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1. SUMMARY 

Opera t ing  stresses and r e s i d u a l  shutdown stresses i n  f u e l  tes t  elements  

i r r a d i a t e d  i n  t h e  Peach Bottom Reactor  were c a l c u l a t e d  w i t h  f i n i t e  element 

methods. C a l c u l a t i o n s  of deformation and stress due t o  primary loads  were 

a l s o  made. R e s u l t s  of t h e  c a l c u l a t i o n s  were used t o  develop an  exper imenta l  

a n a l y s i s  of g r a p h i t e  f u e l  and r e f l e c t o r  e lements .  Measured d e f l e c t i o n s  and 

f r a c t u r e  l o a d s  were then  compared w i t h  p r e d i c t i o n s  made wi th  t h e  a n a l y t i c a l  

methods and d a t a  t o  be v e r i f i e d .  

T h i r t e e n  g r a p h i t e  bodies  from e i g h t  tes t  elements  were analyzed.  All 

of t h e s e  were i n  t h e  form of hollow c y l i n d e r s  70 mm i n  d iameter  by 8 . 3  mm 

long  which had s i x  o r  e i g h t  f u e l  h o l e s  evenly spaced around t h e  c y l i n d e r .  

The v a r i o u s  bodies  were i r r a d i a t e d  t o  f a s t  neu t ron  f l u e n c e s  (E > 0 . 1  MeV) 

between 0.3 and 4 . 0  x lo2’ n/m2 a t  tempera tures  between 850 and 1650°K. 

Res idua l  a x i a l  stresses i n  t h e  elements  w e r e  c a l c u l a t e d  t o  reach  15 .7  

MPa compared t o  a s t r e n g t h  of  22 .8  MPa whi le  in-p lane  stresses were c a l c u l a t e d  

t o  reach  15 .8  MPa compared t o  a s t r e n g t h  of 11.5 MPa. For t h e  e igh t -ho le  

t e l e d i a l  e lements ,  peak in-plane stresses were found t o  be a t  a sha rp  notch ,  

where t h e  stress c a l c u l a t i o n s  were be l i eved  t o  b e  u n r e l i a b l e .  In-plane stresses 

a t  o t h e r  l o c a t i o n s ,  where t h e  stress p r e d i c t i o n s  were expected t o  be more 

r e l i a b l e ,  reached 11 MPa. 

A number of experiments  w e r e  des igned  as a r e s u l t  of t h e  c a l c u l a t i o n s .  

P o r t i o n s  of t h e  f u e l  bod ie s  were c u t  i n t o  l o n g i t u d i n a l  s t r i p s  of 460 mm l eng th .  

The expected bow of t h e  s t r i p s  due t o  t h e  g r a d i e n t  i n  r e s i d u a l  a x i a l  s t r e s s  

w a s  c a l c u l a t e d  t o  range  between 0.5 and 3 mm by apply ing  e l a s t i c  beam theory  

t o  t h e  r e s u l t s  of t h e  r e s i d u a l  stress c a l c u l a t i o n .  The measured bow w a s  less 

than h a l f  of t h a t  c a l c u l a t e d  o r  w a s  r eve r sed  i n  d i r e c t i o n .  The r e v e r s a l s  

occur red  i n  some of  t h e  s t r i p s  exposed t o  c o n d i t i o n s  of h ighe r  f l u e n c e  and 

temperature .  

a n c i e s  are due t o  m i c r o s t r u c t u r a l  changes caused by t h e  s a w  b l a d e s  du r ing  t h e  

c u t t i n g  ope ra t ion .  

F u r t h e r  experiments are i n  p rogres s  t o  de te rmine  i f  t h e  d i sc rep -  
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Experiments t o  s tudy  r e s i d u a l  i n -p l ane  stresses were des igned  t o  used 2-cm- 

t h i c k  ring-shaped d i s k s  c u t  from t h e  test elements.  Some of t h e  d i s k s  were J 

s l i t  through one s i d e  a long  a p lane  through t h e  a x i s  of t h e  element,  and t h e  

e x t e n t  of c l o s u r e  of t h e  r i n g  due t o  t h e  r e l i e f  of t h e  g r a d i e n t  i n  in-p lane  

(hoop) stress was measured. 

were i n  r easonab le  agreement w i t h  t h e  measured deformat ions .  

