeted, but the load vs time
record made for each test permitted a reasonably accurate
estimate of vield strength at 0,27, compression, as an in-
dication of deformation behavior,

In most cages fracture occurred near the center of
specimen length, apparently from a combination of shear
and transverse tension, with much local shattering of the
graphite at the instant of fracture. Permanent increase
in specimen diameter could not be measured accurately
hecause of gross eracking associated with the fracture,
hut in general appeared to he between 0.1 and 0. 3% and to
avertge about 0,25, Because of extensive shattering,
only one specimen could be reassembled for a measure-
ment of reduced length, and even this measurement was
very uncertain, It indicated a permanent decrease in
specimen length of approximately 2. 177 as a result of the
compression test.,

The ratio of ultimate compressive strength to ultimate

tensile strength was 3,58, which is normal for a graphite.

F. Flexural Strength

Room-temperature flexure tests were made on four
full cross-section longitudinal segments of AAQ1L rod, us-
ing four-point loading over a 4-in, span. Results are list-

ed in Table XII. The ratio of ultimate tensile strength to

TABLE XII
ROOM-TEMPERATURE FLEXURAL STRENGTH
OF AAQl GRAPHITE

Ultimate

Specimen Strength,

_No. _osi
56A 4676
56B 5022
63A 4802
Average 4865
o 156




floxural strength was 0,63, which is of the magnitude re-

ported for most other graphites.

G, _Creep Properties

Short-time tensile creep tests were made on longitu-
dinal specimens of AAQL graphite at 2300 and 2500°C in
a statie helium atmosphere. The specimens used had

page length of 1,00 in. and gage diameter of 0.220 in.

They were outgassed by heating in vacuum to about 2100°C,

after which the furnace chamber was filled with helium
to a pressure 2 psi above atmospheric, which was main-
tained durirg further heating and testing, Creep londs

were applied through a lever system by hanging weights,

Strains were measured on a magnified image of the spec
imen, projected onto a screen, by use of a pair of trav-
elling microscopes equipped with micrometer eyepieces.
A change of 0,000, 5 in, in specimen length could be re-
solved readily, permitting strain increments of 0. 05%,
to be measured with confidence, The creep strains re-
ported are measured total strains minus elastic strains
calculated from the applied unit load and the dynamic

Young's modulus at the testing temperature.

To evaluate the uniform ity of this graphite and the
reproducibility of the testing procedure, 15 tents were
made at 2500°C and 5260 psi tensile stress, The ereep
curves produced are plotted in Fig, 17, Under these con-
ditions, creep rates hecame essentially constant after the
specimens had been under bead for about 5 min. These
"eonstant' ereep rates are listed in Table X1, together
with time o rupture and strain o rupture.  For this group
of tests, standard deviation of the apparent steady-state
creep rate was about 187 of the average, The estimated
uncertainty in creep rate due to possible stress variations
(of not more than 1,2357) was + 107, That duc W temper-
ature variations (of not more than 10°C) was + 207, The
consistency of the ¢reep results indicates that testing con-
ditions were also consistent, and that the properties of
the graphite --and presumably its structure--were very
uniform from specimen to specimen.

Creep rates from tests at 2300 and 2500 C are shown
as functions of tensile stress in Fig, 18, where they are
compared with Seldin's rosultsn for with~grain specimens
of commercial ATJ graphite. Inall cases creep rates

were much lower for AAQ1 than for ATJ graphite at the
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Fig. 17. Creep curves for AAQI1 graphite tested at 2500°C and 5260 psi tensile stress, "X" indicates fracture.
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TABLE XIII
TENSILE CREEP PROPERTIES OF AAQL GRAPHITE AT 2500"C AND 5260 PSI

