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Analytical Study of Mechanical Stresses of Graphite
Structures with Attention to Anisotropic Properties

Taketoshi ARAI and Sadao SATOH
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( Received January 31, 1975 )

Fuel elements for high-temperature gas-cooled reactors
are mainly composed of graphite structurally, which has as-
fabricated anisotropies; these increase with fast neutron
irradiation.’

The relations have been studied between mechanical
stresses indroduced by reactor irradiation and anisotropies
in Young's modulus, coefficient of thermal expansion, irra-
diation-induced dimensional change and creep. The stresses
in a hollow cylinder were analized both qualitatively and
quantitatively on the basis of an .anisotropic viscoelastic
theory.

The effects of anisotropies on thermal and irradiation
stresses are appreciable in H-327 graphite of highest ani-
sotropy, but insignificant in graphites of near-isotropy.
The information obtained is useful for engineering stress
analyses.
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Table 2

(a) radial end tangential

JAERI-M 5998

modulus and thermal expansion coefficient

thermal stresses;ipercent

on

- . - - !
Combined effect of anisotropies of Young s

deviations of stress

components from those calculated with properties

of corresponding directions

stresses

Poisson's anisotropy of anisotropy of thermal
Young s modulus expansion a r/az‘%*
ratio E /E ¥ 0.5 1.0 2.0 5.0
0.5 8.5% —0.5% —30% —7.7%
0.1 1.0 9.1 0 —4.5 —7.3
1.5 9.6 0.5 —4.1 —6.8
0.5 11.8 —1.1 —17.6 —11.5
015 1.0 13.0 0. —6.5 —10.4
1.5 144 1.2 —5.4 —9.4
0.5 14.3 —2.0 —10.2 —15.1
0.2 1.0 167 0 —3.3 —-13.3
1.5 19.2 2.1 —0.4 —11.5
¥ variable E,
% variable a,
(b) axial stress

- - ’
Poi1sson s

anisotrepy of

anisotropy of thermal

Young s modulus expansion « r/azg**
ratio g /E ¥ 0.5 1.0 2.0 5.0
0.5 —7.3% —5.0% —0.5% 13.1%
0.1 1.0 —4.5 0 9.1 3 6.4
1.5 —1.8 3.1 13.8 59.9
0.5 —10.8 —17.6 —1.1 18.2
0.15 1.0 —45.5 0 13.0 522
1.5 —2.1 7.8 275 8 6.9
0.5 —143 —140.2 —2.0 224
0.2 1.0 —38.3 0 16.7 6 6.7
1.5 —2.1 10.6 3u.2 1123

¥
* %

variable Er

variable ®,
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Table 3 Relation between maximum tensile stress and
EATI
a factor
k
c
Temperature —Ean/k * Max.tensile stress
Graphite at 1x10 % n/em? kg/cm2
c rif) z g p 7,
800 1.3 0.5 15 12
900 2.3 1.0 18 13
IM2-—-24
1000 2.6 2.2 20 20
1200 0.7 0.4 5 4
800 0.6 3.6 9 17
H—327 900 0.6 3.4 9 16
1000 0.4 2.4 8 12

¥ relative



JAERI~-M 5998

aqy1ydesd ,ze—H jo solueyo oj1qdead ygz—zINI jJo sedusyo

[BUOISUAWI P pPoONpPUI-UOIINATU I)Se] Z diq [eUOISUeWIp Pposnpul_-uvoljIneu 188y 1 -39
T '2-
| | _
. APNBI0<3)
\ S~ «Eun..oM 950p 1504 g
1DIXY RN -
1DIpDY ———= 7 N Si- 2
uot}dalig \ _‘ \ 1DIxXY °
AN jOIPDY ——— 2
o0€- uondang =1
(2]
=
‘- 0
3
e ]
o
(ASW8L'0<3) 6'z- =
299/u,701 | <
// Jsop 1504 c0-
m -
€ 3 {
.N w .///f\\\\\\ﬁ
" - - T
o ﬁ\l\r 0
a 0071 00zt oL o

(2.) 3Inipiadwa) uoIIDIPD.|

‘\/
L~

v

\
=
T

(%) @bubyd

0071 00z 000 008 009 oo ©
(9.) 9injpiadwaj UOHDIPDJII|



JAERI-M 5998

g1opur 4o mo[[0Y Joj sIojovj Lijewoap ¥

SNIpDJ JBUUl

Snippa J91ho

o

L

1

i

0S0

‘31q

( Suissoad

09 sginorpuadioed 10 worsniixe 03 [oyressd)

ju89lsuoo deoid UWOTIIBIPBIII

00ozL

01818 -Apwolg

(Ds) 24nipiadwe} uonDIPDII|

0001

008

009

00Y

g "31gq

]

_—

o

\

~N

~

w0

oy 04 - B¥%us) 1uDISUOD do3.)

