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FOREWORD

“fhis report was. prepared by the McDonnell Douglas Astronautics Compary
{MDAC),, Huntington Beach, California, for- thé United Statés Air Force
‘Materials Laboratory (AFML) Wright-Patterson. Ain Force Base, Ohid,
under Contract F33615-72-c-20h7, ‘Project 7381, Task 738102. It is the
final report describing. the results of 8 program to explore the multiaxial
behavior of ATJ-S graphite. The- program was a -¢ontinuation of previous:
efforts; under Contract F33615~7l— ~11h3, reported in AFML—TR-71~2S3.
Capt. John R. Koenig, AFML/MXS , vas: the AFML Project Engineer until

Lt. Glenn W. Hollenberg, AFML/MXS ‘becarie AFML Project Engineer. Thé
program vas- initiated on 1 July 19?2 the work reported here was per-
formed between 1 JuJy11972 and 15 May 1973.

J. Jortner was the program manager and prlnclpar investigdtor -at MDAC.
Others at MDAC vho contributed to the program igclude T, 'T, Sakurai .and
G. Ju Desrosiers (viexial testing), and D. L. Turner and Ri. Tur1581n1
(specimen préparation, nondestruetive snalysis and fractography). Tri-
axial tests were conducted vith the aid of special laboratory facilities

:at Pennsylvania State University \PSU), fade available under subcontract.

The effort .at PSU was under the guidence of Professor L. W, Huw of the
Department of Engineering Mechanics.

Publication of this réport does. not constitute Air Force approva* of the

reportts: findings or conclusions. It is published only for the exchange
and stimulation of ideas.

. Jotrra ,U‘J:li\,i,‘q_.\

£ MES D. GERBER CAPT,. UGSAF

, lef, Space & Missxles Bfanch
Systems .Support Division

AF Materials Laboratory
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Experiments- to explore the frecture and deformation of ATJ-S -graphite under
mi.tiaxial stresses are described. The program was & continuation to previous
efforts reported in AFML-TR-TL-253. Thé program included additional fracture
tests in biaxial tension at 2000°F; an analytical evaluation of the applica-
bitity and limitations of biaxial test data; tests at room temperaturée under

triaxial stress states to measure the effects of myltiaxiality on straing. and

.some biaxial experiments at room temperature to further explore the nature of

"biaxial zoftening" (the occurrénce of :unexpectedly laige strains in biakisl
tensiot). The 2000°F fracture data suggest that biexiality in tension causes
a relatively greater decreasse of stress at failure at 2000°F than at room
temperature; however the results are clouded by the possibility thet a defec-
tive biillet was used in the tests. Based on analyses of stress and strain
gradients in the biaxial specimen; fracture data from the previous efforts
has been reviewed and revised summary plots of biaxial fracture stresses and
strains at TO°F and 2000°F are presented. The triaxial deformation tests
suggest that an ellipsoidel yield function and a "non-associated" flow rule
describe the measured strain responses of ATJ-S graphite better than some
alternate approacheés. The triaxial date also illustrate the potentially
large effécts that stress history (load-path) can have on straih. The biaxisl
softening exXperiments demonstrate the existence of a negative incremental

Poisson's ratio in biexjel tension.
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‘Section 1
INTRODUCTION

[ PSRV SR PUUVPRY WC S-S S

The rationsl design of all but the simplest thermostructurall -loaded graphite

ke components requires a knowledge of the material's rYesponse to multiaxial stress

states. Minimal requirements incluie a constitutive law relating stresges to
straing end a fracture criterion.

The- work deseribed in this. report is a continuavion of previous efforts
(References 1, 2, 3 ar k) to explore the deformation and fracture of ATJ-S
graphite under multiaxidl stress states. The main objectives of the .current
work were to:

A, Obtain additional fracture dgsta in biaxial tension at 2000°F

B. Analyze the limitations of the biaxial test techniqué, which

mekes use of a thin-wall tubular specimen subjected to axial ’

load and internsl préssure, as an aid to interpreting the

i)

‘biaxial date obtained .

&

yf ) C. Plen apd conduct experiments at room teuperature under biaxial

and triaxidl stress-gtates, to help definé improved .constitutive

lays for ude in stress analysis of graphite componénts.
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Section 2
MATERTAL

Two billets of ATJ-S graphite, designdted as numbers 1281-3 and 21R1-6 by the
menufacturer (the Union Carbide Cérporation), vere -used in this progréi:
Billet 1251-3 was used for deformation studies (Sections 5 end 6). Billet
21R1~6 was uséd for the -2000°F biaxial fracture tests (Section ).

The billets were selécted from a hormal product run of “cored" (specisl«~
process or WS-type) ATI-S to have overall bulk densities between 1.85 and
1.86 g/cc, When received, the overall dimensions were measured, the -overall
buik density was checked by compsring the weight in air to the weight immersed
in water, and ultrasonic velocities were measured through the billet in the
radigl and axial directions. The results of thesé measurements -are given in
Table I.

The billets were inspected by X-ray radiography. Three shots were taken
radially, 120 degrees apart. The radiographs showed no enomalies apart .from
the density gradients typical of this grade of graphite (see Reference 5, for
exemple). That is, the material within about .oné inch of ends of the billét
was discernibly dénsér than the remainder of the billet.

Ultrasonic pulse-echo inspection, recorded by C~scan, wis also carried out.
The ultrasonic beam was directed radially and the parsmeters were adjusted,
with the aid of an ATJ-S test standard, to detect flat-bottom holes 1/32~inch
in diameter. A few pulse-echo indications were fourd in each billet. How-
ever it was possible to excise the mechanical test gpecimens so. that .none of
the detected. pulse-echo anomdlies were included in the gage séctions.

Drewings showing the location of specimens within the two billets are pregented

in Figures 1 .and 2. Figure 3 shows how solid cores were taken from the large
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TABLE IT v

BILLET CHARACTERIZATION (SPECIMEN BLANK DATA)

ATJ-S Bulk . Acoustic Velocity in/microsec
Billet Density S Sh T
Number glee Across ‘Grain * 7 With Grain

1251-3 | 1.84-1.86 | 0.086-0.088 , 0.102 -0.103 ‘!

21R1=~6 1.84 = 1.85 "~ 0.084 - 0.086

¢.102 «~ 010k

v

NOTES: (1) Dénsity by dry weight and measured volume.

(2} Acoustic velocity measured at 1 MHZ.




Section 3
EVALUATION OF THE, BIAXIAL TEST

The immediate motivation for eévaluating the biaxial test (as conducted at

MDAC to provide the dats reported in Referénces 1, 2, 3 and 4) was to éxplain
the apparent discrepancy between the uniaxial tensile strengths measured with

biaxial specimens end the strengths measured with stenderd uniaxial specdimens.

The  discussion also is inténded to provide some insight into the .experimental

i; difficvlties associated with biaxial testing and outline the likitations of
“k the data obtained. The biexial techniques are describeéd in Section 3.1; the
: stress and strain gradients -existing in the biakiel specimens are discussed
in Section 3.2; and wniaxial teghniques are desgribed in Section 3.3. The

discrepanéies between results from the two types of specimens are discussed

in Section 3.Y4; and the implications are summarized in Section 3.5.

3.1 BIAXTAL TEST TECHNIQUES

The biaxial test methods employed at McDonnell Douglas have been -described im
References 1, 2 and 6. Biaxial stresses are obtaingd by combining axial load
with internal pressure applied to & hollow cylindrical specimen. The biaxial
specimen design shown in Figure U4 has been used in the tests reported in
References 2, 3 and ¥ and in the study reported here. The specimen used in
Reference 1 wes similar in diametral measurements but was shorter (3.25-inch.
overall length, 0,8-inch gege length). ’

All specimens were ingpected, using standard mechine shop practice, for
conformity to the dimensional tolerances shown in Figure 4%.. Prior to testing,
the wgll thickness was mesasured directly using a special micrometer gage set
set-up (Figure 5)., rather than by teking the difference between outer and
inner diameters, because it was found that the action of a thrée-point
inner-diemeter micrometer could deform the specimen wall enough to cause &
error Actual wall thicknesses have varied between 0,047 to 0.051 inches o

from specimen to specimen.

Preceding page biank




e . . e ; . ;.. ..j,
B . “, |

‘ ‘ l

uBtseq wsiktosds TRIXRIL “f SIndTJ i

0800 T 000'% s

ANIOd INSONVL LV 1NOH3ONN
ON {IV3ldAL} H .00E

(voway. L 1 . ;

) 100°0 3 0S0°0 L) ) ;
) : - so00 b T w

so000 (@} ﬁ

. : 1

NI

X .

yaaswwvio o X e e H313WVIa , B
m,genfw otot i 5 , mooo.wuﬁn.w._.

|Cmener 7 —{{ |

12

5 e

= b | \, Tk so00 3 @)
\W S00'0% o 1 T .

‘ 4 \ " ..u..J.ﬁlsmm"o .
xwwmﬁso.u,ood.ﬂsm; ﬁmoart f
y _G¥D°0 \
' S20°'Q

\w HSINIZ 30VIUNS QINID34SNN T

016'0:F S3ONVHITOL g3iL103dsnn L i i

: $310N . fi

N




2
.S

B et e Y

RPECTY
&

[T RVINOE T N

PG 7}5& T
.

:
A
.
5 :
5 ’ ‘
| ¢
i ‘
» .
o i
4 i
.
; 2

< SR R

T
s >
h T

e I MICROMETER; i

: g&uégé'méréa ZERQ :
ET I8 CONTACT WITH L
MANDREL 1 ‘ b

FRUPEE RN

Tt e

-~

e 1:00°DIA. :
= S = h ’ MANDREL. ’

o e En Lo

) \Sam«mu SPECIMEN |

¥ ; !
i
st
pod
i N
¢
nid ' . Sy i
Figure 5. 'Wall-Thickness Measurement Technique P
1
: N
i
N
“
-3
v\ :
R
CN
N,
N 3
A\Q:(
v

13 pol

~




/.I

e S I SN

A potential source of error in the :strength calculations is the diffieulty of
precisely measuring the wall thickness .of the biaxial specimen. A recent
check on. the pretest measuvrements, by direct miérometer méasurements .of the
fragments from*fracﬁuréa'specimens, showed that the gege technique of Figure 5
sometimes overestimates the wall thickness by epproximétely 0.0005 to. 0.0010
inches. The data reduction in the current study was baszd on direct measure-
ments of the fractured fragments from the gage section: of each specimen. In
prior efforts, (Réferences 1 through 4), however, the pretest méasurements
were used,

The exterior surface of the gage section of each -specimen was inspected
visually after being wiped with alcohol, A fair nurber .of small pits and, in
some .cases, machining marks on somerspegimeng'were discovered i this menner.
However,; there appecrs to be no correlstion between fracture initiation sites
end the lucation of these marks, The lack of correletion may be due ‘to the
existence: of ‘more severe defects at the inner-diameter surface (whicéh was not
as well inspected because of its relative inaccessibility) or may imply that
such -surface pits are not as effective as other types of defects in reducing
strength,

The axial loads are applied in a "rigid" fixture (Figure 6) designed to limit
bénding strains in the specimen. Alignment checks pérformed before each
series of tests: show that the bénding strains introduced into the biaxisl
spe~imen are less thaen 3 percent of the average axial strain at fracture both
in tensile and. compressive losding.