The c a l c u l a t e d  deformat ions  of 0.15 t o  0.3 mm 

Some of t h e  d i s k s  w e r e  loaded t o  f a i l u r e  by compression between two 

p l a t e s ,  wh i l e  o t h e r s  w e r e  t e s t e d  by p r e s s u r i z i n g  fuel. h o l e s  t o  f a i l u r e .  Un- 

i r r a d i a t e d  d i s k s  were a l s o  t e s t e d ,  and t h e  f a i l u r e  loads  were compared. The 

i r r a d i a t e d  d i s k s  were found t o  be  s t r o n g e r  i n  cases where t h e  r e s i d u a l  stresses 

a t  t h e  p o i n t  of f a i l u r e  were compressive o r  ze ro ,  b u t  weaker where t h e r e  

were l a r g e  r e s i d u a l  t e n s i l e  stresses a t  t h e  p o i n t  of f a i l u r e .  

t i o n s  were c o n s i s t e n t  w i t h  p r e d i c t i o n s .  

a l s o  showed t h a t  f a i l u r e  stresses exceeded t h e  u n i a x i a l  t e n s i l e  s t r e n g t h  

by f a c t o r s  of 1 . 5  t o  4 . 3  due t o  t h e  nonuniform stress i n  t h e  specimens. 

Both observa- 

The tests of u n i r r a d i a t e d  specimens 

The program of methods v e r i f i c a t i o n  h a s  shown t h e r e  i s  good agreement 

between a n a l y s i s  and experiment i n  some c a s e s  b u t  l a r g e  d i s c r e p a n c i e s  i n  o t h e r s .  

Where t h e r e  are d i s c r e p a n c i e s ,  they g e n e r a l l y  i n d i c a t e  t h a t  t h e  methods are 

o v e r e s t i m a t i n g  t h e  magnitude of  t h e  r e s i d u a l  stresses. 
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. 
2. INTRODUCTION 

A number of 6-hole and &hole  t e l e d i a l  test e lements  w e r e  i r r a d i a t e d  i n  

t h e  Peach Bottom High Temperature Gas Cooled Reactor  (HTGR) t o  v a r i o u s  l e v e l s  

of  tempera ture  and f a s t  neut ron  f luence .  Although t h e  e lements  were i r ra-  

d i a t e d  f o r  t h e  primary purpose of  t e s t i n g  f u e l  p a r t i c l e s  and rods ,  t h e s e  

test e lements  were found t o  p rov ide  an e x c e l l e n t  sou rce  of i r r a d i a t e d  g r a p h i t e  

bod ie s  f o r  use  i n  v e r i f y i n g  t h e  s t r u c t u r a l  des ign  methods used f o r  HTGR 

f u e l  e lements .  

The f u e l  t e s t  e lements  were ana lyzed  ' to  p r e d i c t  t h e  r e s i d u a l  stresses 

i n  t h e  g r a p h i t e  bod ie s  a f t e r  i r r a d i a t i o n .  These r e s i d u a l  stresses, o r  

end-of - l i fe  shutdown stresses, tend  t o  be  a t  o r  n e a r  t h e  h i g h e s t  stress 

reached i n  t h e  f u e l  body dur ing  i r r a d i a t i o n .  They r e s u l t  from t h e  combined 

e f f e c t s  of  i r r a d i a t i o n - i n d u c e d  sh r inkage  and thermal  sh r inkage  on c o o l i n g  

t o  room tempera ture  from o p e r a t i n g  c o n d i t i o n s  w i t h  o p e r a t i n g  tempera ture  

g r a d i e n t s .  

The r e s i d u a l  stress d i s t r i b u t i o n  w a s  used a t  f i r s t  t o  des ign  a tes t  

program t o  measure t h e  e f f e c t s  t h a t  t h e  r e s i d u a l  stresses would have on 

deformation and on f a i l u r e  l o a d s .  Ca lcu la t ions  of stress d i s t r i b u t i o n  due 

t o  pr imary loads  were a l s o  made t o  h e l p  i n  d e f i n i n g  tests.  Tests inc luded  

c u t t i n g  of l o n g i t u d i n a l  s t r i p s  and r i n g s ,  r a d i a l  compression of d i s c s ,  and 

p r e s s u r i z a t i o n  of f u e l  h o l e s .  As p r e l i m i n a r y  r e s u l t s  of t h e  tes t  program 

became a v a i l a b l e  (Wal l ro th ,  e t .  a l .  '), t h e  p r e d i c t i o n s  of deformat ion  and 

f a i l u r e  l o a d  based on t h e  stress c a l c u l a t i o n s  were compared d i r e c t l y  wi th  

t h e  exper imenta l  r e s u l t s .  
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3 .  STRESS ANALYSIS 

