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THE BEHAVIOR OF GRAPHITE UNDER BIAXTIAL TENSION

W. L. Greenstreet
G. T. Yahr
R. 8. Valachovic

ABSTRACT

A small-deformation elastic-plastic continuum theory for
describing the stress-strain behavior of graphite is examined
for specimens under biaxial loading at room temperature. The
continuum theory takes into account the anisotropy and plastic
compressibility of graphite as well as the continuous nonlin-
earity of the stress-strain response. The measured strains
for thin-walled cylindrical shells loaded by internal pressure
are shown to agree very closely with the predictions of the
theory for both loading and unloading.

Keywords: graphite, constitutive equations, stress,
strain, materials testing, mechanical properties, plasticity,
biaxial tests, Graphitite=G.

INTRODUCTION

This report describes the examination of an elastic-plastic contin-
uum theory, which was developed to describe the nonlinear mechanical be-
havior of artificial graphite. The basis of this examination 1s a com=-
parison between calculated and experimental results for combined stress
conditions. Thin-walled cylinders made from extruded graphite were in-
ternally pressurized to provide data on lcading and unloading response,
and the experimentally obtained stress-strain curves were compared with
calculated results.

In the main, the circular cylindrical specimens were made from ex-
truded Graphitite=G tubing. Five specimens of -this material were tested,
while a single specimen, which was made from a specialty graphite, was
also used. In each case, the material exhibited transversely isotropic
behavior, with the axis of isotropic symmetry being in the direction of

the longitudinal axis of the specimen.



The theory examined is briefly described in the next section. The
equations employed in this study were based on approximate, but mathe-
matically the simplest, analogs to the physical behavior postulated in
the development of the theory.

The second section describes the tests performed using specimens made
from Graphitite-G material. Because of variations in properties associ-
ated with this material, special procedures for data collection were used
to overcome masking effects caused by variations in properties. The use
of these procedures allowed parameters in the constitutive equations to
be determined from a combination of uniaxial test results and results ob-
tained directly from the specimens after the combined stress tests were
completed. ,

The third section describes the Graphitite-G test results. Further
discussion of the elastic-plastic continuum theory is also given in this
section. The fourth section gives comparisons between calculated and ex-
perimental results for’the Graphitite-G and the specialty graphite speci-

mens.

MATHEMATTICATL: THEORY

The small-deformation elastic-plastic continuum theory,l’z’3 which
was developed to describe artificial graphite behavior, is summarized,
‘and the stress-strain relations for pressurized thin-walled cylinders are
given in this section. In the theory, as in the classical mathematical
theory of plasticity, it is postulated that the total symmetric strain
tensor, €k, can be decomposed into elastic and plastic components, that
is,

e P
€

1 = S, T Sk, (XK,L = 1,2,3) (1)

where eEL are the elastic components and EEL are the plastic components.

The elastic strains are given by the generalized Hooke's law

c
kr, = Sk vy (2)



where SKLMN = ?MNKL represents the elastic compliances and O, = GLK is

the stress tensor. Equation (2) can be written in incremental form as

de;L = s O (3)

Prior to discussing the stress-plastic strain relations, loading, or
potential, surface behavior must be considered. In the case of artificial
graphite, a yield surface in the classical sense does not exist; that is,
there exists no surface which encloses a region of purely elastic response.
However, the concept of a loading surface, distinct from & yield surface,
can be introduced. As shown in Refs. 1 and 2, the loading surface, or
plastic potential surface, for artificial graphite may be expressed by

o X O, O =K (1)

7 fxmvm “KLOMN ’

where the constants B TMN satisfy the relations SYTMN = BMNKT and k is a
scalar function which depends on the history of loading. Equation (L4)
represents the simplest mathematical form for describing locading surfaces
appropriate to the behavior of graphite. For a more geheral expression
for T, which allows for translation and growth of the loading surfaces,
the reader is referred to Refs. 1 and 2.

Equation (L) describes the surface associated with initial or first
loading from the stress-free state of a virgin material. Loading rever-
sal occurs when the stress point, which represents the stress state in
stress space, moves toward the interior of the current loading surface.
As a result of loading reversal, a new surface is generated.