Friction between the load rods and their guide bushings causes the measured
load (top load cell) to be less than the actusl axisl load -acting on the
specimens. The measured load was used, without correction, in the data
redudtion (Section 3.1.1). The resulting error in axisl stréss is estimated
at less than 1.5 percent, based on direct measurements of the friction both
at room and elevabed témpersbure.
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As indiceted in Figure T, :a thin rubber balloon was used &t room temperature
to prevent penetration of the pressurizing fluid (water conteining .soluble .

;{ 0il) into. the graphite specimen, and & metal foil bladder was wused to seal
: the pressurizing-medium (argon) at eléveted temperature. For tests at 2000°F,
%g the. bladder waes a seamless éleétrédeposited nickel tube, 0.002 to 0.003 inches
?3 thick. At 2000°F the flow strength of the nickel ibladder is low and at
%; failure of the grephite specimeﬁ accounts for less than two percent of the
i, load and pressure carrying cqpac;ty of bladder/specimen combirngtion.
! |
z” - The effect of the nickel bladder on the calculatéd stresses in the graphite
é‘ ¢an be estimated as:
B .
2 g- =1+ g——fﬁ-
G GG

where

0 = nominal stress in graphite, calculated from equations in

Section 3.1.1
Oﬁ = stress. carried by nickel Jladder E;
OG = stress actuslly sustained by graphite
tG = thickness of graphite tube = 0.050 inch

tN thickness: of nickel bladder == O, 002 to 0.003 inch.

The maximum value of Oy is the yield strength of the nickel at 200093 vhich
~ is estimated at 1000 -'2000 psi. The effect of the bledder at fracture of
the graphite (teken nominally as 4500 psi tensile strength) is thken

approximetely

f .g_ = l + 1500 0-0025 fn"4 10017 b

A I500 * 0.050 — a

or less than two percent. At fracture therefore, this effect is comparable in
megnitude, but opposite in sign, to the effect of lead-train friction.
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However, at lower stresses, of interest with respect to stress-strain data,

the effect of the bladder could be more significant., FoOr example, at

% approximately 1,000 psi stréss in the graphite, the bladder's effect could

be as large as. ten percent of the applied stress.

;” ‘ The furnace shown in Figure 8 was used for elevated temperatiire tests. Heat~
ing of the specimen is by rediation from six ohmically-heated. graphite
élements, which surround the specimen, and by convection in the argon atmo-

sphere maintained within the furnace. The furnace is provided with sight-

ports so that strains eand témperature cen be measured optically (Figure 9).

k. Most tests were conducted using approximately radial loading. That is, the

X pressure was manually controlled to increase in proportion to the axial load

b so that the ratio of axial stress to hoop stress was approximately constant.

Some deviations from the desired stress-ratio occurred during loading. The

Q* ‘ points through which the published biaxiasl stress-strain curves (Reférences 1 )
. through 4) were plotted wére taken from the data recordings at, the indicated

stress ratios, as illustirated in Figure 10,

At room temperature, the strains were usually measured with two strain gages,
one axislly oriented :and the other circumferentially oriented, mounted
adjacent to. each other on the outer surface at the middle of the gage section.
Because only one gage was usually used for axial strains there is a potential
effect of parasitic bending-on the measured stirain. The maximum magnitude of
the bending strains is estimated at 3 percent of thé measured strain
(References 1 and 2). 1In those cases< where multiple exial gagés weré used,
the réading at fracture of any individuel gage 4id not differ by wmore than

2.5 percent from the average strain.

At 2000°F, strains were measured optically using a Physitech Model Aho
extensometer aiméd at graphite "flags" mechanically attached to the specimen
for axial strains, and an Optron Model -800-extensometer aiméd st the diametral
extremes: of the specimen gage séction for hoop strains. Figure 11 shows the

flags and the relation of optical sighting points to the specimen. Axial

18
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sightings weré .at opposite sides of the specimen to minimize the effects of
4 bending. The flags were dgsigne@;to be flexivle 80 they exert little

diametrel constraint oh the specimeh while maintaining ccontact in spite of 3
diametral strains. )

REC S

Cealibretion tests on the optical extensometers show that the strain data is

gkl Aty

repeetable and accurate within approximatély + 0.0002 inches per inch, for
the axial strains, and somewhat less accurate (epproximetely + 0.0003 inch

per inch) for the hoop strains. The lesser accuracy in the case of hoop

strain is believed due to difficulties:in-qdéqgately-focusigg‘the extenso-
meter on the "edge" of the cylindrical specimen, Part of the uncertainty in
both extensometers is the "noise" due largely to. convection currents within

the test furance.. Traces fepresentative of the type of loed-strain data
obteined are shown in Figure 12.

3.1.1 Data- Reduction ;

Nominal stresses were celculated from the loading data usipg the following N
equations, which are "thin-wall" epproximations:
2

L+ “riBP i
O T T3 2 @) E
m (e - r.7)
e} 1 s
Pr, P
- iB
% T ¥ 1. (2)
m ‘o " Ti

where

GA = mean axial .stress, psi
m

R “ .

Oy = mean hoop stress, psi
m

]

L measured loed, 1b .

P internal pressure, psi

PP IR

r, = outer radius :of gege sec¢tion, in.

r, = inner radius of gage ‘section, in.

Spin i o o

IiB = effective inner radius, in.

£

P SNNICP N SPLTY
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%’ For tests atrroom‘temyérqture,rih\was’takéh as -equal to ry on the assumption ;
4 that. the rubber bladder acts like-a fluid under pressure. For tests. at ¢
L:‘ 2000°F, r;p Was taken as the nominal internal ¥adius of thé nickel bladder; :
] ryp = F; - ty, where t, is the measured bladder thickness.

;' Streins were obtained from the strain gege: end éxtehsometer readings in- the )
3 usual manner. In the case of strain geges; the readings were corrected for i
g the transverse sensitivity of the gage using the transverse sensitivity factor

; _ supplied by the gage manufacturer.

Tt should be noted that equations (1) .and (2) represent the average or mean
stresses. in. the gage section. Because of bending, axial stress gradients, é
and the radigl stress. gradients unavoidebly present in :agy pressurized .cylin-
der, the maximum stresses are ‘somewhat (less thén 10,percent) highér. In
g@igqiplel if the locstion of the fracture origin within the specimén were
precisely known the stress at fracture could be located using the types of

stress analysis described in. Section 3.2. Rarely, however, can the: fracture

origin be located with adequate precision; without extraordinary effort. The
mesn stresses therefore have been used to represent the fracture stréngth in
References 1, 2 and 3., Since the stress gradients are not strongly affected: %
by the ratio of epplied load to applied pressure, the mean stresses at 3

fracture gre believed to give an adequate picture of biaxial effects on
strength:

The stress gradients also affect the interpretation of biaxial gtress~strain

data. Strains were measured at the outer surface where the stresses may be
expressed as:

é
:
1
2
%
¥
3
s
A
¥

o, = 0, (3)
o il :
%
Iy = Ko, , where K <1.0 (%) N
o m

‘
3
S

P
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Thus the hoop stress calculated from equation (2) should be ctrrected by the
factor K before plotting. stress-gtrain response -data. Based on. the analysis
discussed in Section 3.2, K =-0.96~i_0$bl. In the biaxial stress~strain
curves presented in References.l,,é, 3 and b4, the correction factor X was not
used. As pointed out in these references, the absénce of the .correction
should not affect the inferred effects of bisxiality, because bBisxiality has
only 4 small gffect on X.

Strain gradients of ..ourse accompany the aforementionéd stress gradients.

Only the measured (outer surface) strains at fractufe have beén presenteéd in
‘References. 1, 2 and 3. As shown in Section 3.2, the mekimum hoop strain at
failure is probably more: than ten percent highér than the hoop strain measured

at the outer surface of the specimen.

3.2 STRESS AND STRAIN GRADIENTS

Finite-element stress analyses of the biaxial specimen using the SKAS II code
(Reference 15) with bilinear constitutive inputs fo¥ the graphite have been
reported in Referehces 1 and 2. Although these -analyses vere made wsing
Poisson's ratios too large to correctly représent ATJ-S; the stress gradients
‘are probably negligidly affected. Figure 13 shows estimated stress gradients
in the k4,0-inch long biaxial specimen under combined tensile load and' internal
pressuie; this combined loading results in the greatest stress concentrations

at the ends of the uniform-section gage length.

Additional SAAS II analysis, using more representative Poisson's. ratics, was
reported in Reference 3. Resulis, showing the effect of applied stress state
on the stress and strain gradients through the thickness of :the biaxial
‘specimen, sre summerized in Figure 14. However, the strain results are some-
vwhat suspect becauseé the constitutive formulation in the SAAS II code does
not truly represent ATJ-S graphite (See Section 5.1).
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Figure 1b. Estimated Hoop Stress and .Strain Veriations Across Biaxigl
Specimen Wall at the Mid-Length Section and Estimated
Radial Strains, SAAS II Analysis
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An ‘alternate approach to estimgting the strain gradients, based 6n a différent
constitutive -assumption, mey bé informative. The hoop and radial strains are
related by simple geometry:

A

IR

1L+ eRm} (ré - ri) = (1 + eHOQ'rO - (1 + eHi)ri (1)

Reairanging the terms gives:

~ g, r R o(r -x.) :
-t = 2 _ B _0 1. (2)
' LE ' Ty
o’ o

To estimate the gradient in hoop strains it is necessary to estimate the ratio
of radial strain to the hoop strain. To do so requires a. constitutive law.
The assumption :ma&e here is that the ratios .6f prineipal strains to one another

remain constant during loading. This assumption is supported by the fact that

the strain trajectoriés in biaxial and triaxial tests under proportional load-

- ing tend to be nearly linesr (Reference 3, for éxample; and Section 5.%). The

;v ratio -of prinecipal strains will then be -approximately the same as that calcu- o
k lated using linear elastic. theory:
L e L, - 1')-‘@1’--0 - Zgﬁwo 4
B 3 E 'R E.H "E A ‘
& no_ L& . m. & .m c_ .1

‘; E H E A

B a o ‘¢ o

GHo = Qﬁm = Y% (within 5 percont) (1)
a, . 0 _ ¢
Am = Ao = A (5) "i
0, r =1,
o = P _H o .. .1 g
Ry = -5 = 5 (=) (6) u
1 kY
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Vca vdb .
7 2 L4 == (Reference 3) {7)
e g%
v £ Vab (8)
to geb:
ro - ri ( )y QA)
) Zoie—= o) (1 + 1.8
"Ry ers % :
o = " {9)
H 1= 3.hv A
) (E*)
H

The strain ratios calculated from equations (9) and (2) are ‘sensitive to the
velue of Poisson's ratio assumed. The elastic value is epproximately -0.1;
however, the secant value near failure in tension.at room temperature is
gbout 0,05 (Reference 3).