Specimen Creep Rate,

_No. (in.zin.) x 10" /min,
A0A 3.3
408 2.6
45 3.8
23A 5.1
238 3.4
230 3.4

110A 3.4
1B 3.0
110¢ 3.7
30A 4.7
308 3.1
30C 2.9
95A 4.0
58 3.8
95C 3.2

Average 3.57

o 0.63

Strain Time o

Rupture, i Rupture, Min.
1.3 37
1.7 . 50
1.2 30
1.4 21
1.2 35
1.5 34
1.1 32
1.4 34
1.1 23
L7 29
L5 39
1.6 50
1.5 30
1.5 33
1.41 34.0
0.18 7.8

same temperature and stress,  The slopes of the line
segments plotted in Fig, 18 indicate that for AAQ1L graph-~
ite the apparent steady-state creep rate is proportional
to about the eightn or ninth power of stress, whereas for
ATJ graphite it is proportional to about the fourth power
of stress.  The strong stress-dependence of creep rate
in the case of AAQ1 graphite was verified by a change-
in-stress test at 2500°C, in which creep rates of the
same specimen just before and just after a sudden load
change were compared. Again creep rate was found to
vary as ahout the eighth power of stress.,

Time to rupture is plotted as a function of stress in
Fig. 19 for tensile creep tests on AAQ1 graphite at 2300
and 2500°C. The trends of hoth curves are those which
would be expected if, at cach temperature, strain to frac-
ture were constant, and indicate that a very large in-
c¢rease in time to rupture is produced by a relatively

small decrease in stress.,

The apparent activation energy for tensile creep of
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AAQ1 graphite was determined by three different methods.
In the first of these, creep rates of the same specimen at
the same stress were compared just before and just after
a sudden change in temperature, and the calculated cn-
ergy requirement was about 250 kcal/mole, In the sec -
ond method, two supposedly identical specimens were
tested at the same stress but at two different tempera-
tures, and their creep rates were compared at the
same value of strain. This gave an apparent activaiion
energy of 225 keal/mole. The third method is like the
second in that two specimens were tested at the same
stress and different temperatures, but in this case the
times required to produce a given amount of strain were
compared. This gave an energy of 220 kcal/mole.
Agreement among results of the three methods is con-
sidered good. However, because it uses only one spec-
imen and thus minimizes the possibility of differences
in specimen structure when the measurements are

made, the first of these methods is believed to be the
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most reliable, and the value 250 keal/mole is preferred.

H. Thermal Expansion

The thermal expansion of AAQ1 graphite parallel to
the extrusion direction has been measured by three inves-
tigators using five different dilatometers. One investi-
gator used a quartz dilatometer over the range 20°K
(liquid hydrogen) to 300°K on one specimen machined from
Rod 93. The second used another quartz dilatometer over
the range 76°K (liquid nitrogen) to 350°K on this same

specimen, and an optical dilatometer over the range 25 to
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Fig. 19. Time to rupture vs tensile stress for AAQ1I
graphite at 2300 and 2500°C.

2475°C on a longer specimen from Rod 86. The third in-
vestigator used a different quartz dilatometer over the
range 25 to 700°C on three specimens--the one from Rod
93 used by the others, and one specime . cach from Rods
28 and 80. He also used a second optical dilatometer over
the range 950 to 2500°C on specimens from Rods 34 and 75.
All optical measurements were made on relatively long
(~ 9 c¢m) specimens to minimize refractive effects.

All data collected by the three investigators were
plotted together, and the single 'parallel' curve shown

in Fig. 20 was drawn so that every experimental point was
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Fig. 20. Thermal expansion of AAQ1 graphite.

contained in a band whose upper and lower envelopes
were 4'/ above the curve and below the curve, respective-
lv. The vertical bars in the figure represent estimated
standard doviations,

Thermal expansion perpendicular to the extrusion
direction was measured only by the third investigator,

using a quartz dilatometer over the range 25 to 700°C and

2

an optical dilatometer over the range 950 to 2450°C,
Specimens were built up from stacked discs, ecach of
which was machined so that its cyvlinder axis was normal
to the extrusion direction. Two specimens were used
over each temperature interval, one built up of dises
from Rod 28 and the other of discs from Rod 80, All data

arce well represented by the upper curve of Fig, 20.