Consider the case in which the stress point has moved along an ini-

tial loading path in stress space until a stress state denoted by GK =
*

* . _ . .
OKL is reached. A revgrsal of loading at GKL = qKL willl start generating
a loading surface given by
£ = % % Ok, O, T (1) 2 (5)
| (1) ()
where
*#
O. . = Q, - Q. . (6)
KL(l) KL KL



Here'azL represents a pseudovirgin state, and the stress during loading

reversal is measured from qéL in the same way as it is measured from the

zero state during the first loading of the virgin body.

A new reversal of loading at,oéL will again start generating a
L
new loading surface, which is given in this case by
(o) =%8KLMNGKL W, = f(2) ° (7)
(2) 7 (2)
“where
*
o =0, — O . (8)
Koy K Ky |

This process is repeated for every loading reversal.

Before proceeding with the discussion of the elastic-plastic theory,
we shall consider uniaxial loading. In his studies of uniaxial loading
of graphite, Jenkins® tacitly assumed the validity 'of the postulate ex-
pressed by Eq. (1) and established equations of the following forms for

describing stress versus longitudinal strain diagrams from uniaxisl tests:
e = Ao + Bo® H (9)
for initial loading,
- - — - 2
€e—e = Ao Gm) cB(o om) (10)

for unlcading from a maximum stress Gm with the corresponding strain €’

and¥*

2

€ —e = Mo — GO) + cB(o — oo)- (11)

for reloading from o, with the correspohding strain €5 when o < o In
Eqgs. (9), (10), and (ll), A(=l/E) is the elastic compliance, B is a mate-
rial constant which characterizes the plastic deformation, and ¢ is a

constant. E is the elastic modulus.

*In his first paper,4 Jenkins took the specific case Oy = O0.. In a
later paper,s illustrations of stress-strain curves are given for stresses
both in tension and compression.



Jenkins' development* resulted in a value of one-half for c, with
the value being independent of orientation with respect to the grain, that
is, independent of whether the specimen is oriented in the against-grain
or with-grain direction. In addition, this constant does not depend upon
whether the specimen is being unloaded or reloaded. Since his equations

4.6,7,8
were shown 77 7

to give good to exceptional representations of graph-
ite behavior, the plastic strains are taken as quadratic functions of the
stresses in the mathematical analog to elastic-plastic behavior dsed here.
However, the results of cur investigations show that ¢ does not necegsar-
ily take the value of one-half as implied by Jenkins, and it is for this
reason that we have included it as an unknown constant in Eqgs. (10) ana
(11).
Following the developments in Refs. 1 and 2, the relation between

plastic strain increments and stress increments on first loading is given

by

de

P 1 of  of o . (12)

KL =~ 7 _\1/2 MN
(2r) BQKL a%WN

The relation for the first loading reversal is

) leg )M 2o

do, . (13)
T(1)
Similar expressions apply for successive loading reversals. In Eq. (15),

c is the same as the constant ¢ in Egs. (10) and (11). Further,

P P p*
€ =g . - €. , (1h)
KL(l) KL KL
p¥* .
where € is the plastic strain existing at the instant of reversal at
% KL .
qKL'
The relation between total strain increments and stress increments

on first loading is



1 of of

A = Sy Oy * (gf)l/z 3 doy e - (15)
KL %M
For the first loading reversal the relation is
c of of
de = s do: + do. . (16)
Ky KN M) e 1P R day (D)
(1) (1)
Here,
de = de.. —deX
KL(l) KL KL

where degL is the total strain at the instant of loading reversal at G§L.

To sﬂmplify the ensuing discussion, we use contracted notation in

which the stress and strain notations have the following equivalences:

0y = 011 04 = Oz3
Oz = Oz2 05 = 631 (a7)
O3 = 033 Og = O12
and
€ = €11 €4 = 2€p3 = Ypg
€2 = €22 €5 = 2€31 = Ya3 (18)
€3 = €33 € = 2€12 = V1o
Note that v (K # 1) are the engineering shear strain components.