By substituting equation (9) into equation (2), the hoop-strain gradient can
be estimated, with the results shown 'in Figure 15, for a .spécimen with a
wall=~thickness .equal to one~tenth its Ianer radius. It is .seen that the
alternate -andlysis gives slightly smaller strain gradients. then does the
SAAS II analysis.

In the region of interest with respect to hoop strains at failure, at stress
states of GA/GH less than uwnity, the effect oOf assumed Poisson's ratio is

i appears to be 1.12,
o}
and this ratio. is suggested as a correction factor to be applied to the

fairly smell. A fairly good compromige value of ey /e

measured hcop straing at failure tc provide an. estimate of the maximum

(inner~wall) hoop strain at failure at the specimen mid-length section.

‘The hoop-stress :igradient through the specimen wall is considerably smaller
then the hoop-strain gredient, and less sensitive to constitutive assumptions.
Based .on the SAAS II analysis (Figure 14) a correction fector of 1.0k :applied:
to the calculated mean hoop stress (Equation 2 in Section 3.1.1) Would appear
to give anvadeéuaté epproximetion to the maximum hoop stress at failure, in

the specimen mid-length section.
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Both the SAAS II and the alterngte analysis serve to show that the strain
state is distinctly triaxidl. Figure 16 shows the estimated ratio of radial
strein (compressive) to hédp strain, as a function of applied stress ratio.
The alternate analysis predicts significantly smaller fadial strains than
does the SAAS II analysis.

The stress-state is, of course, also triaxial. However the radial stress
(always compressive) néver exceeds the internal pfessure»an& is therefore
less than one-tenth of the hoop stress in ebsolute magnitude. At the outer

surface of the specimen the radial stress is zero.

3.3 UNIAXIAL TECHNIQUES

Two types of uniexial tensile specimefis have been used in the referenced
studies (References 1, 2, 3 and 4). Figure 17 shows the usual button-head
rod specimen which is loaded with split-collar rings in the same sort of
rigid-alignment fixture as used in the biaxial tests. As in the biaxisl
tests, friction can cause the measured load to be about one percent less

than the load actually sustained by the specimen.

Axial stress is calculated simpl, by dividing the epplied load by the
measured cross—sectional area of the specimen. 4s in the biaxial specinmen,
axial stress gradients exist in the uniaxial rod and the peak stress is

found near the tangent points at the ends of the uniform-section gage lergth.
Using the stress—concentrafion factors provided for a linear-elastic material
in Reference 29, together with an estimated factor (approximately one-half)
to account for the noniinearity of ATJ-S strain response, the stress increase

at the ends of the gage length is estimated at -about three percent.

The second type of tensile specimen, used in the off-axis study in Reference 2,

is a square-section "bar" (Figure 18). Because this specimen was loaded. in a
pinned load train, not using the rigid-alignment fixture, there is no friction
to account for. However the increased possibility of bending prébably
counters. any advantage therefrom. The very gentle radius leading to the
uniform-section gage length results in an estimated stress concéntralion at

the ends of the gage length of less than one percent (Reference 29).
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3.4 COMPARISONS OF UNIAXIAL TENSILE DATA

Comparisons of the stress-strain responses méasured with biaxial specimens

(in uniaxial stress-states) with those obtained from uniexial specimens are
shown in Figures 19, 20 and 2i (re-plots of data preserted in Ref 4). Figures
19 and 20 show that the axial (scross-grain) stress-strain responses for
bia#ial specimens from two billets are quite close to the data from wniaxial
rods from the seme billets. The discrepancy in transverse stress seen in
Figure 20 is large percentage-wise but represents a very small absolute
difference in measured strains.. Figure 21 shows that when the nominal thin-
well hoop stress is corrected by four percent (K = 0:96) to give the hoop.
stress at the outer surface of the bidxial 'specimen, where the strains are

measured, the stress-strain response for the biaxial specimen fslls in line
with the uniaxial specimen data.

Comparisons of uniaxial strength date, as in Table IIIL, show the uniaxial
specimens to- give discernibly higher strength values than do the biaxial
specimens in equivalent uniaxial stress-states. ‘Possible reasons for such a
disérepancy include:

A, (Greater stress gradients exist in the biaxial specimen than in

the uniaxial specimen.

B. Experimental uncertainties including those sttributable to bending,

friction, and thg‘presence of the préssure-containing bladder.

The biaxial specimen is of lgrgér volume snd has greater surface
area and would therefore be more likely to contain strength
reducing flaws.

D. The 0.050-inch wall thickness of the biaxisl specimens may be
insufficient to represent the bulk material, may lead to a chahge

in fracture mode, or increase the sénsitivity to flaws.
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Figure 20. Across-grain Tension Strain Responses, Billet 16K9=27
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TABLE IIT

COMPARISON ‘OF ‘TENSILE STRENGTHS, BIAXTAL. AND UNIAXIAL SPECIMENS

SPECIMEN ‘TYPE

BIAXTAL. UNTAXIAL
o SQUARE N
{  SHORT LONG SECTION  STRENGTH
 (REF 1)  (REF 2) '  ROD BAR DIFFERENCE
f . Tt g n f - - - Py = = - - - — -
Specimen Geometry
.  Wall thickness, in. , 0.050 0.050 Solid Solid —-
t .
. Diameter, in. » 1.00 1.00 0.25 0.25 -
’ D [
" Gage Volume, in” 0.17 . 0.21 0.07 0.15 ——
Gage Surface, in° 6.8 8.5 1.2 2.4 ——
Across~-grain Strength,
psi
Ref 1 All billets : 3770[3)* —- ; 3960[3] ; -=- 5
Ref 2 Billet 1C0-15  —-- kozs[2] : 4200{3] | —- 4
Ref 2 Billet - 39k0(2] | ~-- © higko[5) (
16K9-27 ;
With-grain Strength, % ‘
ol ’
" Ref 1 Billet 4¥R9-1 . 5000[1]  —- ok o] LY L — =3
! Ref 1 Billet 3R9-33 14100[2]  —- " 5033[h1k#; e 23
i . ¢ ' ) .
. Ref 2 Billet — . 48oo[2] -+ ~—- : 5200[3] - 8
; 16K9--27T. A :
% Numbers in [ ] denote number of specimens tested %o give tabulated
gverage strength.
*# These uniaxiel rods, tested at Union Carbide, are of different design
than the others; gage volume unknown; gage diameter 0.25 inch.
*#% Strength tabulated for the biaxial specimens is the mean hoop strength
obtained from "thin-wall" formula.
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To address the first.two possibilities, the uncertainties and estimated
L ) gradients in the stresses é&nd strains at failure .are sumarized in Teble IV.
4 ‘ Shown in Table IV are approximate percentage corréctions that should be added

to the nominel failure strésses end strains (obtained by the procédures out-

IR

R
-
Vi e g et T s g 99 N S IR i amend
. . R V)

lined in the preceding section and presented in References 1 through %) to

) reach an estimate of theé fieximum .stresses and :strains existing in the speci-
;’ i men at the time of fracture. Also tebulated are the corresponding uncertein- :
: . ‘ties and gradient effects for uniexial rod specimens, Subtracting the totel v
i ‘ corrections for the uniexial specimen from the total correctiéns for the
@ biaxial specimen; as in Table IV, gives the following conclusions: ?
E A, At room temperature snd 2000°F, the average axisl (across-grain)
E3 strength data of the biaxial specimen may be éxpected to be gbout g :
g the same .as the corresponding date from uniaxial spéciiens.
b
% B. At both temperatures, exial (across-grain) strain-at-failure
; measurements should be nearly equivalent for both types of speci-

mens; although, at elevated temperature, the uncertainty in strain
1 measurement is‘rél@tively'lafge,
i C.. .Hoop (vithégrainO,Strengths based .on the thin-wall stress formile. \
% (Pr/t) mey be increased by up to about four percent. to put them on :
3 the same basis as with-grain strength measvred with uniaxial
? specimeéns.

D, Measured hoopusfrains may be increased by up to about fourteen
percent to put them on: the ssme basis as the feilure strains

recorded in tests on with-grain uniaxial specimens.

In addition to the factors listed in Table IV, the biaxial specimen differs
from typical uniaxial specimens in volume, surface area, miniiwum dimension
of gage section, and complexity of fabrication.

Volume effects have been studied -experimentally for ATJ graphite (Ref T). 5
That study and additional work on other grades; including ATJ-S, provide the

. conclusion that volume does not affect the strength -of graphite as much &s




TABLE IV

POTENTIAL UNCERTAINTIES AND BIASES IN FATLURE DATA

( b POTENTIAL EFFECT, PERCENT(U
b
TENSILE STRENGTH } STRAIN—-AT-—FAILURE
BIAXIAL 'SPECIMEN. i P BIAXTAL SPEGIMENN
gx_cnoss] WITH ACROSS :  WITH
) GRAIN ~ GRAIN'  UNIAXTAL  GRALN -GRAIN ' UNIAXTAL
FACTOR ((AXIAL)  (HOOP).  SPECIMEN (AXIAL) (H0OP) | SPECIMEN
Friction + 1 41 }
Bending + 2 ‘ +1 +3 +2
Aree Measurement o 1+x1 1i1 + 05
Bladder(2) (-2) (-2) ,
Radial Stress , + Lk + 12
Gredients ’ ,
" Axial Stress +2 + 1l + 3 + 3 + 6 +h
Gradients i .
Load & Pressure . x1 + 1 +1
Transducer Error ;
ﬂsza;naGage Error ) \ 21 T+ 1 + 1
" Optical Extenso- ' I (+ 5) (+10) (+ 5)
¢ meter(2) i
. ‘Re¢order Error +1 . +1 +1 +1 + 1 + 1
Total at TOOF 1 6+3 943 +2,5 3+5 18 LR
Total at 2000°F Ch . T+3 ,5+25 3+9 ;18 + 11t b8
: Net Effect(3) T 0 -1 ¢ 14 0
: 70°P I '
Net Bffect(3) at -1 2 . o A4 14 0
2000°F ; , ! |

strains-at~fracture to obtein meximum velues in specimen.
(2) Effect at elevated temperature only.