Ar would be expected from the expansion prapertien
of thee praphite single ervatal and from the type of pre-
terred ortentation known to exist in this manutactured

praphite, the coetheient of Binear thermal expansion of
AAQ praphite s grewter normal to the extrusion axis
than paritllel to t, Near oom temperature it anisotropy
i ths regard s large, the ratio of the two mean expan-
sion eootfierents bemg about 3, However, as is (llustrated
In Fig. 21, the vato of the mean values between 25 ¢ and
am hipher temperure deoreases rapidly s the temperi-
tupre spin widens, When the upper temperature 18 500°C
the vatio 1s about 2, and when itis 2000°C the ratio is
about 1.5, At still higher tempers ares it continues to
decrease ot a diminishing rate,

Qualitatively, this effect of temperature on the anisot-
ropy of thermal expansion can be explained in terms of
the effects of a temperature change on in=plane and oute
of=plane thermal vibrations of carbon atoms honded covi-
lently within planes and by van der Waals' forees hetween
planes,  However, the rate of change of anisotropy ratio
with temperature is higher than might have been expected
from the moderate degree of erystalling anfsotropy re-

vestled by x-ray diffraction,

1
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UPPER TEMPERATURE OF RANGE, °C

Fig. 21. Thermal-expansion anisotropy of AAQ1 graph-
ite as a function of temperature. The ordinate is the
ratio of mean thermal expanslon coefficients, perpendic~
ular and parallel to the extrusion direction, between
25°C and the temperature given on the abscissa.,

I, Thermal Canductivaty

Over the temperature interval 150 w00 G, the
thermal conductivity of AAQ) graphite norpad o the ox
trusion nxis wis measured by the Hash o Husavity tesh
mquv.”'? Between k40 and 2500 Cort wies mesisur ed I
n radiad heat=tlow :11«-()\”(1”'7 mvolving a 1esantively
heated rod radiating to ¢ cold environment, and meean e
ment o the temperatue - ditlerence between the hottongs
of twee adpeent ey hindrread holes deidled pedaddhy it the
vrod W ditferent depths,  In the batter method, specimen
tempernture wis measured with o disappearing fthiment
optical pyrometer and temperiture ditference hetw ecn
hales by a diftferential radintion pyrometer developead
especially for this purpose, However, when specimen
temperiture wias above 2000 C this difterence hesime
large enough so that it could also be measured with the
optical pyrometer with good aecuracy,

All data colleeted on thermal conductivity measured
normal to the extrusion axis ave plotted in g, 220,

Thermal conductivity parallel to the extyusion axi-
was measured over the temperature interval =110 o
325°C by the flash=diffusivity method,  From 210
570 C it was measured by a sepries-comparison nye g
using Armeo Iron comparison standards,  From oo
about 750" the same maothod wis used hut with moly Ixle =
num a8 the comparison standavd, Above 1000 ¢, the moeth-
od used was that of Jain and Krihhn:mH for determining
thermal conductivity along the axis of o resistively-hent-
ed rod radiating freely in an evacuated environment.

All data collected on thermal conductivity measured

parallel to the extrusion axis are plotted in Fig, 23,
Room~=temperature thermal conductivitios parallel
and normal to ihe extrusion axis, computed trom thermal-

diffusivity measurements, were 1,26 Wem="C and 0,75
wWem~°C, respectively, vielding an anisotropy ratio of
1,68, This ratio remained essentinlly constant to at
least 1000°C and probably applies reasonably well
throughout the entire torhponraturo range covered experi-
mentally, Comparison of the curves of Fig, 22 and 23
suggests that the degree of anisotropy may deerease
slightly above 1060°C. However, cxperimental difficultios

inherent in the linear heat-flow method make longitudinal
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Total hemispherieal emissivity of the unmachined sur-
face of the graphitized extruded rod was 0,69 over the
temperature range 1000 o 1500°C,  This is low for a
graphite hut not unreasonably 8o in view of published
vitlues lor polished graphite surfaces and the lustrous

appearance of the AAQIL graphite rods.

K. _Elcetrical Resistivity

Electrical resistivity of each rod of 1ot AAQL graph-
ite wis measured parallel to the extrusion direction by
use of a4 Kelvin double bridge, and is listed in Appendix A,
Average resistivity of all rods was 1160 uem, with ex-

treme values of 1090 and 1183 wlem and standurd devia-
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Thermal conductivity of AAQL graphite measured normal to the extrusion direetion,

tion of 12,4 w em, Uncertainty of the measurement s
helieved to be about + 197, which is very ¢lose o the
standard deviation of the measurements,  Again, an un
usuial degree ol uniformity is indicated throughout the

lot.