©
nu/
[4

=4
(AWBL043




JAERI-M 5998 .

20r 201 20+

< Or ‘E e —~ 6z

E g e

%' 10r £ 10p % 10

= - =

("] "]
¢ 4 -]
i a0 £o
_ A.B.C s
3 B 3
E -10r 8-10 = -10b .
u <
-
-20r -20- -20F-
Er/Ez b/a =1.286
A) 10/08 4T =50°C
B) 10/10 Er = 12108 kg/cm?
C)10/15 Ez = variable
Yp= 0.15
Or= Gz =5s10"¢°C”'

Fig. 5 Ef fect of anisotropy of Young's modulus on the stress
distributions across the thickness ( constant E and
variable E, )

0 200 20
-~ O-r ;é 6-‘ -~ 6‘2
% 5 z
L o L 7]
2 10 = 10 s 10
£ 0 %0 ¢ 9
® -
- k]
- A ]
3 8 z . 3
-10| ® -10 \ =210
- D 8
~20r -20 -20f
| Er/E2
A)0.51.0 Ez = 110° kg/em®
B)0.7/1.0 Er = variable
N C)1.0/1.0 Others are same as Fig.2.2.2
D) 1.3/10
Fig. 6 Effect of anisotropy of Young's modulus on the stress

distribution across the thickness ( constant E, and

variable E )



Fig.

Fig.

7

8

Oi/[EATP:] (i=F.0)

JAERI-M 5998

1.4 —
1.3F h
//,03_//’
1.2p __________________Qﬁi__———————————‘
0.1
111
1.0 1 L 4 . .
0.4 0.6 08 1.0 1.2 1.4 1.6

Er/Ez

Effect of anisotropy of Young's modulus on radial and

. . 4 .
tangential stresses as a parameter of Poisson s ratio v,

14
1.3 Va
0.2
1.2 015
01
11}
1.0 ' ' ' ' :
o4 08 0B ) 12 % 16
E /Ez

Effect of anisotropy of Young's modulus on axial stress

’
as a parameter of Poisson s ratio v,



JAERI-M 5998

15 —
//
N
s

°© y
S 7 7/
g 4 0.1
8 p 0.2
2 y
21.0
c
Q
o]
s 7
o Z
- Z
b | //
i/
v 2

/ J 1 i i

0.5 1.0 15
Er/Ez
Fig. 9 Ratio of tangential to axial stresses at the inner and

outer surfaces as a function of E_/E

0.8

r9) (kglemPec)

0.4

CLImAT®i) (i

0.2r

0 0.2 04 086 0.8 1.0
Or-Er (kglem?ec)

Fig.-10 Combined effect of anisotropies of Young's modulus and
thermal expansion coefficient on radial and tangential

’
st resses for a Poisson s ratio of 0.15



JAERI-M 5998

or9e4
s worsstiog jo i9oqoweied © s® 90889118
4
[e19uddue pue [®ipBI UO ITAIDIJjoO0D

wotsuerdxe [®wioy) Pue sninpowm s Junojx
’

jo sordoijostue jo 129j5J38 pauUlquWo) 2131 g
z3/143
9l 7'l A 0l 8'0 90 0.
L : ' . A o't

S Y
p—

e ————— T i II.:N...Ol.ln -t

P L
\'o — =
||||||| ||||||alutummﬂ
[¥0)
0
2z
’ 0§ —-—
07 ——
o't —=-=---
S0

Zy \.-5

A

gl

(6'4=7) ["%61743:0]/?

GI'0 jJo 0198 8 UWossiIoOg
,
® J0j SS9I1S [BIX® UO QUAIDLJJao0d

uorsuedxe jewisy) pue sninpoum 8 dunox
‘

N

0z—— )
- Y/
S0 7/

AP 0 .
\\\ 4 . -’
L4 Sl
S Z3143
. “ # .
\\\\ .o
' up
2 \\\ \ Sl
g 0 4
/7 "

z0

70

g0

jo sordoxjostue jo 119959 PpauUIqUoO I1-31 9
nU..&bUsgv z3-%
ol 80 90 70 [AY 0
SIo=%1 4

(degu2/B%) [%25 LF) 120




JAERI-M 5998

2.