As mentioned in the Introduction, the material is assumed to be
transversely isotropic, and, throughout the subsequent discussions, the
5-axis is the axis of anisotropic symmetry and the 1l- and 2-axes lie
within the plane of symmetry.¥* In contracted notation the constitutive

equation, Eg. (15), becomes

*1 and 2 are against-grain directions, while 3 is the with-grain
direction.



de, = s, do. + = or_ af do. , (K,L =1,2,3,4,5, or 6) (19)

K~ KL L pp)1/2 30, o,

and the plastic potential equation, Eq. (L), becomes
£ =z 0.0 . (20)
Z %1 KL |

As stated above, the cbmpliances and the coefficients, or constants, in
the plastic potential equation are symmetrical. In contracted notations

the symmetry relations become

and

1, < 1K -
We are now in a position to discuss the constants and their relation-
ships to quantities determined from uniaxial tests. The nonzero compli-

ances and their relationships to the usual elastic constants for a trans-

versely isotropic material are*

811 = Spp = m—
1T P22 T b
* Eis
; Viz Va1
<} = S = —- = e m—
12 2t E11 Ei1
Vig Va1 (21)
Som = Smp = S1g = Sg1 = — 5—— = — =
23 a2 13 31 F1a Tog
L1
33 = ’
Eas
S, = Sgg =
44 = S55 = s
Gog
; 2(1 +v,p) 1
Ses = 2(811 — 81p) = = s

9 e}

*GSee Tove® or Hearmon.®t



where
E = Young's modulus,
G = elastic shear modulus,
V. = Poisson's ratio; the first subscript indicates the direction

of applied stress and the second indicates the direction of
induced strain. _
Note that the constant A in Egs. (9), (lO), and. (ll) corresponds to 8;1
(=855) and sa3- .
Through the use of Ref. 1, the following eguations can be written
for relating the nonzero 8T, to parameters that can be determined from

uniaxial test results:

p 2/3
811 = 8pp = (2311) / )

p 2/3
= "U*Eg (2Bll) / )

1o = G231
' 1Y ( )2/3 P ( 2/3
Bpg = 813 = 831 = 8gp = W1 (2B = =5, (2Bgg) ,  (22)
2/3
833 = <2333) / s
2/3
844 T 855 = (”st) P
2/3

Here, B,; (=Bop) is the B value [Eq. (9)] for the against-grain direction,
Bgz is the B value for the with-grain direction, and Bss is determined
from a shear stress versus shear strain diagram. The ufz, H?s: and ugl
are the plastic strain ratios. [Again, the subscripts on “ﬁL (K # 1)

have the same meanings as those for v, (K # 1) .)

The constitutive equations giving the axial and circumferential
strains are written in expanded form below. These equations will be used
in a subsequent section for making comparisons between predictions of this
theory and measured strains from the thin-walled cylinders. For initial

loading,



e = 511 (1 = v15R)0,

a 1/2
1 33 3
+ 5(1 - uf3R> (1 - 2uf33 + E Rz) al{20§ , (23)

and
€3 = Sgg (R = vg )o,

a a 1/2
1./%33 P P 33 3/2 o
r2(arr-s)Q-adn e o) S0, (@

where €, 1s the circumferential strain, eg is the axial strain, and

O3
R = — = constant
0o

is the axial-to-circumferential stress ratio. The corresponding equations

for first load reversal or unloading are

62(1) =5, (1 - VlSR)GZ<1)
. a 1/z
_c J < T O N o 33 s/z o
5 (l “‘J.sR> kl 2u, R + o R2> arl 02(1) , (25)
and
63(1) = S:';na'(R - V31)02(l)
c (%a3 P P Bgg 1/2 a/z 2
-3 (a R u13‘> <1 BUygR + 2= R2> 811 O2(qy (26)
The quantities e € o and o [=Ro. 1 are givén by
2(1)’ 3(1)’ 2(1)’ 3(1) 2(1)
*
€ =¢c, —¢
2(1) 2 2 ?
B *
53(1) = €3 — €3 »
o, =0, —a, ,
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The stresses og and Gg are those associated with the load reversal or
unloading point; the strains eg and eg are those that existed at the in-
stant of load reversal. Note that the starred quantities were designated

by €, and o in Eq. (10).

TESTS AND TESTING PROCEDURES, GRAPHITITE-G MATERIAL

In this section we describe the biaxial tests conducted on the thin-
walled cylindrical specimens as well as uniaxial tests performed to ob-
tain material property data. The material property data were dbtained‘
from uniaxial tests on the cylindrical specimens following acgquisition
of the bilaxial data and from standard tensile specimens. These data were
used to determine the parameters for use in Egs. (25) through (26}.