NOTES: (1) Numbers shown are percent to be added to nominal strength and

(3) Net effeéct is the estimated average 'oercent -correction to be applie\_
to the data to put it on same basis as uniaxial specimen data.
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weakest-link statistics would predict; the effect, in the range of volumes of

interést:here,,iswapproximately 10 to 12 percent reduction in average strength
per tenfold increase in volume: (Ref 8). For the three-to-oné volume ratio
between the biexial specimen and the uniaxial rods,. a strength--difference of

‘gbout 3 percent would be expected.

To thé suthor's knowledge, surface area effects have not been studied
independently of volume changes for graphites. Accéording to Reference T,
‘gurface finish (in the machinist's terminology) has little effect on strength.
Howéver, an increase in surface ares must be accompanied by an increasad
Jrobebility of surface demage during fabrication and handling of the specimen;
especially when combined with. increaséd complexity of fabrication as in the
cdse of the biaxigl tube. Unfortunstely no systematic study of mechining

damage to the relatively delicate biaxial tube specimen has been undertaken.

Concern 'hés béen expressed (Reférences 1 and 2) that the 0.050-inch thickness
of the biaxial specinen wgll may not be eriough to répresent the bulk behavior
of the ATJ-S graphité. As Figure 22 shows, thé miérostructure is fairly
coarse relaetive to the wall thickness:

The fracture surfaces of a biexial specimen ahd a uniaxial tension specimen

were eéxemined using a scanning electron microscope (SEM) at magnificatichns

betwéen 20X and 1000X. Both spécimens were of ATJ-S graphite from Billet
16K9-<27 {(Ref 2). The biaxial specimen had beeén fractured in hoop tension,

failing at a with-grain stress: of apprqximately 4900 psi. The wniaxial

specimen had fractured at. a with-grain stress of gbout 5400 psi. Figur: 23

shows composite views of the two fracture surfaces. The primary érack
segment of the biaxial specimen was too long to conveniently fit the SEM
stage; therefore the graphite piece vas sawed in two as is obvious in the
photos. It is believed that the fracture in the biaxial specimen iniltiated
near the saw cut where the surface texture appears relatively smooth. As the
crack ran towards the ends of the gpecimen, the surface texture became

discernibly rcugher (especislly at the right-hand end’). The scale of the

surface features in the "smooth" region appears relatively small compared to

the wall thickness of the biakial cylinder (suggesting that a 0.050-inch wall
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mey be adequate), and of the seme genersl appearance and size as in the

smoother regions of the uniaxial specimen surface. Additionel viewings at

higher magnificetions failed to reveal auy obvious differences in fracture
mode between the two specimens.

The effect of minimum dimensions of the gage section has been investigated
experimentally for ATJ-S in a very limited effort described in Reference 2.
Five ring specimens of -0.050-inch wall and five others of 0.082-inch wall

(but of equal volume and radius-to-thickness ratio) were burst in hoop

tension, The results showed the thinner-walled specimen to give somewhat

higher strengths. Similar results were mentioned in Reference 9 for

0,040-inch thick and 0.080~inch thick rings of ATJ graphite. Although it is

not understood why the thinner wall gsve higher strengths, these results do
suggest that reducing the minimum gage dimensions to 0.05C-inch should not
cause any striking deleterious effects.

However, a theoretical case can be based on "fracture mechanics" to show that

g differ~nce in measured strengths should exist between thin-wall biaxial tube

specimens and 0.25 diemeter rods. It appears widely accepted, at least as a

working hypothesis, that tensile fracture of graphite occurs by the rapid

propagation of cracks from a flawed, weakened, or precracked region

in the
specimen, and that the size of this region, or flaw, et the time of

fracture
can be related to the fracture stress using the concepts of linear fracture

mechanics (References 10, 11, 12 and 13 for example). Fracture mechanics
concepts include "free-surface magnification" factors to describe the increasge

in stress intensity caused by the proximity of a flaw to a surface (see

Reference 1, for example). In the biaxisl tube specimen, if the size of

typical fracture-ceusing flaws is an appreciable fraction cf the wall thick-

ness, free-surface effects can be expected to affect the measured tensile
strengths.
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The nomenclature used here to describe a Tlaw in a thin wail is shown in
Figure 24. For a linearly elastic material, the tensile stress at fracture
is velat~.d to the flaw and specimen geometries by (Ref 1k):

s = S ®
M,V/7a
where
KIC = critical stres " ~nsity (or fracture toughness) of the
material
¢ = factor expressing tae shape of the flaw
M1 = front-face free-surface magnification fachor
M2 = back-face free-surface magnification factor
a = flaw depth

To obtain a rough estimate of wall thickness effects, assume that the typical
flaw in ATJ-S graphite is a circular region of radius a¥, This typical radius
mey be estimated from the average tensile strength, -0-, of relatively large
specinmens:

- . -

o Wia ¢KIC
For & circular flaw ¢ = 2.4 (Ref 1h). Taking K;o for ATJ-S graphite as
approximately 750 ks{\éz (References 11 and 13) and o as approximaetely 5 ksi,

the critical circular flaw radius is found to be approximately:

a* = 0,018 inch

Figure 25 shows various possible placements of such a critical flaw relative

to the surfaces of a "massive" (say a 0.25-inch diameter rod) specimen, and

a thin-wall (0.050-inch) biaxial specimen. Some free-surface magnification

factors may be estimated usirg the results presented in Reference 1% for

semi~cireular flaws. The front-face magnification reaches a maximum of about
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twenty-one percent (M1 = 1.21) for the semi-circuler surface flaw {situations
B and G in Figure 25). The maeximum back-facé magnificaticn effect, as
estimuted for situstion I in Figure 25 (from a solution for the extreme
situation shown as J in Figure 25), is approximstely five percent. For flaw

placement G, the back-face magnificetion is less than one percent.

Because even the most messive specimen has a surface, front-face magnification
will affect the measured strength. However, a solid-rod specimen may tend to
give higher measured strengths (than a thin-wall tube of equal volume) because
only a small proportion of inherent flaws will lie near the surface. For )
example,. in the 0.050-inch wall biaxial specimen, T2 percent ‘f the gage-
section volume lies within 0.018 inches (the criticel flaw rédius)“of the
surface; whereas in a 0.25-diemeter tensile bar, only 1l percent of the
specimen volume is within 0.018 inches of the surface. Furthermore, the
biaxial tube has about 8 times the surface area of the 0.25-inch diameter

tensile specimen (Teble III). Therefore, becsuse of the increased probability

of front-face megnification effects biaxial specimens should tend to give

lovwer average measured strengths thun do the tensile rods.

3.5 CONCLUSIONS
The discussions in the preceding subsections lead to the following conclusions:

A. Stress-strain responses measured in uniaxiel tension with biaxial

specimens at room temperature are egsentially the seme, within
normal experimental errors, to those measured with uniaxial

specimens, For the case of with~grain stress-strein response,
the hoop stress estimated at the outer surface of the specimen,

where the strains are measured, should be used. A good estimate
of the ouber-surface hoop stress is:

Pr

i
Vi = 0,96 -
i, To i
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The strain measurements obtained at elevated temperature are
subject to relatively large experimental uncertainties, related
vrimarily to the optical extensometry techniques used. When these
uncertainties are considered togéther with the potentially
significant effect on stress, at low stress ievels, of the metal
foil bladder used, it appears that the stress-strain responses

measured on biaxial specimens at 2000°F may be of marginal quanti-
tative valiue.

Average unisxial tensile strengths measured on bigxial specimens

tend to be lower than average strength obtained with uniaxial

specimens (Table IIT). Some of the discrepancy may be attribused

to the experimental factors listed in Table IV. However the

influences of volume, surface area, and minimum guge dimensions

(0.050-inch in the case of the biaxial specimen) may also be
significant. Available information on grephite implies that the
greater biaxial specimen volume might account for a three percent
decrease in strength. Available informstion on gage dimension

effects is inconclusive but suggests the net effect is small.

The brief fracture-mechanics analysis presented st the end of
Section 3.4 suggests that:

1. fracture strengths measured on specimens with highly~stressed
free surfaces may be lower than the fracture strength within
a solid body of graphite (e.g., an externally heated thermally
stressed block) because stress intensities are magnified at
fiaws near surfaces.

2.

surface area mey play a role independent of voluvme in the
fracture of brittle materials even in the absence of

externally-caused surface damage.

3. the greater surface areg of biaxial tube specimens may be a
significant factor contributing to their lower strengths

relative to uniaxial specimen tests.
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Hoop (with-grain) strains measured in biaxial fracture tests must

be increased by more than ten percent to provide an estimate of the
meximum hoop strain experienced by the biaxiasl specimen

(Section 3.2). The calculated magnitude of the strain gradient
depends on the constitutive law assumed for ATJ-S. A reasonable
estimate of the ratio of maximum hoop strain to measured hoop strain,
over the range of biaxial stress states tested, is 1.12. This ratio
has been applied to the hoop strains measured in biexial fracture
tests at room temperature (References 1, 2 and 3) to obtain the new

summery plot of Figure 26,

Hoop stresses are subject to less uncertainties than hoop strains
beceuse the stress gradients within a specimen are smaller than the
strain gradients and bece'se, especially at elevated temperature,
the experimental uncertainties in strain measurement appear to be
greater, Based on the snalyses described in Section 3.2, a
reasongble estimate of the ratio of maximum hoop stress gt fracture
is 1.04 times the mean hoop stress calculated from the thin-wall
cylinder formula. In References 1, 2 and 3, the mean hoop stress
vas used in the presentation of fracture data. A new summary plot
of TO°F biexiel fracture stress data, in which the hoop stresses
shown are 1.04 times the mean hoop stress, is presented in

Figure 27.