2.0r

1.9+

1.8f

1.6f

1.5

v

14

Oz/[izEzAT ;]

1.2p

1.1

L]

Ry 06 08 ) 12 14 6
Er/Ez

Fig.13 Combined effect of anisotropies of Young's modulus and

thermal expansion coefficient on axial stress as a parametes

’ 3
of Poisson 8 ratio



Fig-14

Fig.15

Ga! Oz

JAERI-M 5998

wn
T

Stress ratio on the surface

i L

0 1 2 3
dr / Oz

S
-

Ratio of tangential to axial stresses
at the inner and outer surfaces as a

function of ar/'az

/
/
~ 20} /
/
t FiM2-24
2 //
/
& 157 /
S 6‘\ //
3
6’7@’}1-451
w 10
S A sm1-24
- /
“ /
® /
T st / alb=1.286
€ /o T =50°C
- g  H-327 1 =0.2
s |,
b3
0 6z 04 06 08

OrEr or OzEz (Kglcm?ec)

Comparison of maximum tensile stresses
for typical nuclear graphites of various

anisotropies



59¢8

JAERI-M

00S=0Lv 40y ov1ydead pz_gn1

Jo ssousiagyip edueys jeruorsuwowi(y L1811y
( ASW81'0<3 .«Eu\c_uow ) 9sop soy
; : < w _ %0~
009

YZ-IN1

( 92044ns 433n0)
( 2s) 'dwa; uondIpDIL

4y —
.—bq ——

S0

0!

Sl

ST

(9% -%))-=}v-

|pDuocisudwig

#Buoyd

edUAII P

(‘_Ol. .)

200071 jo sanjeradwoy

uorjeipeasr e e so9qi1ydesd iea[onu om)

97 Jo SUOI)BIJIBA §S3I9s jJo uwostIeduwo) 9T -3
upudg, OB jpud g =34 3. 0001= 9L
Si'o=% 2.06= 17
uEu\Ox mO—xFuNu =8y 98Z't=q/D
|°Nl
7Z-IR1 »
2IDJINS 13}N0 x
LZE-H Joi- 2
0
\ (APNSBL0<3 .«Eo\:_uoC 9Sop sp4 fag
€ [4 i 0 ...v.
T T T T T T
("]
=
9
fot §
LZE-H N
D4INS J3UUl
7Z-ZWI oz
IONl
92-ZNI )
23D4INS J3}n0 a
{oi- 2
LZE€-H N mlvl
¢ ¢ . : o %
(ASWBI0C3 * Wdyu 01) 9SOP isDy m
LZE-H f p
23D}4ns 4ot Mh
Jauul E
<
7Z-ZN1




-AN=-("a-"b)

difference ( » 10-3 )

change

Dimensional

JAFERI-M 5998

25
2.0f ———= ATr
— A7z
irradiation temp.(°C)
(outer surface)
1T 1000
H-327 909
1.0- 800
0.5
0
800
-05F
-1.0F
-15}+ 400
1 | 1 i 1
0 1 2 3

|
Fast dose (102 ”Icmz, E>0.18MeV )

Fig.18 Dimensional change differences of H—~327 graphite
for aT=50C



JAERI-M 5998

goinqeiadwoel smnoraiea 98 291ydeid

LZES—H Jo suorjetiea ssoaris JuyiesadQ

(ASWSI'043 Wy ,0l) 3S0p ISPd

006 2oDjINS J3uul

(92D}4NS 13}N0)
(3,)'dway uol}DIpDIIL

00%

(AWBI0<3 "Wofy OL) 9S0Pp isBd
z 12 1

™

0z

0Z-

Ol-

T T T T T

_— 009

ooo.\
(99pj4ns saino) mwm 35DjiNs Jauul
(2,) dwa) uoIDIpDILL

o "

ol

02314

1Dixy

(zwa/ﬁx ) ssals

joljuabuny

(lwa/Bq) $Salls

™M

gsainjesedmoq snotiea e aqi1ydeasd

(ASWBI'0<3 "Wdr, O1) S0P

4

[T, S

¥Z—ZWI J© suorisiiea ssei9s JuirieradQ

Ispq
t

61314

T T

35D3ins Jeuu

ANUOtDm uO—DOV
(2,) 'dwa} UO{}DIPDILY

(A®WBI0<C3 .sEuE.uo: 9sop isoy
g . A ! : -
009
0
oozl
008 10t
06
000t oz
35D}INS Jauul (@9D)ans 13)n0)
{3,)'dway uolipippiss
-0t