Tests were conducted on Tfive cylindrical specimens of the design
shown in Fig. 1. As wmay be Seen from the Tigure, the gage sections ofh
the cylindrical specimens were 6-in. long, with a 0.092-in. wall thick-
ness, and a mean radius of 0.922 in. The specimens were fabricated from
tubes having a 1 1/2 in. inside diameter and a 2 in. outside diameter.
Short cylindrical sleeves were machined from 2-in.-inside diameter by
2 3/h-in.-outside diameter tube stéck and were glued over each end of
10~in.-long cylinders, which were machined to form the gage sections.

The composite structures were then machined to the final specimen con-
figuration. Since the specimens were made from extruded tubing, the longi-
tudinal axes of the specimens were parallel with the with-grain direction
of the graphite; the materiai was isotropic in - planes normal to the axes

of the cylinders. _

Each cylindrical specimen was instrumented on the outside surface
with strain gages oriented in the axial and circumferential directions.
Type C6-121-A Budd Metalfilm gages with a 0.125-in. gage length were used,
and they were mounted in pairs (one axial gage and one circumferential
gage) at selected locations. One specimen (no. 1) had two sets mounted
180-deg apart at the center of the gage section, while the remaining four
had four pairs mounted at 90-deg intervals arcund the circumference at

the center of the gage section. In addition, pairs of gages were mounted
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Fig. 1. Design of thin-walled cylindrical specimen.
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in the transition regions at the ends of each specimen. In two cases,
the specimens (nos. 2 and 5) were extensively strain gaged to obtain
strain distributions as functions of axial position.

Figure 2 shows a cylindrical specimen mounted in a loading fixture
for applying intermal pressure only or an axial tensile Tforce only. A
specimen mounted in a loading fixture for applying internal pressure plus
a compressive force so that no net axial load is exerted on .the specimen
is shown in Fig. 3.

Each specimen was subjected to biaxial loading; following this, uni-
axial loading conditions were imposed in various sequences. A summary of
the tests and test conditions is given in Table 1. The loadings used and
the sequences of applications are given in column 2 of the table, where
the cilrcumferential to axial stress ratio for each loading is also listed.
A cycle consisted of loading to the maximum pressure or load and unload-
ing to zero pressure or load. The specimens were unloaded completely be-
fore being subjected to subsequent loadings. The stresses in the axial
and circumferential directions for pressure loading were calculated using
thin-walled cylinder equations. Note that the sequence of loading is not
the same in a2ll cases. Specimen no. 1 was subjected to a maximum inter-
nal pressure of 160 peil, while the maximum internal pressure was 200 psi.
in all other cases. In addition, specimen no. 1 was pressurized to fail-
ure under cambined stress conditions as a final step. The other speci-
mens were not loaded to failure.

The strains measured at the gage locations along the lengths and
around the circumference of specimen nos. 2 and 3 were carefully examined
for each of the three types of loading, that is, internal pressure, axial
load, and internal pressure with no net axial load. To facilitate this
examination, strain distributions were plotted for various load levels.
These plots showed that the peak strains which occurred in the transition
regions at the ends of the gage section diminished rapidly with distance
toward the center of the specimen. Thus, the central regions were not
affected by the discontinuity stresses. There were small differences in
the strain values measured around the circumferences at the centers of
the specimens. As an example of the results obtained, the strains for

specimen no. 3 are shown in Fig. 4 for the 200 psi internal pressure
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. PHROTO 76689

Fig. 2. Cylindrical specimen mounted in internal pressure/axial
tension test rig.
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PHOTO 76690

Fig. 3. Cylindrical specimen mounted in internal pressure/axial
compression test rig.