Eleetrical resistivity parallel to the extrusion axis
wag algo measured as a function of temperature over the
ange ambient o £300°C, with the results plotted in Fig,
24, Since the specimen was heated resistively and radi-
ated freely o a cold environment, radial temperature
gradients were known w exist in it. The resistivity
measurced at cach temperature was therefore actually an
average over 4 small temperature interval.  However, @
caleulation of probable error from this source indicates
that it was distinctly less than that arising from measure-
ment uncertainties,

Specimens 0. 126-in. dia were cored from o group

of randomly chosen AAQI graphite rods with the ey linder
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Fig. 23. Thermal conductivity of AAQ1 graphite measured parallel to the extrusion direction,

axes of the specimens either parallel or normal to the ex-
trusion axes of the rods. Average resistivities of these
specimens at room temperature were 1133 u:ecm parallel
to the extrusion direction and 1901 uZ;em normal to it.
Average anisotropy ratio was 1,68, with standard devia-
tion of 0.04. This agrees exactly with the anisotropy
ratio computed from room-temperature measurements of

thermal conductivity.

VIiI. CONCLUSIONS

The principal objectives of this experimental program
have been accomplished and useful new knowledge has
been acquired in several areas which could not have been
predicted when the program was undertaken. In particu-
lar:

1. A good, large sample of an unusual but useful type

of graphite has been produced. It was made from

carefully characterized co amercial raw materials,
Standard manufacturing equipment and techniques
were used and detailed records of procedures and
conditions were made at every step of the process.

If the same raw materials can again be obtained, this
grayaite can be reproduced.

2. The graphite produced was of high quality and its
properties and behavior have been investigated in
considerable depth. This represents the first detail-
ed and reasonably complete characterization of a
graphite of this type.

3. AAQ1 graphite is one of the most unifvrm lots of
graphite ever pro.uced. In part its uniformity re-
sulted from the care taken in raw-materials prepar-
ation and throughout the manufacturing process, par~
ticularly in maintaining essentially constant extru-
sion pressure. Principally, however, it is believed

to have resulted from the earlier discovery that much

. et e b K R e ot wph s ot ik - W APV - HMAM
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FFig., 24, Electrical resistivity of AAQL graphite measured parallel to the extrusion direction.

of the scatter in pruperties of previous Group CMF-
15 praphites was caused hy inadequate mixing of raw
maerials, and from the use in preparing Lot AAQ1
of rather elaborate mixing procedures developed to
elininate this deficiency.

4. The hulk density of AAQ1L graphite, 1.901 g/cmg.
is unusually high for an unimpregnated graphite.

This is the joint result of the natures of the raw ma-
terials used to moke it, of effective mixing of these
materials, and of the use of the extrusion process to
produce a small-diameter rod. A further small in-
crease in density could probably be achieved by main-
taining higher extrusion pressures, Otherwise, it

is unlikely that the density of this type of graphite can
he increased significantly except by changing the size
or shape distributions of the filler materials (graph-
ite flour and carbon black), modifying the molecular

distribution and other properties of the binder resin,

or supplementing the regular manufacturing procedures

with impregnation treatments or hot working.

5. Most manufactured grarhites change significantly
and unpredictably in dimensions and in elastic prop-
erties when they are cycled between room tempera-
ture and any moderately elevated temperature (e.g.,
1000 or 2000°C). AAQ1 graphite appeared to be com-
pletely stable in this respect. The reason for this
difference in behavior from other graphites is not
known. However, since the changes ordinarily ob-
served are believed to result from spontaneous re-
lief of macroscopic internal stresses residual from
manufacturing operations, it suggests either that
AAQ1 graphite is essentially free of such stresses or
that it does nst yleld to them in the manner usual for
pitch-bonded graphites.

