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1 INTRODUCTION

A high temperature gas-cocled rescior (ITGR? i¢ one of the next generation power reaciors
because of = highly inhereni safety and =z wide range of industrial applications. The
technological potential of HTGRs is atiributed io ceramic fuels and graphite core structural
components. Graphite maierials, however, differ from matallic materials in many respecis. Needs
to develep the technical hases for the graphiie structural design have been evolved in the
course of the long HTGR developmenis. The underlying reasons are
(1} Reliable design goals are comparable to those for meuaMi nuclear components a8 exemnlified
in the ASME B & PV Code Sec. 111, which featurcs “Desiz ign by Analysis”.
{2) Graphite materials possess pseudo-britilencss, suffer irradiation-inducad changes
and oxidation-induced degradations.
(3} Graphite core components funciicn as load carr ying members with certain design lives.

Az a Ffirst step in the refinement of graphiie structural design codes, the exiensive review
discuseions have been made in the USNRC (Svalbonas et al. 1972). Since then, ihe subject has
been discussed in the international meatings (Bodmann 1986 : Alloway et al. 1986 : Aral et al.
1986 : Prince and Brocklehurst 1986 : Schmidi 1920 : Iyokw et al. 198%). In the weantime,

studies on mechanical properties have posed many questions because it hag been found almosi
impossible o propose general design rules from many different observations which are sometimes
contradictory among the various kinds of graphites from different manufacturing routes.
Therefore, JAERI decided to pureue the practical engineering approach to propoase the fracture
criteria and the siress analysis methods with limiied relevance o ihe graphiie components in the
High Temperature Engineering Test Reactor (HTTR) (JAERI 1920). They are classified inte the
replaceable core components or the permanent core support components. Considering respective
sarvice requiremenis, three grades of graphite and carben materiale were selecied by the

wiensive scoping experiments. A fine-grained isotropic graphite grade 1G-110 wes specified as a
ma;erxal for the core componenstz. The tests to elucidate aud/or verify britile fracture
characteristics of 1G-110 graphite and components composed of mechanical testings with normal
small specimens and semi-scale component tesie ou special structural sysiems. As a resuli, the
structural design guidelines has been proposed (HTTR Design Lab. 1988). The guidelines
feature several ingredients which were based on the observations on siatic uniamial, multiasxial
strengths and low cycle fatigus strengths of the specified graphites.

This paper summarizes the statistical assessments of the uniaxial tensile and compressive

stremgths, multiaxial fracture siresses and low cycle fatigue strengihs of unpurified grade, 1G~11
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The present study is in support af the development of the reliability-orienied
{partly reliability design) definitions of the design material sirengths.

2 EXPERIMENTALS
Table 1 Some properties of IG-11 graphite

2.1 Materizal and test specimens

IG-110 graphite is manufactured by Toyo Tanso Co. Lid.. g;nufaciure: ;0';'0 iTGHSG(JiDOH)
\ . . ; iller coke fype efroleum coke

Typical manufacturing features and mechanical properties yp fine-grained '

of IG~11 graphite zre shown in Table 1. In various test Coke grain cize  (mm) 001 (ave)

programs full-sized logs with some differing dimensions Forming method Isostaiic mold

g=-3 = - N i A\ ; A

and some different types of test specimens were uzed, as Typical log size (m ] #04x 0.8

shown in Table 2. Each program employed 20 or morve Bulk density (g /cc) 178

test specimens at the same loading condition to characterize g yTT ey ~3000

the statistical varizition and the dependence of test Eiostic modulus  (GPa)} L 10,0

ii7 rientati L : axial and R or T : radial
specimen orientation (A or L axia a.ﬂ(’j} < or i , 2 Tensile strength  (MPa) L o8
with respect to the longitude of the original logs. All

test specimens were machined from part or whole of Compressive strength (MPa) L 81

the original logs.
2.2 Strength tesiing methods

The uniazial tensile and compressive tests (Test A through Test G) utilized the conveniional
mechanical iesting machines with a crosshead speed of 15~ 80 y# m/s, The strengih tests under
biaxial loadings used ihe two mechanical testing machines specially designed for the ssme
dumbbell type thin-walled tubular test specimens. Ons applies for tensicn-compression stress
stztes developed by axial compression or itension together with torsion and the other for
tension-tension stress sintes developed by amial tension with internal pressure. The ianer
surface of the iest specimens for biaxial tension iesis were coated with an epoxy adhesive. In
both types of blaxial fracture tests the loading raie was fixed to be 0.04 MPa/s in tension.