Table 1. Outline of tests. on Graphitite-G thin-
walled cylindrical specimens -

Maximum Maxinum Maximum stress
Specimen Load internal axial Number of
no. type pressure load Circumferential Axial cycles

(psi) (1p) (psi) (psi)
1 2:1 biaxial 160 1603 802 1
0:1 axial 900 0 1689 1
1:0 circumferential 180 1804 0 2
0:1 axial 1000 0 1877 2

2:1 biaxial 213 2134 1067
-2 2:1 biaxial 200 2004 1002 1
1:0 circumferential 190 190k 0 2
0:1 axial 1000 0 1877 2
3 2:1 biaxial 200 ‘ 200k 1002 2
0:1 axial 1000 0 1877 2
1:0 circumferential 190 1904 0 2
L 2:1 biaxial 200 2004 1002 2
1:0 circumferential 190 1904 0 2
0:1 axial 1000 0 1877 2
5 2:1 biaxial 200 2004 1002 2
1:0 circumferential 190 1904 0 2
0:1 axial 1000 0 1877 2

ST
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Fig. 4. Strain distribution in Graphitite-G tube no. 3 under 200
psi internal pressure.
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loading. The sﬁrain values from gages along a single generator are shown
as circles. The strains for other gage locations around the circumference
of the specimen are denoted by squares.

Twenty~four tensile specimens were used to obtain stress versus lon-
gitudinal strain and stress versus lateral strain data. Eight with-grain
and eight against-grain specimens were machined from 2-in.-diam rod stock,
while eight additional against-grain specimens were machined from the tube
stock, which had a 2 in. inside diameter and a 2 3/4 in. outside diameter.
The latter stock was also used to make end sleeves for the thin-walled
cylindrical specimens. A modified ASTM specimen designl; was used in each
case. Figure 5 shows the design of the with-grain specimen; the gage
section was 0.310 in. in diameter and 5/4 in. in length. The design of
the against-grain specimen is shown in Fig. 6, where the specimen is shown
superposed on the rod stock cross section. All of the against-grain
specimens had a 0.125-in.-diam, l/2-in.—long gage section. In the case
of the specimens from tube stock, cylindrical rods and end caps, as shown
in Fig. 7(A), were made and assembled to form a composite structure.

This structure was then machined to the final configuration illustrated
in Fig. 7(B).

FEach against-grain specimen was instrumented with four Micro-Measure-
ment type MA-13-050AH-120 strain gages with a 0.050-in. gage length. Two
of the gages were oriented in the axial direction and two were oriented
in the circumferential direction. The two axial gages were located 180-
deg apart. The circumferential gages were mounted to form T configura-
tions with the axial gages. Fach with-grain specimen was similarly in-

- strumented with four type C6-111 Budd Metalfilm strain gages having a
0.063-in. gage length.

Since the parameters, or constants, in the constitutive equations
cannot be determined from meonotonic loading alone, the specimens were gen-
erally cycled twice between zero and a constant maximum stress level be-
fore being loaded to failure. Two of the with-grain specimens and one
against-grain specimen were loaded to failure without cycling, while one
with-grain specimen was cycled between zero and 3600 psi prior to being

loaded to failure. The remaining five with-grain specimens were cycled
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between zero and 1800 psi as were all of the against-grain specimens, ex-
cept the one just mentioned.

A typical stress versus longitudinal strain diagram is shown in Fig.
8. This diagram is for an against-grain specimen that was made from rod
stock and cycled twice before loading to failure. The envelope for all
stress-strain curves (ignoring the unloading and reloading, or cyclic,
portions), the mean of these curves, and the fracture points for the
against-grain specimens are shown in Fig. 9., The circled fracture point
is that for the specimen which was failed without cyeling.

The corresponding stress-strain curve envelope and mean curve as well
as the fracture points for the eight with-grain specimens are shown in
Fig. 10. The circled fracture points are those for the two specimens
which were loaded to failure without cycling, and the square designates
the fracture point for the specimen which was cycled bétween zero and
3600 psi. These figures show that the scatter in data is not large so
far as graphite is concerned and that cycling had no apparent influence

on failure.

TEST RESULTS, GRAPHITITE-G MATERIAL

The stress-strain curves from the against-grain and with-grain uni-
axial specimens were used to determine the pérameters in Egs. (9), (10),
and (11). These include the elastic moduli, the material constants which
characterize the plastic deformatilions, and the constant c¢. Lateral-to-
longitudinal strain ratio, or total strain ratio, data were also obtained.
The total strain ratios were then decomposed into elastic and plastic

components through the use of the following equation:lz

_ e D_P
o= ve 4+ We , (27)

€

where

total, or apparent, strain ratio,

g4
1

longitudinal strain (= e + ep),
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v = Poisson's ratio, strain ratio in the limit of zero stress, or
strain,
up = plastic strain ratio.