6. AAQI graphite 15 relatively strong at room tem-

perature and its strength increases with temperature

L s il B



to an unusual degree.  The curve representing its ul-
timate tensile strength as a function of temperature
i» exceptionally steep hetween 1750 and 2325°C, peaks
quite sharply at the latter temperature, then falls
rapidiv at highe» temperatures.  The strength maxi-
mum oceurs at a temperature perhaps 1007 lower than
that reported tor most other graphites, and the maxi-
mum strength is unusuiady high-~=above 8000 psi, or
about 2.7 times the room~temperatures strength,

7. 'The curve of dynamic Young's modulus of AAQ1
graphite vs temperature rises o a maximum at a
temperature near that of the maximum ultimate ten-
sile strength, a coincidence which is unusual. Al-
though the modulus curve is nearly flat in the region
just above room temperature, it shows no minimum
here as do the corresponding curves for most other
rraphites. Measurements of static Young's modulus
waore unsiatistying, but suggest that during initial
loading of previously unstrained material the static
modulus is significantly lower than the dynamic mod-~
ulus over the range ambient to 1500°C. Above 1500°,
the statie modulus appears to decrease as tempera-
ture incereases, whereas the dynamie modulus contin-
ues o increase with temperature to about 2300°C.

8. Graphites in general are reputed to be relatively
insensiti - ‘o the presence of notches. However,
notched-n.. + 1sile tests show that AAQL graphite is
quite sensitive at low and moderate temperatures to
sharp notches perpendicular to the tension axis. Its
sensitivity to notches is greater at 2000°C than at
room temperature, bhut diminishes at temperatures
above 2000°C and is essentially gone at 2500°C.

9. Percent elongation in advance of fracture was
about 0. 1%, at all tem peratures below 2250°C, which
is normal for a manufactured polycrystalline graph-
ite. At higher temperatures it increased slightly with
temperature, but remained relatively low both in ten-
sile creep (<27 elongation at 2500°C) and in low
strain-rate tensile tests (~1% elongation at 2750°C).
AAQ1 graphite, then, is a relatively brittle material
at ull temperatures investigated,

10. In moderate~to high-density pitch-bonded graph-

ites, the fracture path is preferentially (although not
exelusively) through filler particles, In AAQL graph-
ite there 18 a reasonable incidence both of filleyr-pir-
ticle ¢cleavage and of separation along the interfaces
between filler particles and hinder residue, but there
appears to be a weak preference for the fracture path
to remain in the binder residuce.

11. The degree of preferred orientation in AAQ
graphite is moderate for a material extruded as
small-diameter rod from a mix containing acicular
filler particles. Its crystalline anisotropy is de-
scribed by an M value of 1,64 and a Bacon anisotropy
factor of 1.36. For most of its properties, anisot-~
ropy ratios are about 1.7, Anisotropy of thermal
expansion, however, is much greater than this near
room temperature, and diminishes to values dis-
tinctly less than 1.7 above about 1000°C,

12. It has commonly been assumed that a thermo-~
setting binder, such as the resin used to manufacture
AAQ1 graphite, will carbonize during haking to form
a "hard carbon' that will not subsequently graphitize.
Previously experiments in Group CMF-13 have shown
that, at least for furfuryl alcohol resins in associa-
tion with normal fillers, this is not generally true,
although the crystallite sizes produced may he small-
er than those developed by some pitch hinders at the
same heat-treating temperatures, The Varcum
binder in AAQ1 did graphitize at a normal graphitiz-
ing temperature, and there is some evidence that

the Thermax carbon black may also have graphitized
to a significant degree.

13. It is usually misleading to compare directly the
properties of different types and grades of graphite
because of the property variations introduced by such
factors as differences in forming method, section
size, graphitizing temperature, and degree of pre-
ferred orientation. Thus, the creep properties of
AAQ1 graphite have been compared above with those
of ATJ graphite, a high-nuality commercial grade
produced by Carbon Products Division of Union Car-
bide Corporation, to which other graphites are often

compared. ATJ, however, is a molded rather than
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an extruded grade, is produced in large blocks
rather than small-dinmeter rod, and is distinetly
less anisotropic than is AAQL. A comparison of
creep properties In the across-grain direction, had
it heen possible, would have been much less favor-
able o AAQL, as would a number of other possible
property comparisons.,  Another widely known and
well-characterized graphite to which AAQ1 might
more appropriarely be compared is Great Lakes
Carbon Corporation's GGrade HLLM-85. This is a
high-density, fine-grained, extruded, pitch~-bonded
material, graphitized above 2500°C, In the form of
1- to 8~in. -dia rods, some of its properties ure:9
Density - 1,83 g;/cm3 (vs 1. 90 g;/cm3 for AAQY)
Anisotropy of thermal conductivity = 1.08 (vs 1.68
for AAQ1L)
Anisotropy of electrical resistivity = 1.38 (vs 1,68
for AAQ1)
Dynamic Young's modulus, with-grain= 2,2 x 10

psi (vs 2.3 x 1(,(’ psi for AAQ1)