The dumbbell type specimens were fatigue iested using a serve-hydraulic fatigue testing
machine. The loading rate with a trienguler wave form was 8.75 kN/e. The stress ratio R = -1
wag chosen hacause the siress cycle would be predominant in the core components (iyoku et al.
1980). All sirength tests above were conductied in =ir af room temperature. The siress
caleulation involved in the present study followe the elastie theory.

3 RESULTS AND DISCUSSIONS
3.1 Uniaxial tensile and compressive strengths

The mean aad the coefficient of variation of the individual tests are listed in Table 3. Ii was
found that both tensile and compressive strengths change little among production lots and
possess no appreciable anisoiropy. In addition, Test ¥ resulted in a good homogeneity of
properties within the loge tested {Arai, Sato and Schiffers. 1891). These measuremenis justify
the merge of the individual datz te be treated as statistical samples from the same population.
Therefore, all tensile strength data (362 poinis) and compressive strength daia (373 points) are
plotted in the normal probability scheme in Fig. 1 and Fig. 2, respectively. Obviously both
uniaxial strengths are represented as a whole by unormal distribution functions. I should be
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emphasized that thes two-parameter Weibull distribution was smot proved justifiable for both
uniaxial strengths of IG-11 graphite. There were cther evidences on litile dependence of tensile
strength on effective stress volume (Yoda et al. 1987 : Arai and Konishi et al. 1991). These
statistical characteristics led to the unanimous conclusion that the uniaxial strengths of 1G-11
graphiie should be ireated as normal statistical variables. Then, the fact makes it possible to
define the specified minimum ultimate tensile (SMUTS) and compressive (SMUCS) strengths as
lower tolerance limits for reliability-oriented design and material acceptance procedure which
are employed currently in the acrospace industries (Kamiyama 1984). The HTTR design guidline
employs the SMUTS and the SMUCS which are determined by the following equation :

SMUTS or SMUCS=%— (a+5 g W
SN

where X and s are the mean and the standard deviation of the sample size N. @ (=2.326) and B
(=1.645} are the constants specifying a 99% survival probability with a 95% confidence leveal
according to the standard normal distribuiion.

3.2 Biaxial sirengihs
Figure 3 shows the normal probability plots of the maximum principsl strese at fraciure under
tension-compression {T-C} siress states. The figure demonsiraies that the fracturas siress can be

approximated by the normal disiribuiion funciions whose standard devistion decreases with
decreasing maximum principal siress component. All the test resulis in the fourth quadrant in

Table 2 Summary of strength test programs for [G-11 graphite

A B c D B F G H
Reported year 1981 1881 1982 1983 1984 1988 19889 1980
Lok size $380X720 [ 2302¢540<850 | ¢ 3803700 2305408502 # 430900 | ¢ 4303900 | 15051503400 | 300X 540 X 850
300X 54088012
Tested block 380420 | 230540150 | 205¢180<T00 | 230 540> 100X 2 ®430X900 | ¢ 430X900 | 1501505400 | 300X 540X 850
1004540425 %2
Tensile test
Specimen typs Dumbbel § Dumbbel Dumbbel Dumbhel Dumbbel Dumbbel Dumbbel Dumbbel Tube
and G.L.dimension $BX20 $6X20 P4, 5X8 Ry ] @5x21 B5%21 $10x20 P 16X 1230
No. of specimen A 40 20 53 70 - 34 64 25 20
" R 40 — - 0 35 65 - 20
Compresgive test (Dumbbel)
Specimen dimension $6x12 P8x12 PL.5XY 10€10%10 fXBx12
No. of specimen A 59 40 54 70 — 31 — 20
R 80 - - 10 31 -

*Dimension in mm

Table 3 Summary of individual strength tests on IG~11 graphiie

Test A B C D ‘ E F G H
Tensile strength A 24.8/7.3 |26.59.4 125.5-7.1 |96 178 1261773 125.8,77.0 27.8-5.4 |28.8.74.1
HPa R 24,0715 — - 24,4710 25.7,8.6 |25.6,79,4 - 27.377.1
Compressive strength | 4 [73.48.0 |83.8,5.7 80.9.73,9 |79.04.8 — 78.5,74.5 - 79.73.3
HPa R 69.6.78.5 - - 78.9.76.3 - 76.3.73.9 - -

% (Mean,”Coeff. variation)
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the bizxial orincipal siresas domain are depicted in Fig. 4. In the figure is drawn the salid line
according to a modified sirain energy criterion. The criterion was proposed on the basis of the
biaxial fracture iests of a high density graphiie (Ely 1968). As shown in Fig, 5, it provides the
good agreement with the present obssrvations. The solid line is e

@ eguation

(&r) 2w (&) (&) + (&) = @

where 0. and ¢ s are the maximum and minimum principal sivesses at fraciure, and S4, Sc and
v are the uniaxial tensile strength, compressive strength and Polsson’s ratlo. It iz noted that
eny other engineering fraciure criteria on yvielding of metallic maieriale are not appiropriate in

below.