The elastic modulus, E(=E,;=E,;), and plastic constant, B(=B, ), as
determined from the initial loading curves, are listed in Table 2 for
each of the 15 against-grain specimens that were cyclically loaded. The
method used for making these determinations is described in Ref. 8. Also
given are averages of the E and c¢B values which were determined from the
first unloading, first reloading, and second unloading portions of the
cyclic curves (see Fig. 8). The average value of E is 1.08 x 10% psi for
initial loading, while this value as determined fram the unloading and
reloading curves is 1.0l x 10%° psi. Thus, the two average values are in
“12 psi™®, and that

for B is 67 x 107*2 pgi™®, giving a value for c¢ of 0.25 which differs
4

good agreement. The average value for B is 272 x 10

significantly from the value of one-half which was given by Jenkins.

The corresponding results for the six with-grain specimens that were
cyclically loaded are given in Table 3. The results from the two speci-
mens which were loaded to failure without being cycled are not included.
In the case of these data, the average value for E(=Esg), as determined
from the initial loading curves, is 1.86 x 10° psi, and that from the
unloading and reloading curves is 1.96 X 10° psi. The latter is somewhat
higher than the former, while in the case of the against-grain specimens
the reverse is true. However, the agreement between the two values is
again good. The average B(=Bgs) value is 73 x 107*% psi™@, and the aver-
age value for cB is 26 x 10~'2 psi™®. Thus, the value for c is 0.36,
which again is significantly different from one-half. Because c¢ is assumed
to be a constant that is independent of the orientation of the specimen,
the average of the two values, or 0.350, will be used in the analysis de=~
scribed in this report.

The average total strain-ratio eurve, which is designated by Eéi in
Fig. 11, was obtained from seven with-grain specimensg. ©Since the elastic
strain ratio is equal to the total strain ratio in the limit of zero lon-
gitudinal strain, vg, is represented by the straight line parallel to the
longitudinal strain axis in this figure. IEquation (27) was used to cal-

culate the curve for the plastic strain ratio, uﬁlg In this case, Hgl



Table 2.

Graphitite-G against-~grain tensile data

Initial loading

Unloading and reloading

Specimen _ Stock

no. B B Eave (GB)ave ~ material
(10° psi) (10"12 psi—2) (10% psi) (1072 pgi™®)

R1 1.13 277 1.01 1 Rod stock:
R2 1.02 288 0.96 78 2-in,-diam
R3 1.07 33 0.9% 76 -
RL® 0.92 6l
R5 0.98 364 0.9% 85
R6 0.99 2908 0.95 80
RY7 1.04 284 0.95 75
R8 1.14 268 1.02 60

Average: 1.05 302 0.96 Th
T1 1.05 290 0.97 54 Tube stock:
T2 1.11 281 1.02 63 2-in.-ID X
T3 1.10 268 1.0k T2 2 3/bein.-OD
T4 1.1k 225 1.09 61
T5 1.15 230 1.10 55
T6 1.10 220 1.08 63
T7 1.16 175 1.1% 51

Average: 1.1 2l 1.06 60

Average for combination of rod and tube specimens:

1.08 272 1.01 67

#The initial loading portion of the curve obtained was not suitable for
evaluating the constants.

Fig. 9.

The results from this specimen are not included in

9



Table 3.

Graphitite-G with-grain tensile data

Initial loading

Unloading and reloading

Specimen B B (cB) Stock

no. ave ave material
(20® psi) (107*2 psi™®) (10% psi) (1072 psi-?)

R1 1.9% 55 1.84 17 Rod stock:
R2 1.87 77 2.0k 31 2-in,-diam
R3 1.78 76 1.88 7 '
R4 1.88 73 2.09 39
R5 1.90 87 1.97 25
R6 1.80 T2 1.91 28

Average: 1.86 73 1.96 26

Lz
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Fig. 11. Average strain-ratio data for seven Graphitite-G with-grain
tensile specimens.
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is essentially independent of the longitudinal strain and it is negative
in the‘range shown. However, the apparent strain-ratio data lack pre-
cision in the sméll'strain range shown, and additional inaccuracies are
introduced in the decomposition process. Hence, the value of ugl can be
assumed constant without introducing significant error. By giving greater
weight to the values at larger longitudinal strains, a value of —0.08 was
selected for the purposes here.