53

SRR, LR R S i

e Bn e S At it

S e ne e e



S R R B e e [T e L e . " - . . . . R ,
0 X an ™ T v g
N ey - AR R - - -
1 T ¥ >
%1~ N : . - : > = X
> 7 s Y T 3 5 N A L3 ¥
- T v N A YL LI . . o gl Judod : :
. M| NEEERRNE : : i H=
T ;i e | ] 1
- 0 ” -1 2 3 ‘ ” 7 1
N T i 18 > i 1 . 3 Tt P
N < - - N < 1 k] ) ¥ ¥ T
. X ) M i TV 1Lods ; v 5 0 1 3 H i
AR R : a = _ -
B ~ wﬂﬂl | KQ I M . 3 L4 v
T T 1 T > - T 7 T Iy B T
-] ..Wn\ioua.ﬂu . A —y : . B I Ry
3 )L LYY IN NN g i : :
R & G fertmrtos
B K » & : H H
NA: H = bk ek AN
3 i u mNR : : , ! : : :
. - I - )~ Q] b v T ~ H 3 o > - N )
. ) D -5 ST LS g 1 3 '
B H
1 3 0k - [ NS . i ;1 A T
! ] ; ddx - - T
) A - Sedmign §ote 4 + - T Y * N H +
YRy ~ < ] 3 R oA [ I i £ ] s
8. ISR ) : i B Nl : P
L - N : : 2 N : 4
: : ) SO T ) T
‘ L S . g o, 1.8, gl N O TN A
- ﬁ i [ O D3 P R t
=P v y v [ IR I + et
? LN IS 7 ! ]
' > < T - e X2 z 1 v LA IR A}
3 i R Pret IR - S o : ' i :
1 ! RN et or = SNl : I I L N Y
P L T : y POl s 4 T
1 ' i T ¥ Ty i N O
v B T | | + N H . T .1 & T N .y N
, S M N T ~ 3 ) 2 t x 1 H ' i 1 I i 34 i
: ¥] i ¥ i 1 1 : i 5N | P } Pl I
5 Z > 1 3 HR 1 M 1 . oy iy [N RIS
. i 1 ' LY - ] i H I Pl I bt i i} ! [
1Tt } Tt + i T T 1 3 -y LIS I A N LIRS SO 10 N PN A I A
J I H ¥ b 4 T8y v ¥ - t . I = 3 EJE I AP e 3t b N H N . by H
1 MR T A I 1 FIE BN DR N i [ 1 P Ta .oy B F ¢ P ¥ X
© | T A 3 v T T * T 7 Ty [ RO DA IR T ¥
3 N 1 ¥ ¥ T 118 ) T ™75 M : 1 e ¥ A i [ T T ¥ H N N |
' 11 0 §77 2] ¥ R I H 1 I PO I I = Ty Py I
= Y Y a1 o b H T [T TR ik P W
e e v T T K | N + 14 Ernbnd e : -+t
p : 9 M..,.u—ﬂ .L. A= et e " 1 ¥ =T e
i : SEac ol i I Ty H n i : - N
* T T ot T Pt LN B AR T A “40 B [ ) T fz)¢.m
O AN -1 N PRI PN SR MO £ PRCTEAE BENEAN) I i e
T w, v 4.3.7 o YT 3 Lt | 1 T
—1-3 haad ) i ¥ 1 D , PR
H 3 : : H i N
i i ¥ R 1 CFAR N I ik on NS ARas NG N ; T Ty
‘ = 7Y FmirT T St § p ¥ : R REAENE NS B T
. I Tt IR DY > Q " : W NN LI TR M Ty
= fomrd B : s } N M e EAUEON D6 NS DO V0N B Y NI MO i
0 2 o A Pk P B B i v s Mo M e
A I [ Y} 1 W : S P VL0 P NS SRNGINE  J
. w 3 ~“ - N |.0u£v....rl.xw:t s M P 1 T H ¥ 3 4o 2 T (u.w»n i 3
p =t - T : * H > i S T ¥ ]
. . AR . LR §aed W - : o ‘” b o f e e -
+ g (8 o§ e . 1
¥ % LI ! i i ¥ o ! } H ! N 133,
o (08 SO 0 et D O A = mJ ot D HY 1 D s w [
i & S
RLSH DR TSI 5 I 0 A O 301 I 0 Tt = } P00 R AR 9 A 1. At A WA
o o . oo i O i i e
. C N . [T ke 5T ond i BS na e At et X S o Bl % 5 NPT oy W T 10T oo P B X COAC I TV

Biaxial Failure Strains at T0°F (ATLJ-S)

Figure 26.




B et e S A U ek ek i kS A A R A SR L AN e IR A |
g
Rk
5
I |
3 4
e
Wi .
.m“‘
W i
N A
w5 S
\sM. \.M
#
g
B N . )
] v R LN ) ) 13 Ry - i 2 4] (B i ;
TP i fﬂ ; R H [ [ xww
Y H ¥ T 3 L H MG
el Xtuf.?; B TV
) e St : b ok 3 —+ & it i
i < - * % # H 1 ) t ﬂ
3 H " I T T i .
btese AR WSS DTV Y G AR N 1 A ER L PSSR BERS RN ENE
: s . i ; : . T L T ;
. T 7 > iy [N R $ : ¢ = N
fefed : 8 AL G i R iy b e el
: ] 30 2 ] i N i i 4 [N s 3 n £ v 3 3 [N K A
B 1 3 : 13 : i1 M [ " LY
X NN FAR 10 4 N N e S
. ¢ i T T T T I ik IS 6 S -~
; = t i I R N M M : - 2
3 ¥ H k] g N T ol + - " w
“ : & } 1 t 1] . 3 T 3 o oy T.U
e et deduie A WERNNENE N O NEW N PO NP i’ &l
. NEREN : 4 Lt z i AR AR AN AT D X R A, |51
Tt 1 t ; it i L <
. KN Lids i - B + i . i o 2
H PALITS N Y M. A N ie-l- ~ '
2 N ) R ] A0 EaE : L7 T il o
: todd N I < e L) N T T - ey
fedede b 22 . N =i + 3ot i Ll . G
\ ] I : : I V.V PR S 3 - Q
T8 I8 AR N O O O 2 ) NG N 5 Y- N MR o
4 L i I SN ] : i v RN P I § N ) " TR :
? 1 * 3= 3 5 rt T L A 209 L 5 o e t
. ¥ ! [ ¥ T i1 T 1 : T T 3 T
v t : ¢ fetol . Ll i gt I .xi‘!.\m., - o
e o EE S T ol e e a
{ ~ i N i i - T 1 i I 8 I NI ]
] - : i ¥ 1 . ¥ R 5 3 T
T T T Ty - i J@ bt z 't 38 Xm. 3 L MO 3 /7]
] bl N : - T ¥ ] NN N A v n s RN B Y F 3 . T 3 4 % ] , o o
T SN 1 % 3 i ¥ : p YR AT R ) T rares > %]
i L e O 11 AR N 1 A a
¢ - g T T ¥ H « 3
. T > t 1 M Lm ) 13 T : I AT 0 I 0% SORARTE AT R AT AN S b
: T 7 kL i I3 T : 3 FN) NN TR O YO SN 20 A SR A M M 2
7 : : ! f 0 NV AP S N AT ; i 0
LI . .4 + I O . : bodfeibood i inde
i A N0 N R 3L N e ] MR AN Y 26 ! 2 T )
A HE IS DA A H 1 s N 3 3 s Y v i =T T3 2 PSS B b
* i i R 3§ v i 3 mf H - 1 1 v v i, 1 i o fl H 3 3 P IR ! w U
talud i i S mndun - H : + H 2. . o i de fo " i .L!vLi id e
I B e B il O B Y R 287 i Ml B el seamaoe o o
L2 3 I SRR T I I VI SN ! ; 217 H 1 N : H L LARSRRNEN B vt 28 o
O SN S el A NSRS IS F e ™Iy LTy H PRSI NI ¥ ¥ Pre
: ‘ I3 P.La w. [ [T oy t i [ ! 3 H 3 * ‘ R t 5 L 11 v N
v ™1 > 3 1 T L LA SN YN T BN N I s ! . EO i i
Lol LA ; i : U i H : NN sk { S5 IRV,
1 N M L (! M t T .ok N ) i v : i " ; $ ! L]
- Pt N IS PR I3 N e YT T3 ; 3 ) [ PUERE WS M A M ¥ FIN
t IR} yw [ < w.n.\.vx L L 1 ) il NI N I M «.“l” ; > > T T T 1 F 3o; oy %
G N 1 1 0 ) 029 U S i 8 3 G A S 1 S 8
; i L MRS I it Tria { 30 N Bk JROPNEN JABNE AR N eded gk PR
s ' X LR Y OO P + LR A O POt T Y : T L T 3 Ty fae]
. P T e e, $TIEY : > H ™ Pl LIS N AR Tt } TP 198 IR 1
iffms [ESNIN I BOURNCINR 6 N6 00 U D S s H LS SN O DN NENEN O BN [N 35 S Y N PRSI ETR T N 0 S 2 e
SR 0 ¢ i RS s : B I I PRGBS N M RN MG LN ek I pot S . - |
3 ) : s X i ) MR DPUE SPS J0 S ; - : i i 1 BUSOUS M0 AP NS ARG O 0 - 9
emder i ~ ¥ ! o KL I : + T.f - A i s = &
- i T T ¥ 3 P it P B MR I 8 Il et et 1 T N i M LA} s s {1
)3 ) PR Y meat I Ty O R I > T T v > 98 I R IEPIITS
pomped b I R SN : fub ; } (- font cdcfode Zedd e Euod o feonge b omd e 4 ; $oteniat Q
o . $or -t T : -derd m 1 g i eddos Y e o B I1) M }
g : p ] s ) 695 % I S t 2\ A . TI  J SN - W:... SSE 2T BRSSP PP H Lo bt )
i * g I S ? 7 ) * t : ity
IR RSN . -} 1 o NN o . et e e et
S gy o P A i IR it ¥ oA N Ty P L ! YT .
g K de s LRI 3 R g T S Y K T b o4 = e+ RS s § 1 1 bk < 1 N [ b
™=t - L 4 * it ] ™1 * a4 f . At . ! i T Tpt o et e e ¥ T = !
K ! : i « foe.d H £ H R b oo v . 3 i i [N St i 1 +
i $ 1 bbb et aleis bodf dml i N bk 3 H N I N | R M ; PR I
| O LA 0 I e i b 1 I 00 MUt 1 2 T “1;?.7. e et L et '
H H - - - B
: H LA I B I TOVNE I 2 B i i I i e T LN H00 IR SR 06 205 O 2N K DO IO O DO 08 OO A N § .
.
i
H
H
¥
: 2
i ¢
3

S A L8 P R




HEGRANRNOR I TE
ot W

Rk
[

AL

o
I

PRI

Section k4
BIAXTAL TESTS AT 2000°F

Biaxial fracture data for ATJ-S at 2000°F has been presented in Reference 2.
Howéver, the relatively small number of tests, the scetter in the data, and
the fact that some graphite structural components are expected to experience

a meximum risk of fracture at elevated temperature, motivated further testing.