(twalbq) $§981}S |DIXY

(tu.n/ﬁx) ssaJis (pljuabupy



"JABRI-M 5998

- 30 30
30 6; ’r 0’3 r &
20F irradiation temp. o ~
~ (outer surface) 5 “&
[ o g
k: e | £ g X
g 100 // Z |
g //800,1200 " ‘
~ /600 » "
4 v @ T~
¢ 3 ¢
s O —" -
= == - (4]
g
3 : E
B -10 ) E
« S «
-
~20f
operating stress at 1-102|"!cm2(E>0.18MeV)
----- initial thermal stress
Fig.21 Distributions of operating stress components , |
including thermal stresses . of IM2—-24 graphite at
1x102% n/ em®
30r 6+ 30r Go
20f irradiation temp. ~ 20r -
—~ (outer surface) “e ~
NE K S
S 2 g
g 10 ~ 10 J
~ [
[ ]
[ o (")
@ = ]
£ 0 "0 £
173 _ @
-]
k] I3 -
T -10f & -10 g
@ c
@ <
-20- -20}- .
L
-
operating stress at 1510°'N7cm? (E>0.18 MeV )
------- initial therma! stress
Fig-22 Distributions of operating stress components ,

including thermal stresses , of H—327 graphite at
1%x10°% n/cm’



JAERI-M 5958

991ydeasd
LZ2¢€—H jo sessaigs Juijesado uo daosuo
uorgeiperat jo Adoiqostiue jJo 990y ¥Z2-31g
408~
(o1'0z) 2
(o1'ot) @ Jov-
(0°1'80) Vv

(2Zy ‘dy) deaud ul
J9)9wpipnd oidousjosiup

3,008 g |
(9d3Djins ._..Zmov v 9IDINS Jauul
‘dwa) uoIIDIPDIIL .
9, 00% 7]
o}
( wop, 01) 9sop isp4y
€ z oy t
r— . _lll Il.ll. T —
Tmmm AT Z
e D ——— \\\‘\
J v == i
J, 0001 8 3, 008
v (9#o044ns 1a}N0)

Jo0pNs Jauul

0z~

ol

(74
0zZ-

[=]
-
1

(=]

[=]
-

‘dwa} uol}pIpDadl

(]
~N

S$8J1S  |DIXY

(zmalbx )

(zwa/ﬁu ) ss3ns |p1juabun)

oytydead

$Z—2WNI Jo sossoails Burjesodo uo daosao

worjeiperrr jo Adorjosiue jo 199jjH €z 319
( PNBIO03 .NEUP__«O— ) 9sop sy
£ . z L 0,
! T < 1
g
9 >
x
°© 8
2
Jot =
w
M
x
9
— 2 2000t % §
(z1'o1) 2 v (92DyNS J3jn0) 3,
(o'L‘o1) 9 ‘dwa} uonDIpDII ~
(80°01) ¥ doe
(Zy'dy) daaid> w 33011NS 1auul
Jajawpiod sidosjosiup :
. ( >02e_.oANu .uEuP._aon ) asop _.uwu... .
f T T 3 T v Ot-
2, 009 m/
TN w..
\ b
° 3
v )
3. 008 8 -
3 Jot w
-
»
»
v ] -
20001 87 0z a
(9304ns sa3no) O ]
‘dway uolDIPDII! ODUNS  Jauul >
-10€




JAERI-M 5998

oj1ydesd ,ge—H Jo 89882198 3utgeaoedo er1ydesd $z—gWI JOo S9883I3% Burgeasdo

uo dosio wiy o17el s wWossliog jo 198 M 9zZ-31gq uo doold wy orqeI § Uossiog JO 129j5)H HARAR |
H i . - '
Hos- )
( PWBIL0<3 «E&:-«Owg IsSop S04
4
Hor- — N “ . Qoi-
70 ( @o044ns  J9INO)
X deaid ul €0 ‘dwa} UoIIDIPDIA >
o1}DJ  S,U0SSiog 5
S0 4oe- Y -
70 z "
2007\ | = or ¥
(8504Nns 133n0) 102" /
'dwa} UOIIDIPDJA! ot U =
s . g
o " 50 50000 Hoz 3§,
—~ Y dassd w ~
;ozmSAmeuE:o: asop 1sD4 m. ops S,U0SS10d
€ z ! o g 35opns Jeuuy - OF
("
;JIVAIIIIIIIIHIIII IIIIIII - : ol ( nslo3 .~Eo_.c.~o: 9S0p ISD3
-~ €
r~ T N. S0 w T OOT
€07 g
J, 000! mw n”o\\\ soopns Jeuuy ~ 9% o m
3, 008 70 ~0Z- (@204ins 43}N0) 0 3
<0 ‘dule} UOIIDIPDISY 3
w. 8
a Jor 2
\j T3 . 3
2,00% 3 SO .
(ZWo#, O1) 350p 15DJ - r daaid ut
(14 01}DJ S,U0SSIO, B =
T e i " : L “ 3
I < 3
— ®
== ..n 3ID4INS  JauuU!l >
\..w o - Joe
3, 008 70 5
#30pns sano) 50 g0 5L ...m.
(920400 1no) 2, 000L Y0 PoD4irs dauul 3
‘dwe} UONDIPDIIL S0 Ny
¥ deasd ui -0z

0110J $,U0SSI0d