The GTEPC computer code, a two-dimensional f i n i t e  e lement  program 

(Tzung2),  was used f o r  tempera ture  and stress computat ions.  

s o l i d  model (Head3) was adopted t o  account  f o r  t h e  i r r a d i a t i o n - i n d u c e d  

creep  i n  g r a p h i t e .  Material p r o p e r t i e s  w e r e  v a r i e d  wi th  f a s t  neu t ron  

f luence  and tempera ture  of i r r a d i a t i o n  acco rd ing  t o  t h e  d a t a  of  Beavan4. 

A s t a n d a r d  

The r e s i d u a l  stress depends on t h e  thermal  and i r r a d i a t i o n  h i s t o r y .  

The thermal  boundary c o n d i t i o n s ,  h e a t  gene ra t ion  rates,  and f a s t  neu t ron  

f l u x  a t  v a r i o u s  t i m e s  du r ing  i r r a d i a t i o n  i n  t h e  Peach Bottom r e a c t o r  w e r e  

developed as d e s c r i b e d ,  e . g . ,  by Wal l ro th ,  e t .  a1.5 

3.1 Res idua l  Stresses 

The f i n i t e  e lement  models used f o r  thermal  c a l c u l a t i o n s  are shown i n  

F igu res  1 and 2.  They are symmetr ical  s e c t o r s  of t h e  element  w i t h  ang le s  

of  0.393 r a d  ( 2 2 . 5 ' )  f o r  8-hole bodies  and 0 . 5 2 4  r ad  (30") f o r  6-hole 

bod ies .  For stress c a l c u l a t i o n s ,  on ly  t h e  g r a p h i t e  p o r t i o n  of  t h e  models 

shown i n  F igu res  1 and 2 were used. The o p e r a t i n g  and t h e  shutdown stress 

f i e l d s  r e s u l t i n g  from t h e  tempera ture  d i f f e r e n c e s  and t h e  neu t ron  dose 

w e r e  computed on t h e  assumption o f  g e n e r a l i z e d  p l ane  s t r a i n  w i t h  no e x t e r -  

n a l l y  a p p l i e d  f o r c e s .  S ince  axial  tempera ture  and s t r a i n  g r a d i e n t s  are 

much less than  t h e  in-p lane  g r a d i e n t s ,  t h e  g e n e r a l i z e d  p l a n e  s t r a i n  assumption 

i s  expec ted  t o  p rov ide  an adequate  r e p r e s e n t a t i o n  of t h e  stress s t a t e  excep t  

n e a r  t h e  top  and bot tom ends of  t h e  g r a p h i t e  bod ie s .  

The c a l c u l a t e d  r e s i d u a l  stress d i s t r i b u t i o n  i n  t h e  axial  d i r e c t i o n  

f o r  t y p i c a l  8- and 6-hole t e l e d i a l  e lements  are shown i n  F igu res  3 and 4 .  

This  stress d i s t r i b u t i o n ,  w i t h  t e n s i o n  n e a r  t h e  c e n t e r  o f  t h e  element  and 

compression n e a r  t h e  o u t s i d e  d i ame te r ,  is  caused by thermal  and i r r a d i a t i o n  

sh r inkage .  The c e n t r a l  p o r t i o n  of  t h e  element  s h r i n k s  more r a p i d l y  

under  i r r a d i a t i o n  because  i r r a d i a t i o n  s t r a i n  rates are h i g h e r  a t  t h e  h i g h e r  

3- 1 



3- 2 



,' n 

w 
I 
W 

Figure  2 F i n i t e  element model f o r  thermal  a n a l y s i s  of 6-hole element. 
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Contour Lines  (ma) 
1 -8.550+00 
2 -7.600+00 
3 -6.650i-00 
.4 -5.700+00 
5 -4.750+00 
6 -3.800+00 
7 -2.85OtOO 
8 -1.9OotOO 
9 -9.500-01 
10 0.000 
11 9.500-01 
12 9.500-01 
13 2.85otOO 
14 3.80otOO 
15 4.750+00 
16 5.700+00 
17 6.650+00 
18 7.600+00 
19 8.550+00 
20 9.500+00 
21 1.045+01 

Figure  4 Residual  a x i a l  stress f o r  6-hole e lement .  



temperature  i n  t h e  c e n t e r .  When t h e  r e a c t o r  i s  s h u t  down, t h e  h o t t e r  c e n t r a l  

p o r t i o n  a l s o  c o n t r a c t s  more thermal ly  on coo l ing  t o  room temperature .  

a r e s u l t ,  t h e  r e s i d u a l  stresses i n  t h e  tes t  elements  are a t  o r  n e a r  t h e  peak 

s t r e s s e s  reached dur ing  i r r a d i a t i o n .  