A1l specimens tested at 2000°F in the current program were obtained from
ATJ<S Billet 21R1-6. Based on the bulk density, acoustic velocity, X-ray,
and ultrasonic pulse-echo information deseribed in Section 2, the billet
appeered to have no unusual features. In addition to these non-destructive
messures, uniaxial specimens of the ﬁypé’shown in Figure 17, were tested at
TO°F end 2000°F with the résults summarized in Table " and Figure 28,

The bié#ial spgcimens‘were machined to the dimensions shown in Figure 4. The
test:techniqﬁés were those degeribed in Seection 3,1l. The fracture results
are summarized in Table VI; Figure 29 is a plot of the fracvure stresses.
Figure 30 shows the straing-at-fracture, Also shown in Figures 29 end 30

‘aré the -uniaxial rod deta from Teble V. .

The with-grain gt;gssié and stf@igéﬁshqwn in the graphs presented in this

section were obtained as follows:-

Thaf'is;'ﬁhey'rgpreégnﬁ_ﬁhe values estimated to have existed at the inner

surface of the mid-length gege section (see Sections 3.1, 3.2 and 3.5).
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TABLE V

TENSILE CHARACTERIZATION OF ATJ-S GRAPHITE BILLET 21R1-6

T T

SPECIMEN  YOUNG'S FRACTURE DATA

:gEmSg "~ LOAD NO. MODULUS ~ STRESS STRATN (3)
. °F &5 (1) (2) 1016 PSI PSI w/m
T0 AG 101 0.9 LoT0 0.0064 i
102 0.8 - 3920 0.0066 '
105 0.8 3950 0.0068
110 1.0 4050 0.006k4
We A 1.5 5170 0.0053
¢ 1.4 - s20 0.0045
1.4 5150 0.0052
H 1.6 5050 0.0047
2000 _ AG 106 1.1 - L4680 0.0050
' 107 1.1 4870 0.0051
113 1.1 - 5190 0.0059
11k 1.2 4730 0.0055
‘ j0/e} B 1.8 6010 0.0041
. D 1.9 . 6040 0.0039 .
5 . . B 1.9 5680 0.0039
% G 1.9 . 6190 0.0042

NOTES: (1) Specimens were of standard design (Figure 17).
(2) Specimen numbers refer to locations within billet, Figure 1

(3) Strains were measured optically at both TO°F and 2000°F over
8 one-inch gage length.
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Figure 30. Strains at Failure in Biaxial Tension at 2000°F,
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Figure 30 shows the strains~to-failure in across-grain uniaxial tension
neasured with the biaxiel specimens tc be significantly lower than those
obtained with uniaxial specimens even though the measured across-graln
strengths (Figure 29) do not differ greatly. ~figure 31 shows that the
biaxial specimen tests provided appreciably stiffer across-grain stress~
strain response then the unisxial specimen tests. The reasons. for a discrep-
ancy of the magnitude shown are not understood; the possibility of human
error in conducting the strein measurements cannot be dismissed. The with-
grain stress-strain responses for both types of specimens show good agreement :
(Figure 32).

In the course of the test program it seemed that many of ihe specimens were
failing st rather low siress ievels. In most cases reconstruction of the
specimen to determine the origin of fracture (by following the crack bifur-
cation pattern) was prohibitively difficult because the biaxial specimens
tend to shatter into many small pieces under the energy of the pressurizing
gas {see specimen rhotos in Reference 2). However, one of the specimens,

tested in the 2:1 axial-to~hoop stress state, was successfully reconstructed.

At the fracture surface of this specimen, an anomalously large inclusion
sbout 0.025-inch in major dimension (Figure 33) was found. Electron micro-
probe scanning failed to revesl any difference in atomic composition between
the inclusion and the surrounding graphite, Flaws of similar morphology have
been noted recently in other ATJ-S billets (References 2k and 25).

After finding the inclusion, the six remaining specimens were inspected by
X-ray radiography prior to testing. No anomslies were discovered in the
radiographs; however X-ray radiogrephy is not an appropriate toocl for
discriminating a carbon particle within a carbon body. No other specimens
were successfully reconstructed to the extent necessary to identify the

fracture origin. Y

When the fracture date from billet 21R1-6 is compared to that reported in 4
Reference 2, as in Pigure 34, it is seen that billet 21R1-6 tends to have
strengths equivalent to billet 1C0-15 and somewhat lower than billet 16K9.-27,

The biaxial strains at failure are compared in Figure 35. It seems that
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billet 21R1-6 tends to provide lower strains~to-failure; however the lesser

F e

accuracy of the strain date (see Table IV) and the aforementioned discrepancy
in across-grain strains (Figure 31) should be kept in mind.

f: The presence of the inclusion in one specimen clouds the significance of the
frecture data. It is not known whether other specimens failed under the .
influence of similer inclusions. The available strength dete (Figureé 34) do !
show more of a strength reduction in biaxial tension (relative to uniaxiel ‘
strength) at 2000°F then wes observed at room temperatures (Figure 27). The
failure strain deste at 2000°F (Figures 30 and 35) also show & greater

reduction in biaxial tension than was observed at room temperature (Figure
26). Unfortunately, because of a lack of definitive informetion, there is
no basis for sttributing these deleterious biaxisl effects to the use of
flawed specimens. Therefore, caution should be exercised in desgigning
graphite components for use in multiaxial~tension stress states at elevated

temperature.
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Section 5
TRIAXIAL DEFORMATION STUDIES

The stress-strain behavior of ATJ-S graphite under some triaxial stress states

was measured at room temperature. The major objectives were:

A, To provide triaxial stress-strain date that might aid in the
formulation of better constitutive laws.

B. To analyze the itriaxial stress-strain data to help define the

shape of yield surfaces for ATJ-S and to judge the applicability
of the associated flow rule.

RS St

Most of the experiments were conducted under monotonically increasing stress
levels with ratios of principal stresses maintained approximately constent

(approximately "proportional” or "radisl" loading). Thus the results were |
snalyzed within the restrictions of deformation theory (as opposed to :
incremental plasticity theory). However, some exploratory tests were also

conducted under non-proportional load paths to give some insight into load :
path effects. D

5.1 BACKGROUND

The uniaxial stress-strain curves for polycrystelline graphites are non-linear

PR

and of a form reminiscent of the siress-strain curves of some elasto~plastic

metals., While linear elastic stress analysis sometimes is still applied to

W e Cmna”

grephite components, the trend in the aerospace industry has been towards
using non-linear congtitutive equations to better model the behavior of
grephite. TFor example, the methods described in References 15, 16 and 17

treat orthotropic materials with non-linear stress-strain responses. The

R AL SRRV

constitutive equations used appear to be derived from the classical work on
plasticity in metals (for example, Reference 18).

PO R
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o facilitate further discussion, -and to introduie the terminology used in

this report, some of the concepts of classical plasticity are described

below:

A.

2

e e v e D S N L O R ey S S el o i g PRI

Plastic Strain - The i'pla.s;tic" strein components are usually
“defined as:

P oo . _ B
i3 ij i3

where &3 is the total strain and efj'is the "elastic" strain. The
elastic strain components are relatea‘to the stresses by the
generalized Hooke's law (Reference 16 for exampie). The plastic

strain components are derived with the aid of the concepts
described below.

Effective~stress Function - The effective~stress funclion is also

referred to as the xieldwﬂunctiénl It is usually taken as a scalsar
function of the applied stresses:

¢ = f(oij)
When the locus of & specific value of ;.is plotted in principal-
stress space, the resulting surface is referred to as a yield
surface. The assumption that the effective~stress function depends
onixr on the curr .t value of the stress components, and retains the
same form (with c...stant coefficients) as loading proceeds, results
in a family of geometrically-similar nested yield suxfaces each
corresponding to & different value .of :.fect've stress. This

situation is sometimes referred to as isotropic strain~hardening
(Reference 20).

Generelized Plastic Stress-Strain Relaﬁibnship -~ Usually an effective

strain function, a scalar function of the plastic strein components,
is defined aud is assumed to be related to the effective stress by

an effzctive~-stress/effective-strain curve. The effective~stress/

T2
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effective-strain curve, known as the generalized plastic stress~
strein reletionship, is usuelly derived from uniaxial stress-
strecin data. The mathemstical fortulation of the effective-strain

increment
—— - P
de = s(deij)

is usuvelly derived from the effective stress equatioa end the

plastic work equation:
Gis = aw =Xo,.ae
37743
When the simpler deformation theory is used, the effective strain
can be formulsted directly in terms of the strain components:
- P
e = h<eij)

and the formuletion usually is also derived from work equations
such. as:

Qal
@]
u

=, P
W _Eoi 1613
or ¢

— - P
gde WP =221;ijdeij

n

where the integration is restricted to proportional~loading stress
paths.

Flow Rule ~ The effective-~stress formule and the generaliied plastic
stress-strain relationship permit the determination of the effective-
strain (or, in incrementel theory, the effective strain increment)
from a knowledge of the stress components. At this point, a flow ’
Jule is required to determiﬁé which one of the possible sets of :
plastic strain components (or plestic strain increment components)

that result in that value of effective strain (or effective-strain

increment) is appropriste. A flow rule that appears to have

theoretical justificetion {see Reference 21 for example} for @

73

T L

T e o e A ! v 00 5 e
T T - e s A bk 8~ .
prwytvera eyt




materials in which plastic deformation proceeds by dislocation slip
is the "ncrmality condition". This rule requires that the strain
vector, defined as a vector in stress-space whose components are
proportional in magnitude to the strain (increment) components,
have a direction normel to the yield surface at the stress point
being considered., Presumably because the strain vector direction
is associated with the yield surface, this flow rule is often

referred to as the associated flow rule.

The concepts outlined gbove form the basis for some of the constitubtive
formulations in use. For example in the methods described in References 15,
16 and 17, the effective-stress formula is a modification of the von Mises
function for isotropic metals. The von Mises yield surface when plotted in
principal stress space is a cylinder of circular cross~section with center-
line coinciding with the hydrostatic axis. References 16 and 17 accommodate
orthotropy by using Hill's (Reference 18) orthotropic yield function which,
for the case where principal stresses coincide with the principal material
axes, may be visuelized in principal-stress space as a cylinder of elliptical
cross-section with centerline coineciding with the hydrostatic axis. The
associated flow rule is used in References 16 and 1T, and results, when
combined with the cylindricel yield surface, in the restriction that plastic
flow occurs at constant volume. As Merkle (Reference 20) points out, plastic

volume changes can be obtained only if the yield surfaces are not parall=zl to
the hydrostatic stress axis.

A somewhat different approach is teken in Reference 15, where the total strain
is treated directly end related to stresses by the generalized Hooke's law
using "elastic" constants whose magnitudes depend on the value of en effective~
stress function. This effective~stress function is also a modificgtion of the
von Mises function. In contrast to Reference 16 and 17, the equstions used
result generally in a non-cylindrical yield surface and do imply some plastic
volume change. However as pointed out in Reference 15 itself, the constitubive
formulation was selected arbitrarily "without justification' except fo} the

fact thet it reduces to the von Mises formulation for isotropic materials.