6

Tensile strength, with-grain = 2400 psi at room
temperature, increasing to about 4000 psi at
2400"C (vs 3000 psi and 8000 psi for AAQL)

Compressive strength, with-grain = 8300 psi (vs
10, 900 psi for AAQL)

Flexural strength, with-grain = 4100 psi (vs 4900
psi for AAQ1L)

Thermal conductivity = 1,63 W/em-°C with-grain,
1.51 W/em=-"C across-grain (vs 1.26 and 0,75
W/em~'C, respectively, for AAQL)

Electrical resistivity = 800 wGem with-grain, 1100
u7em across-grain (vs 1130 and 1900 u Qcm,
respectively, for AAQ1).

Although this comparison is not entirely fair to ei-
ther graphite, it indicates at least that the mechanical
and physical properties of AAQ1 graphite are generally
comparable with those of a high-quality, pitch-bonded
grade. Consideration of this and other pitch-bonded

graphites suggests that AAQL, and presumably other re-

sin-nonded graphites, have some advantages with regard

to dircect attainment of high densities, strength proper-

tics, and behavior at elevated temperatures, with accom-
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panying disadvantages in thermal and electrieal condue -
tivities, However, the larger differences are in fabrica =

tion characteristics and cost.
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APPENDIX A
CHARACTERIZATION OF INDIVIDUAL RODS COMPOSING [OT AAQ)

Electrical Young's
Resistivity Modulus,
l':\ll:llhlhn lu’)(l Depﬁitg', Longitudinal, lxmg:;(udlnnl,
Noo . No,, Llem” el A U1
1 1 ——— e ———

1 2 1.901 1144 2,205
1 3 1. 887 1127 2.2HH
1 4 1.900 1060 2. 308
1 ] 1. 899 1154 2.012
1 6 1. 499 1153 2,296
1 7 1.901 1162 2,308
i K 1. 899 1161 2,297
1 9 1, 899 1180 2.292
1 10 1,900 1154 2.204
2 11 1.903 1153 2.921
4 12 1.904 1181 2.326
2 13 1.901 1152 2.323
2 14 1.901 1163 2,319
2 15 1.899 1162 2.311
2 16 1.903 1169 2,319
2 17 1.897 1162 2.302
2 18 1.903 1152 2.302
3 19 1,402 1140 2,328
3 20 1.902 1153 2.327
3 21 1.902 1163 2,364
3 22 1,903 1149 2.312
3 2! 1.901 1154 2.311
3 24 1,900 1162 2,249
3 25 1.901 1163 2.299
3 26 1.901 1173 2.303
4 27 i.902 1180 2.319
4 28 1.900 1165 2.300
4 29 1.902 1154 2.305
4 30 1.900 1163 2.204
4 31 1,899 1177 2.301
4 32 1,897 1176 2,302
4 33 1.900 1182 2,205
5 34 1,905 1158 2.333
5 ah 1,903 1183 2.308
) 36 1.898 1174 2.204
) 37 1.900 1171 2.324
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CHARACTERIZATION OF INDIVIDUAL RODS COMPOSING LOT AAQ1 (Continued)

Rod
N() .

34
39

41
42
43
44
45

Density,
_g/em?