The total strain ratios, Eﬁg: were determined from three against-
grain specimens, and values for v,, and Mfg were obtained in the same
manner as the vy, and ugl values discussed above. These are listed in
Table L4 where it can be seen that there are significant differences be-
tween the numbers for the three specimens. However, the plastic strain
ratio 1s negative 1n each case. The average value for v,, from the three
specimens is 0.20, while that for ul, is —0.15.

Since the strain ratios needed in Egs. (23) through (26) are v 5 and

b
Mizs

ugl. Equations (21) give the following relationship between the elastic

these quantities were calculated from the above values for Vg, and

strain ratios:

E
11
1% = o VSl (28)
13 © Egg 4
and Egs. (22) give the following relationship between the plastic strain

ratios:

B.. 2/3
P 33 D
Wig = <Bll> Mgy - (29)

Table 4. Graphitite-G strain-ratio data from
against-grain tensile specimens

Specimen je)
no. Vie Hip
RY 0.20 —-0.13
R8 0.26 ~0.28

T3 0.1k —0.05
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The values thus determined for v,5 and ufs are 0.07 and —0,05, respec-
tively.

Although s, and a values, as required in Egs. (23) through (26),

were determinedK?rom the tensile specimens, variations in material prop-
erties preclude their use in making definitive comparisons between.calcu-
lated and experimental results for the cylindrical specimens under inter-
nal pressure loading., The strain-ratioc values and the value for c will
be used, however. The uniaxial tests conducted on each cylindrical speci-
men provided means whereby the masking effects due to material variability
could be overcome. But it was necessary to determine the needed data in
such a way that the effects of prior loading histories did not influence
the values obtained. _

After loading a specimen in a given direction in stress space,* the
stress-strain response obtained upon loading in a different direction is
not the same as loading a virgin specimen in the second direction. How-
ever,-the model ofvgraphite behavior given in Refs. 1 and 2 predicts that,
vonceythe specimen has been loaded to a given stress level in the new
direction, unloading and reloading curves subsequently obtained by cycling

between

< o*

O = Oy, = O, >

where UéL is the stress at the unloading point, are the same as the un-
loading and reloading curves that would have been obtained using a virgin
specimen. Therefore, A and cB values for each of the cylindrical speci-
mens were oObtained from cyclic unloading and reloading curves produced
by the application and release of an axial force and by cyclic pressur-
ization with no net end locad. The B values were then calculated using
the value for c from the tensile tests. The average A and B values ob-
tained in this manner are listed for each of the five cylindrical speci=-
mens in Table 5. The overall averages for the cylindrical and tensile

specimens are given at the bottom of the table.

*In this case we are concerned with a two-dimensional space in which
the axes are labeled byAOé and 04, that is, the axial and circumferential

gtress components, respectively, and we further restrict ocurselves to
loadings for which the ratio of o, to 05 remains constant during a given
loading.



Table 5.

Data from cylindrical specimens

Specimen Ay 33 Bia Bas
no. (10°% psi™t) (1076 psi=t) (107'2 psi™®) (1072 psi®)

1 0.7% 0.56 123 4o

2 0.78 0.47 13% 39

3 0.80 0.58 148 50

N 0.76 0.46 136 40

5 0.77 0.55 135 51

Averages:
Cylinder data 0.78 0.52 138 45
Tensile data 0.92 0.54 272 73

1€
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A comparison of the results in Table 5 with those of Tables 2 and
% shows that, in general, the A and B values are larger for the tensile
gpecimens. Also, Table 2 indicates that the B values for specimens made
from rod stock are higher than those from the tube stock, but the value
for ¢ is essentially the same for the two cases. Finally, it may be seen
that the variations in B values for the cylindrical specimens are less
than those for the tensile specimens .

Since strain ratios for metals and other materials are positive, a
guestion naturally arises regarding the validity of the stress-plastic
strain relations for the case where negative plasgtic-strain ratios exist.
The validity in the case at hand is determined through an examination of
_the plastic potential function, which in the mathematical theory of plas-
ticity must represent a convex surface in stress space.13’14 Therefore,
a statement of the requirements for convexity of surfaces given by Eq.
(20) is necessary.