Th
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Experimentai work, including that described in References 3, 26 and 27; shows é
thet the constitutive formulations in References 15, 16 and 17 do not ade- .
quately describe the observed behavior of ATJ-S graphite. Among the observed

phenomena not properly accounted for analytically are inelasgtic volume

chenges in uniaxial tensién .and compression, the "biaxial softening" effect ;
in biaxial tension, inelastic volume change under equitriaxial qompression,

non-linear stress-strain response on unloading, differences in bhehavior

between uniaxial tension and unisxisl compression, aand the effects of pore

pressure.

The existence of these "non-classical' efiects is not especially surprising

in view of the complex microstructure of polycrystalline graphite. Probably

PIRVPR

the most important factor, mechanistically, is the existence of pores (about
18 percent of the volume of ATJ-S). Thet is, the volume changes and related
anomelies (biaxial softening, hydrostatic compaction, etc.) are probably due

largely to stress-induced changes in the poré volume.

A mechanistic derivation of new constitutive relations for graphite based on

a stiress-snalysis of a porous solid that includes stress concentrations, etc.,
around the voids appears attractive in principle. An example of this type of
approach, an snalysis of the effects of hydrostatic pressure on elasto~plastic
solids containing closed spherical voids|, is provided in Reference 22, However,
extension of this type of analysis to the case of genersl multiaxisl stress-
states appears prohibitively difficult, at first glance. Another sort of
difficulty relates to correctly modeling stress-induced generation of new

pores, or cracks, which is prolably relevant to the deformation of graphite.

A nmore essily implemented approach, probably, is to treat graphite as a con-

tinuum within the fremework of ususl plasticity theory, retaining the concepts 1
of a yield (or effective-str2ss) function, a generslized effective-stress/ b
effective-strain relationship, end a flow rule, but medifying their mathematlcal
description to give better correspondence betwsen snalytical predictions and

observed behavior. Two such approasches are described by Merkle (Reference 20)

and Weng (Reference 23). i
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Merkle develops equations using the incremental approach. He reteins all the

B ™

concepts of classical plasticity, including isotropic strain hardening and the :

associated flow rule, and acéommodates plastic volume changes by modifying the

o adda

effective-stress function. The effective-stress function he recommends for

polycrystalline graphite mey be represented as a set of ellipsoidel yield

B

surfaces in stress space. Weng also uses an ellipsoidal effective-stress
formula, However, he gbandons the distinction between elastic and plastic
strains, treating the total strain directly, and replaces the associated flow
rule with a new flow rule. Weng's flow rule is simply that the ratios of
principel strains do not chenge during proportional (constant stress ratio)
loading; in other words, the strain ratios are equal to the initial elastic : :
strain ratios. Weng's flow rule is "non-associated" in that the plastic
strain vector is no longer parallel to (or associated with) thé uormal to the
yield surface., As may be inferred from the nature of his flow rule; Weng
restricts his epproach to deformation theory; slso, in his equations, Weng T
further restricts the analysis t¢ stress states such that principal stresses

are aligned with principal materisal axes.

Differences between tensile and compressive behavior (described in References 3,
26 and 27) are not addressed by Weng's or Merkle's approaches. However, these X
lifferences are believed small relative to the discrepencies between the actual
behavior of graphite and the von Mises-based constitutive laws currently in

use, HNeither are the potential effects of pore pressurization in the presence
of fluid pressures included in the mentioned espproaches. Some effects of

pore pressure have been measured on ATJ-S graphite (e.g., the hydrostatic
pressure studies of Reference 3). For meny applications, those which do not
involve exposure of the graphite to fluid pressures greater than about 1000

psi, pore pressure effects are probebly small. Although this tentetive con-
clusion needs verification over a range of stress-states, it appears appro-
priate at the present time to concentrate first on the other aspects of the

constitutive problem.
In both Merkle's end Weng's spproaches, the yield surface is taken to be a

surfece of constant work. In a simplified sense, the major differences

between their approaches (aside from the obvious differences arising from the

T6




edoption of incrementsl derivations by Merkle and deformation theory by Weng)
are in the flow rules aad in the definitions of plastic strain. :

In the context of the preceding discussion, the motivations foi the experi~
‘mental work conducted in this program were to help

A. define the shape of surfaces.of constant plastic work, thereby )

shedding some light on the appropriate form of the yield function;

B, determine whether the associated flow rule, or some other flow

rule such as Weng's, best describes the behavior of ATJI-S; and

C. determine some cf the conseguences of treating total strai.
directly rather than splitting it into "elastic" end "plastic"
components,

5.2 EXPERIMENTAL APPROACH

Available experimental capabilities include proportional loading and unloading,
and non-proportional loading snd unloading in the uniexial, biaxial, and ’
triaxial tests described in References 1, 2 and 3.

The most convenient sort of test for the study of stress-strain response is
one in which the stress-state and the strain-state can be continuously and
completely monitored. This means that sll three principal straing “e
measured and all three principal stresses be deducible from the imposed :
loads. A uniaxiel test conforms to these requirements; however, tests on
hollow cylindricel specimens (such as the biaxial tube) do not becsuse the
radial strain in the specimen wall cennot be measured with presently available !
techniques. Fortunately some of the trisxial tegt techniques developed under
a previous program (Reference 3) do permit multiaxial tests with complete
strain measurement. For exemple, & solid rod loaded axially and pressurized ,
externally can be instrumented with exial and transverse strain gages to ;

measure &ll three princlpal strainsg during loading. The stress states -

PP

attainable with such rod specimens are schematically illustrated in Figure 35. :
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The tests actually conducted were -on specimens with load axis (03~diregtion
in Figure 36) parallel to the across. grain direction. That is, the load
peths were in the "symmetry plane" (Ga

05) of on-axis principal stress
space for ATJ-S graphite. Table VII lists the specimens tested (where

specimen numbers refer to positions within the billet shown in Figure 2) and
the stress-states achieved.

The plan wes to analyze the proportional loading date as follows:
A. ©prepare stress-strain plots for each principal direction
B. decompose the strains into elastic and plastic components

C. integrate curves of stress vs. plastic strein to obtain plastic

work as & function of stress level in each stress state

D, oplot curves of equal plastiec work in the symmetry plane of
principal stress space; these curves represent the inter-

section of the experimental yield surfaces with the symmetry
plane

E. construet graphicelly, as in Figure 37, the curves that are
normal to the plagtie strain trajectories.

If the curves defined in steps (D) a.c (E) can be made to coincide (by
adopting appropriate sssumptions regarding the division of strain into
elastic and plastic components) then the results would support the use of the
associated flow rule. If not, the results would imply incompatibility

between the sssociated flow rule and s work-related effective stress function.

The added tests conducted under non-proportional loading conditions (see

Table VII) were exploratory in nature with no séecific analytical motivation.

5.3 DESCRIPTION OF EXPERIMENTS

The triaxial test techniques have been described in Reference 3. The specimen

concept, the specimen dimensions, and the loading fixture are snown in
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Figure 38, 39 and k40, respectively. After being strain-gaged, the specimens

were coeted with a rubber compound to prévent penetration of the pressurizing.

fluid into the pores of the graphite. One axially-oriented .and one hoop~
oriented strain-gage were applied with Eastman 910 cement at the middle of

the gage section of each 'specimen.

Pressure and axial loads were applied in the triaxial test facility st Penn-
sylvenia Stete University (Figure 41). Because the facility is manually
operated, with the pressure supply and load ram independently controlled,
proportional loading could only be approximated (Figure 42). Load, pressure,
and strain-gage outputs were recorded on Sanborn strip-chart recorders. The
tests were usually terminated after the greatest measured strain exceeded
0.005 inches per inch. The test matrix hss been outlined in Table VII. The

dete was reduced using the equations:

o, =L -

G, = 0y =-P

e, = eé - Kte;
Tt - e

whexre

e! is the strain indicated by the straingage and Kt is the

transverse sensitivity of the straingage.

Because of the deviations from proportional loading, the -train data was

teken only from those points closest to the desired stress-state (Figure 42).
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5.4 RESULTS OF PROPORTIONAL-LOADING TESTS

i

The stress-strain measurements, from the proportionally loaded specimens

listed in Teble VII, are summarized in Figure 43 and L. The measured strain

N

trajectories are shown in Figure 45. Predictions of the strain ratios based

on linear elastic theory were made using the following elastic constants:

Ec =1.2x 106 psi ,
- 6 .
E, = 1.8 x 10 psi
v =0.1
. ca
Vab = 0.1

These values were estimated from uniaxial test data. The resulting predicted
strain ratios are shown in Figure 46 together with the average measured total
strain ratios from Figure 45. The good agreement between predicted and

measured retios indicates that the plastic strain trsjectories are in

RSN

approximately the same directions as the total strain trajectories. This

result tends to support Weng's assumption of constent strain ratios.

The work given by: :

w=fcde + Qfode
c ¢ a &

wes obtained by numerical integration of the stress-strain graphs. The

elastic work WE was calculeted as a function of stress level using the elastic

{
constants listed above: B

wE=creE+1/20“eE :
a 2 c C

The plastic work was estimated by:

W= i

The results of these work estimates are shewn in Figures U7, 48 and 49,
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The eyperimentally determined curves of constant total work, W; are shown in
stress space in Figure 50. Estimated curves of constant plastic work, WP,
are shown in Figure 51. The shape defined by these curves is not greatly
affected by the use of total work rather than plastic work (Figure 52). This
result implies that the division of strains into elastic and plastic
components mey not be necessary in formulating a constitutive law and
therefore further tends to support Weng's analysis. Also, the nested nearly
concentric appearance of the constant-work curves (Figures 50 and 51) is in

agréement with the concept of isotropic strain hardening.
Weng's effective stress function is given by:

1/2

- _ 2 2 2
¢= [aaa (Ga T a ) * 8% * eaabcaob ¥ 28'ac (oaoc * oboéﬂ

where the a,, are proportionel to the elastic compliances. Weng's function,

13
et constant E; defines an ellipsoid in stress space which, when plotted as in
Figure 53, agrees remarkebly well with the shape of the constant total work

locus which was obtained experimentally.