1,900
1.900
1.901
1. 899
1.901
1.900
1,900
1.901
1.900
1,899
1. 899
1.898
1. 897
1.904
1,903
1.900
1.903
1.901
1,903
1.902
1.899
1,897
1,903
1,903
1,900
1,901
1.901
1.901
1.901
1,900
1.900
1.905
1.904
1.902
1.904
1.903
1.900

Electrical
Resistivity
Longitudinal,

1158

1171
1165
1)44
1154
1139
1158
1169
1160
1164
1153
1151
1168
1140
1153
1160
1145
1151

Young's
Modulus,

lnngi‘tudlnnl,

L0 pri

2,814
2,808
2,302
2,103
2.1320
2,300
2,207
2.1307
2,293
2,289
2,304
2.306
2.203
2.33])
2,321
2.310
2.310
2.319
2.310
2,312
2,305
2.299
2.313
2.320
2.301
2,318
2.313
2.317
2.320
2.302
2.316
2.337
2.328
2.324
2.328
2.305
2.308
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CHARACTERIZATION OF INDIVIDUAL RODS COMPOSING LOT AAQ1 (Continued)

Electrical Young's
Resistivity Maodulun,
Extrusion Rod Dennita/, Longitudinal, umu&tudl‘nul,

No. _No. &/em” _oslem 107 pui
9 75 1.902 1111 2,324
9 76 1. 897 1168 2,310
9 71 1.894 1189 2. 2HH
10 74 1,900 1160 2,306
10 79 1,903 1177 2. 300
10 80 1,903 1177 2,204
10 81 1,903 1151 2,309
10 82 1.902 1160 2.293
10 83 1.902 1169 2,204
10 84 1,901 1156 2,291
10 85 1,902 1155 2,318
10 86 1,902 1162 2,307
11 87 1,906 1154 2.311
1. 88 1.905 1144 2,323
11 89 1.903 1153 2,314
11 90 1,904 1176 2,823
11 91 1.901 1180 2.204
11 92 1.898 1162 2.299
11 93 1.901 1162 2,307
11 94 1.904 1158 2.307
12 95 1.905 1158 2.327
12 96 1,904 1158 2.317
12 97 1,905 1154 2.312
12 98 1.900 1163 2.308

12 99 1. 896 1167 -

12 100 1,899 1163 2,287
12 101 1,898 1163 2,293
12 102 1.896 1163 2.283
12 103 1.896 1158 2,275
13 104 1.902 1168 2.317
13 105 1.901 1163 2.282
13 106 1,900 1153 2,298
13 107 1.899 1151 2.313
13 108 1.896 1178 2.258
13 109 1.895 1162 2.225
13 110 1.894 1173 2.227
13 111 1.900 1167 2.259
13 112 1.895 1177 2.260
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CHARACTERIZATION OF INDIVIDUAL RODS COMPOSING LOT AAQ! (Continued)

Eleetrieal Young's
Resistivity Modulus,
Extrusion Rod Density, Longitudinal, lnm%ludm:nl,
Noo No, g/em’ _paem 107 pr)
14 113 1. 903 1149 2,20¢
1 114 1, 897 1148 2,276
14 115 1, 808 1160 2,275
14 116 1. 898 1152 2, 2K6
14 117 1. 899 1152 2,300
14 118 1, 499 1154 2,303
14 119 1,901 1147 2.20K
14 120 1,903 1169 2.2K7
14 121 1. 899 1176 2,201
15 122 1,901 1167 2,285
15 123 1.897 1172 2. 26K
15 124 1,898 1154 2,324
15 125 1.902 1159 2,315
15 126 1,901 1167 2,525
15 127 1,901 1166 2.324
15 128 1. 899 1158 2,319
15 129 1.905 1158 2,325
16 130 1.909 1158 -
16 131 1.904 1161 2.305
16 132 1.904 1171 2.319
16 133 1.909 1152 2.356
16 134 1.904 1154 2.345
16 135 1.90% 1151 2.346
16 136 1.903 1147 2.339
16 137 1.899 1158 2.322
16 138 1.898 1187 2.310
17 139 1.907 1147 2.333
17 140 1,904 1154 2.320
17 141 1.906 1154 2.325
17 142 1.902 1152 2.322
17 143 1.903 1167 2.320
17 144 1.903 1164 2.328
17 145 1.904 1154 2.326
17 146 1.897 1172 2.317
17 147 1.903 1167 2.316
Average All 1.901 1160 2.308
Maximum All 1.909 1183 2.364
Minimum All 1.894 1090 2.225
o All 0.0028 12.4 0.0197
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APPENDIX B

TENSILE PROPERTIES OF AAQl GRAPHITE TESTED IN 8TATIC HELIUM (3 PSIG) AT 0,005 MIN

Speetmen
No.