prediciing obeerved fracture conditions. Therefore, one can employ the modified maximum strain
energy criterion as 2 basis for defining the design biaxial fracture criterion for the tension-

conpression strese gtates of IG-11 graphite. It may be given sinply in such a reliability-orienied
manner 2s the uniaxial sirengths, S+ and S, in Eq (2) are replaced with ‘i;he SMUTS and the

-

SMUCS as given by Eq.(l). respectively. As » matier of
justifiable because as showa in Fig. b, all measurad data lic outside the iolerance limit curve -

facy, the design criterion is found to be

corresponding o a 98% survival probebility with a 85% confidence level. Another criterion called

ing %
a modified Coulomb-Mohr criterion {(Paul 1968) way he recommended in favor of simplicity and

conservatism (HTTR Design Lab,  1888)

Similar assessments of the fracture charac&ez igtices were made on the tesie with combined axial

\‘)

tensile load and iniernal pressure. Fig. § reveals the variability of the maximum principal stress

=2

at fracture under tension—tension {T-T) siress states. As z reguli, the staiistical variation of the
fraciure siresses can be represented again well by normal distributions. Fig. 6 chows all
meagured daua for five girese combinations plotted in the axial siress-hoop siress domain. The
present data on the eguibizwial iensile siress siate gives a significant reduction in fraciure stress,
The reduction compares with other
noteworthy results of similar experiments : 0.8 S+ for a fine-grained AXF-E5Q graphite (Jortner
1972) and 0.651 for a fine-grained 2020 graphiie (h@ st al. 1983).
Fig. 6, the fraciure conditions under other biaxial tensile siress states 2

i.e. on an average 0.6 times the mean tensile strength (S,

T
-
3

1’.:ﬂd as shown in

average to the mas
2 2
{4 ) ( o) ) .
e —_ s «3
( S T S T 1 kS )

Eq.{3) gives a iracture siress of 0.75+ for the equibiaxial tension. Considering these
cbservaiions on fine-grained graphites, the equibiaxial tensile fractures shall be recxzamined

mum strain energy criterion :

further. If Eq.(3) is applicable, a reliability- orienied strength under biaxial iensile siress siales
is defined similarly as in tension-compression siress states.

3.3 Low cycle fatigue strength

o

Fatigue strength daia on IG-11 graphite at R=-1 are shown in Fig. 6. A large variation in fatigue
lives were observed ai each maximum stress level ( @ mes) This specific faiigue behavior may be

handled by two enginesring methods : sintisiical method {Price 1978) and probabilistic method

-

(Wilking et 2l. 1972). The Price method assumes z siatistical treatment of fatigue life (N by the
following relationship.

102 (Onee” S1) =A+BlogN:+e 4
where A and B are constants and & is 2 normal distribution function with the mean being zero
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The solid line in Fig. 7 corresponds to the best fitied S-N curve according to Eq.(4). The

performance of the Price meihod is belisved to be good when considering no other formula for an
S-N curve for metallic maverialg are of practical use (Brocklehurst 1977 : Ho and Vollman 19 79
Eq.(4] allows 2 reliability-oriented design S-N curve to be predicied because the formuls given

by Eg.{l) iovelving 2 normal probability statistice can apply, The lower tolevance limit line
corresponds to a 59% survival probability with a 85% confidences level. This statistical approach
has been proposed for defining the desigu constant life fatigue diagrams (Konishi of al. 1989),

The second method called homologous siress method requires the special farizue test
procedures in which the companion iest specimens are tensile fesied o assess the experimental
and theoretlcal fracture probabilities. The preseai iests using 25 fatigue test apecimens (Test G)
provided tensile strengths to be approximated by a normal distribuiion. The homslogous siress
T i) is a probabilistic variable defined By @ mem/Soli). where Sp(i) is an order statistics based
on the theoretical disiribution of tensile strengith with the suffix i being the i-th order statistics
of the experimental fatigue life Ne. The method employs the following relationship.

logouw (i) =C+DlogN; (i) {5).

where C and D are constants. The analyses using Eg.(B) resulted in the solid line in Fig. 8 for the
datz showa in Fig. 7. i is obvious that the homologous strese method presents a beiter gooduess
of fit than the Price method. The interpretation of the obssrved fatigue fracture characteristics
by the homologous stress concept reflects a realistic physical and probabilistic nature of fatigue
phenowena of porous polycrystalline graphites. The application to z practical mechanical design,
however, has fo be coordinated with other curreni design practices on siatic strengths mentioned
in the preceding sections. Further experiments and analyses are recommendad to propose a
probabilistic design methodology for britile structural materials.
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