The strain trajectories may be used, as in Figure 5%, to define a surface in
stress space to which each strain trajectory is normel. The shape of this
associated normal surface is in poor sgreement with the constant work surface
implied by the triaxisl date., As changing the assumption of how much of the
total strain is plastic strain does not greatly affect the shape of the
constant-plastic-work surfeces, it seems that the discrepsncy between
associated-normel and constent-work surfaces (Figure 54) cannot readily be
remedied, It appears therefore that the associated flow rule does not

properly describé the behavior of ATJI-S graphite.
These results, although they seem to point clearly to the use of a "non-
associated" flow rule and an ellipsoid-like yield surfsce, must be viewed

with some caution because of the step-wise loading employed instead of

proportional loeding, end becsuse the renge of stress-stetes investigated
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was limited to only one plene in on-axis stress space. The deformation-
theory assumptions underlying the concepts. employed in analyzing the data dc
not apply to step~wise loading. It is expected that the results do not depart
significantly from true proportional loading because of the relatively small
size of the load and pressure steps; however, the possibility of error
accumulation must be entertained. The experiments. described in Section 5.5

ghow some of the large effects that load-path can have -on strain.

5.5 LOAD-PATH EFFECTS

Some additional triaxial tests were conducted, using the same set~up described

in the preceding sections, to explore the effect that loading sequence might
have on strains.

The first test was an attempt to show that the step-wise loading used to
approximate proportionsl loasding does not appreciably affect strains. Speci~
men T5 was loaded step-wise, a&s shown in Figure 55, to simulate hydrostatic
pressurization. The rather erratic appearance of the "steps" in the loading
of specimen T5 is the result of interactions between loed and pressure in the
test facility. The stress—strain responses are ccmpsred in Figure 56 to

thoge of specimen Tl which was loaded by pressure only. The two curves differ
somewhat, implying either some cffect of step-~wise loading, or some scatter in

specimen~-to~gpecimen properties and/or measurements,

The second set of tests is cutlined in Figure 5T7. Two specimens (numbers 80
and 87) were tested, each initially on a different load path, so that the
load paths coineided during the last leg of loading. Figure 58 shows the
stress-paths followed by the two specimens; also shown are the intersecting

gstress paths of three specimens tested in "proportional" loading.

Figures 59 and 60 show the strain data for specimens 80 and 87 respectively.
Figure 61 compares the stress-strain responses of the two specimens during
inereasing axial stress at a constant hoop stress of ~4000 psi. Not c:ly are
the strain values general]ly differeni, at equal siress~states but so also are

the slopes of the exial-stress/axial-sirain curves.
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§_ Table vIII compares the sStrains at equal stress~states, arrived at vis

%T different load paths, for the cpecimens indicated in Figure 58.

5 The results prevent one from taking too much comfort in having defined, tenta-
&

tively, in the preceding section, a yield function form and a flow rule for
proportional loading of ATJ-S.

The load paths of specimens 80 and 87 involved reversals of effective stress
k in that the stress psth re-entered the yield surface. Load reversals

generally do result in load-path effects on current strain in most materials.

It might be of interest to measure the effect of non-reentrant load paths
(Figure 62) on strain. The interested reader is referred to the work cf

Greenstreet and Phillips (Reference 28) for an approach to modeling load-path
changes in graphite.
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It appears that the triaxisl test can be a versatile tool for experimentally
studying both deformational and incremental constitutive laws. Further test
work in an improved facility, capable of precise (automated) proportional
load-path control, would undoubtedly provide useful resuits.
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LOAD-PATH EFFECTS ON STRAIN AT 0 = 0= ~4000 PSI {
’ . | DATL FOR SPECIMEN 80% ?
| i (LOAD-REVERSAL)
i . .
| R
; - LOAD Gc ‘ e : e ) ] e
SPECIMEN PATH PSI c c a ¢
. 3 : - ! - “ - .
85 . Proportional  -1500 ; =0.0006 A -0.0032  -0.0021 ~0.0035
: : ro . |
. ~ i
19 Proportional + 130 ! 0.0012, ~0.0032| 0.000k4 ~0.0038
: - : # | | ,:
- i 87 i Complex ' 640  0.00181 -0.0036  0.0013 -0.0039 |
. ‘ i ; .
} H N :
t 1220  0.0024 | -0.0038 ~ 0.0026 :  -0.00k0
M . ' \ i ) . . '\’:‘
83 i Froporti’ el 1220 ] 0.0027 : -0.003k 0.0026 .  -0.00k0 '
! : . . ( ,"‘
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Section 6
BIAXTAL-SOFTENING EXPERIMENTS

"Biaxial softening" is the neme given (Reference 1) to the phenomenon that
principal strains in ATJ-S at a given principal-stress level tend to be larger
in biaxial tension than in uniaxial tension. This trend runs counter to the
expectation that Poisson's ratio wowld result in smeller streins in biaxiel
tension. PFigure 63 schematically illustrates the biaxial softening effect.
The data on biaxial softening obtained so far (Reference 1, 2 and 3) wes

taken under proportional loading conditions.

To further explore biaxial softening, three biaxial specimens of standard
design (Figure 4) were excised from billet 12S1-3 and testéd along three
different load paths as illustrated in Figure 64. The biaxial tensile stress
stute (OAm/OHm = 0.48) of point "x", where 21l three load paths coverage, is
obtained by simple pressurization of the biaxial specimen assem®ly. The
three specimens were very close in dimensions; the wall thickness ranged from
0.0499 for specimen 87 to 0.0503 for specimen 85. The leg bx, for specimen 87
in Figure 64, was obtained by simultane:usly increasing pressure snd decreas—
ing the load; control over this process was uutomatic (using a servo loop)
end the smooth line shown in Figure 6l represents the actual stress path.

The same servo control was used to maintain the ratio of load to pressure

along leg oa for specimen 85.

The specimens were each equipped with one axial strain-gege and one hoop
strain-gage at the outer surface of the gage section. Tracings of the strain

records taken on X-Y recorders during tests are shown in Figure 65.

The strain results in Figure 65 reveal the following:

A.  The hoop strain at "x" for specimen 77 is grester than at "a" for

specimen 85, thus corroborating the softening effect illustrated
in Figure 63.
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B. The axial strain at "x" for specimen T7 is the same as that at
"p" for specimen 87. This suggests that biaxial softening occurs
also for across-grain (axial) strains because one'would expect
the axial strain at "x" for specimen 77 to be smaller based on
normal Poisson's effects. The lesser magnitude of softening in
the axiel direction mey be due simply to the lower axial stress

level.

C. In legs bx and ax, specimens 87 and 85 respectively exhibit
"negative incrementel Poisson's ratios" which are enother

indicetor of the seftening phenomenon.

N,
4 -

D. The load path selected affects the values of strain at

stress-state "x".

Does biaxial softening also occur in biaxial compression? Some of the data
from the triaxial tests described in Section 5 is relevent to this question.
Figure 66 shows with-grain stress-strain responses measured under uniaxial,
biaxial, and triaxial compression on specimens from Billet 1281~3. The
measured compressive strain response of the specimen exposed to biaxial com-
pression is softer than that of the uniaxial specimen. The measured triaxial
response, however, is stiffer. Thus the evidence seems inconclusive
especially when it is recalled that the compressive biaxial test was performed
under pseudo~proportional loading (Figure 42) and that some scatter in the
strain date may result from that cause or other causes (as suggested by
Figures 56 and 20). Thus there appears to be a need to conduct further tests

under better load-peth control.

It would be interesting to explore the compressive behavior further because,
insofar as tensile deformations depend on the formation of new pores or
cracks within the graphite, the mechenisms of tensile and compressive
behevior may be different. TFurther testing of biexial tube specimens that
have undergone various load paths in biaxial tension (such as those in
Figure 64) to discover how their post-test behavior differs from virgin
specimens, and how between-test annealing might influence such behavior,
would also be of interest because it might shed some light on the mechanisms

of deformation in biaxial *tension.
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Section T
SUMMARY

With respect to the objectives stated in the Introduction (Section 1), the

following results heve been obtained in this progrem:

A, Additional b3 ixial fracture results have been obtained at 2000°F

(Section 4). The detd shows a greater degradation in strength as .

& result of biaxiality in tension than did the TO°F biaxial data
summarized in Reference 3 end in Section 3.5. The significance
of the QOOOfF strength data is clouded by the finding of an
anomalous inclusion at the fracture origin of one of the lower
strength specimens. Attempts to re~onstruct other low strength
specimens to view the fracture origins were not successful. It
is possible that the 2000°F data may simply represent a "bad"
billet, However, until additional information is obtained,
caution must be exercised in using TO°F biaxial strength trends

in designing for elevatedl temperature use.

B. An enalytical eveluation of the biaxisl test technique has been
carried out (Section 3). The prime motivation was to explain the
low uniaxial strengths reported for biaxial specimens. It was
found that part of the discrepancy between uniaxial and biaxial
specimen strengths may be attributed to the larger stress gradients
in the biaxial specimen end the fact that mean rather than maximum
stresses were reported in References 1, 2 and 3. However, scme of
the discrepancy is attributed to less easily quentifiable influences
such as differences in volume, surface srea, minimum gege dimension,
potential for damege during fabrication or handling, test com-
plexity, etc. These factors/effects are statistical in nature
and might be expected to change the histogram of strengths as

well as the mean strength. Insofar as biexial strength trends

119

RPN A

A

A e et s o chm. i b 2y o s o

e




YT A

depen@ on the statistics of, say, flaw orientations and sizes,
the biaxial strength envelope might also be affected. An )
analysis based on fracture mechanics considerations suggests
that free-surface stress-intensity magnification factors may
play & significant role in the statistics of graphite fracture.
If so, then tests on specimens with appreciable surface-area-
to-volume retios mey give pessimistic strength criteria if the
expected region of fracture in a structural component is
completely interral to the component, as is the case for an

externelly-hested thermally-stressed solid body.

Additionel deformation dats under biaxial and triaxial stess-

states has been obtained et room temperature:

1. A limited set of triaxial experiments (Section 5) suggests thai
an effecvive~stress formulation, or yield function, which is
ellipsoidal in shape (when described in stress 'space) can be
applied to ATJ-S graphite within the restrietions of deforma-
tion theory. However the associsted flow rule of classical
plasticity is not descriptive of measured behavior. ‘Instead
the rule of "constant strain ratios" suggested by Weng
{Reference 23) appears to represent the behavior of ATJ-S in

proportionel loading tests fairly well.

Further testing is recommended to extend the empirical defi-
nition of yield surfeces and flow rule to other multiaxisl

stress states and to off-axis loading conditions.

2, Triaxial experiments show the effects of load-peth
(stress history) on strains at a given stress state to
be significant (Section 5.5).

3. Additionel biaxial tension tests, using non-proportional
load paths, corroborate  the existence of biaxial softening
and show that incremental Poisson's ratios can be negative
for ATJ-S grephite (Section 6).
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in compression.
under better controlled loading conditions is recommended.

Limited evidence (Section 6) suggests that bi
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