-

H

Average

g

LT
111

B

Avorage

2

66C
106C
KA

Average

g

13A
661
278
Average

g

428
G1A
37A
Average

o

44

Toent
Tempoeniture,
G

Room
Raom
Room
Room

Roum

250
250

250

250

00
00
302
500
300

750
750
750

-3

50
750

1000
1000
1000
1000
1000

Ultimate
Tensile Strength,
NS .1 S——
3035

2840
2087
2049

99

3154
31302
328
3232

73

3409
3070
3597
3342

264

3201
3510
3584

337

3709
3546

33602
3725
3755

3614
219

Yield Strength,

0.2 ' Oltret,
S U2 N

Elongation
(1 Iinch),

T
S A

0,00
0.10
0. 13
0,10
0,02

0,00
0.10
0.06
0,07
0.03

0.06
0,05
0.07
0.06
0.01

0. 08
0.10
0.12
0.10
0.02

0.07
0.09
0.06
0.07
0.02

0.10
0.09
0.06
0.08
0.02

Inttial

Young's
Muadulun,

10" pwi

1,14
1,04
1,14
1,1
0, 04

L07

1,90
1,74
1.78
0.13

1.35
2,00
L92
1.76
0.35

2,08
2.14
2.11
0.04




TENSILE PROPERTIES OF AAQI GRAPHITE TESTED IN BTATIC HELIUM (3 PBIG) A’L 0,00, MIN (Contimued)

Sprecinmen

QOB

Average

(o4

L
HGA
1B
Avernge

gl
HOC
Avoerape

24

44A ¢
1178
T9A "
Average

a4

et
700

tele
Avoerage

y

Tont

Temperuture,
(‘

1500
Lo
1500
Lyou

1500

170
1750
17,0
1750

17,0

2000
2000
2000
2000
20401()

2250
2250
2230
2250

2250

2325
2325
2327
.

2325

b
1}

i

i~

N
e

5}

2400
2400
2400
2400
2400

Ultmte
Tennile Strength,

pal
RYE1

426
RTB
40034

240

410K
A0K0
A6
441

256

n1a7
DRI
4709
236

7665

280

8130
THG4
K14
8046

158K

TH24
7481
6940
7415

446

Yiedd Strenyth,
0,2 "y Offnet,

7347
7775
7786
76136

147

TRHO
6771
7044
7224

510

6742

Elongution
(1 inchy,

0,10
0, 04
0, 04
0, 0K

(0, 02

0.1
0,11
0,05
0.10
0. 044

0,12
0,17
0,07
0,12
0,05

0.29
0,40
0. 14
0, 2K
0.13

(.54
0.38
0.28
0.40
0.13

0.40
0,33
0.50
0.43
0.09

Dt
Young's

Madylus,
1 Y

KIS Y

1,67

1. K9




FENSILE PROVERTIES OF AAQ! GRAPHITE ‘TESTED IN STATIC HELIUM (8 PRIG) AT 00, MiN (Ceagtaried)

Tinteald
Tent Ultimate Yiekd Strength, Flomgition Yoamgy"
Spedcitnen Temperitur e, Tennile Strength, 0,27 Oftneet, (3 mely, Mmlhxlu
Nu, ¢ JULII prr [EUIN
Iniy R ga6h KR 71 (TN
T 2ot AL ST iy
MA 2a00 6225 4744 U, %7 1,1,
Averuge 200 Wi DA 0, /d ity
rn LU0 K0 42K 0,114 TR
lag! 2700 AT1H 3448 i, Ik
w3 2700 AN 04N 0,0 i, i
HITAN 2700 4457 4003 1,10 {4l
Averupe 2700 A6 HT.HY | 1,00 i, o3
15 2700 (i) 387 0, 04 {th, 00y

by re=in, d
o For three specimens whose stress=strai curves are plotted in Appendix ¢

u, i n =, dia
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APPENDIX C

STRESS=-STRAIN CURVES FOR LONGITUDINAL SPECIMENS OF AAQ1 GRAPHITE TESTED AT 0,005 IN, /IN, ~MIN.
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STRESS, PSI
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