Convexity is assured by requiring that the matrix of coefficients,

||aKL|l,

be peositive definite. The nonzero coefficients in this matrix and the
equivalences in terms of measured quantities are given by Egs. (22). By

imposing the positive definite requirement, the following inequalities

are obtained:+®,16

Bgg > 0,
B, >0, (30)
1<y, <1,

(1- ufz) > gugsugl ’

These inequalities show that the strain ratios can be positive or nega-
tive so long as they remain within the bounds given. The B values are

greater than zero in all cases. Further, it may be seen that the fourth
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and fifth inequalities are satisfied.. Thus, the surfaces described by

Eq. (20) are convex.

COMPARISONS OF CALCULATED AND EXPERIMENTAL RESULTS

The axial and circumferential strains for cylindrical specimens nos.
1 and 2 under the initial internal pressure loading cycles were calcu-
lated using Egs. (23) through (26), the constants in Table 5, and the
strain ratios and c value from the tests on tensile specimens. The ex-
perimentally determined curves for these specimens are shown in Figs. 12
and 1% where the points calculated from the equations are indicated by
the open circles. The experimental and theoretical results shown are in
excellent agreement. Similar agreewment was found for the remaining spec-
imens.

Figure 14 shows the comparisons between theoretical and experimental
results representing the averages from specimens nos. 2 through 5 when
the A and B values cobtained from these cylindrical specimens are used.
Again, the figure shows that the results are in excellent agreement.

The results of the studies given in this report demonstrate the need
for determining uniaxial data directly from the specimens tested under
combined states of stress. However, investigations using other graphites
have shown that very good agreement between calculated and experimental
results for graphites exhibiting small variations in mechanical properties
are obtained when data from tensile specimens alone are used in the anal-
yees,. Thus, for some graphites, the precautions taken here in cbtaining
materials properties data are not necessary, and the equations may be
used with confidence for practical applications when stress-strain data
from the uniaxial specimens alone arxe cbtained.

To illustrate this point, a comparison between calculated and experi-
mental results for a specimen made from a speclalty graphite are shown in

Fig. 15. The parameters used in the constitutive equationsbwere:



34

ORNL—DWG 69— 6289A

2000
CIRCUMFERENTI-AL/>
1500
% /
a _
» 1000
o /
[0
5 AXIAL
500 /
: —— MEASURED
—o— CALCULATED
(0] o/
0 0.05 0.0 0.5 0.20

STRAIN (%)

Fig. 12. Comparisons of measured curves with calculated results for
Graphitite-G specimen no. 1.
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Fig. 13. Comparisons of measured curves with calculated results for
Graphitite-G specimen no. 2.
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Fig; 1k, Comparisons of averaged measured curves and averaged cal-

culated results for Graphitite-G specimen nos. 2 through 5.
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Fig. 15. Comparison of measured curves with calculated results for

a specialty graphite.
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Eyp = 1.27 X 10° psi By, = 99 x 10712 pgi2
Ess = 2.37 x 10° psi Bgg = 36 X 1072 psi™®
V1 = 0-06 bP = =0.10

c = 0.25

where all of the values were determined directly from tests on uniaxial
specimens. Again, the agreement between theory and experiment is very

good..

CONCLUSIONS

It is shown that nonlinear stress-strain behavior of graphite under
combined stress conditions at room temperature can be accurately de-
scribed by a small-deformation elastic-plastic continuum theory. Results
calculated through the use of gpecial constitutive equations appropriate
to the description of graphite behavior were shown to be in excellent
agreement with experimental results corresponding to initial loading and
to unloading under combined states of stress produced by internal pres-
sure in thin-walled cylindrical specimens. Further, the calculated resgid-
ual strains upon unloading were Very close to those determined experi-
mentally.

In the examination of a theory, such as that described, it is essen-
tilal that experiments be designed to overcome problems assoclated with
the accurate determination of material constants and to minimize masking
effects due to material variability. Because of the wvariability in
mechanical behavior of the primary material used, parameters for use in
the constitutive equations in this investigation were determined using
results from tensile specimens along with uniaxial data obtained from the
thin-walled cylindrical specimens. The results derived establish, in
part, the validity of the theory. Additional investigations to examine
this theory should be designed to study the basic postulates since the
validity has been established, as shown here, in what may be considered

a gross sense.
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