As 

The r e l a t i v e l y  l i n e a r  axial  stress d i s t r i b u t i o n s  i n  F igu res  3 and 4 (no te  

the  herring-bone p a t t e r n  is  merely an a r t i f a c t  of t h e  f i n i t e  e lement  mesh) 

sugges ted  t h a t  s t r i p s  be c u t  as shown. The r e l a t i v e  l e n g t h  change of each 

s t r i p  was p r e d i c t e d  from t h e  average stress over  t h e  c ros s - sec t ion  of t h e  s t r i p  

wh i l e  t h e  r a d i u s  of  cu rva tu re  of bow w a s  p r e d i c t e d  from t h e  stress d i s t r i b u -  

t i o n  i n  t h e  s t r i p  by apply ing  beam theory .  A l eng th  of 0.45 m w a s  s e l e c t e d  

t o  g ive  specimens s h o r t  enough t o  be c u t  and handled b u t  long  enough 

the  bow and l eng th  change a f t e r  c u t t i n g  t o  be measureable.  This  l eng th  a l s o  

f o r  

l e a v e s  enough material from each of t h e  0.8-m-long test  element  bod ie s  f o r  

in -p lane  stress i n v e s t i g a t i o n s .  

Typ ica l  c a l c u l a t e d  r e s i d u a l  in -p lane  stress d i s t r i b u t i o n s  are shown i n  

F igu res  5 and 6 ,  i n  which maximum p r i n c i p a l  in-plane stress contours  are 

p l o t t e d .  The peak in-plane t e n s i l e  stress (F igure  5) i n  t h e  8-hole e lements  

i s  p r e d i c t e d  t o  occur  nex t  t o  t h e  s l o t  c u t  i n t o  t h e  i n s i d e  of t h e  element .  

(The s l o t  w a s  o r i g i n a l l y  cu t  t o  a s s u r e  t h a t  any breakage of g r a p h i t e  due t o  

s w e l l i n g  of exper imenta l  f u e l  rods  would b e  conf ined  t o  t h e  i n s i d e  d iameter  

of t h e  e l emen t , )  Stresses a t  the s l o t  were shown t o  be  s e n s i t i v e  t o  t h e  

f i n i t e  element model; i . e . ,  t h e  peak stress w a s  i n c r e a s e d  by 65% when a f i n e r  

mesh w a s  used. It appears  t h a t  o t h e r  e f f e c t s ,  such as t h e  n o n - l i n e a r i t y  i n  

the  s t r e s s - s t r a i n  curve of g r a p h i t e ,  must be  cons idered  t o  p r e d i c t  stresses 

a t  t h e  s l o t  a c c u r a t e l y .  A s  shown i n  F igure  5, t h e  stress i s  a l s o  high a t  

t h e  s u r f a c e  of t h e  f u e l  h o l e  n e a r e s t  t h e  c e n t e r  of t h e  element .  The peak 

in-plane t e n s i o n  i n  t h e  6-hole e lement  (F igure  6) is a bending stress a t  

t h e  f u e l  h o l e  s u r f a c e  caused by compressive stress i n  t h e  t h i n ,  curved web 

between t h e  f u e l  h o l e  and t h e  o u t e r  s u r f a c e  of  t h e  element .  

The c a l c u l a t e d  in-p lane  stress d i s t r i b u t i o n  i n  both  types  of e lements ,  - 
w i t h  hoop t ens ion  n e a r  t h e  i n n e r  s u r f a c e  and hoop compression n e a r  t h e  o u t e r  

s u r f a c e ,  sugges ted  experiments  t o  v e r i f y  t h e  stress d i s t r i b u t i o n .  Discs  20 mm . 
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I. . 

t h i c k  c u t  from g r a p h i t e  t es t  element bod ie s  are used as specimens.  The 

d i ame te r  and d i s t a n c e  between grooves are measured as shown i n  F igu re  7 

b e f o r e  and a f t e r  a c u t  i s  made through one s i d e  o f  t h e  r i n g .  The d i ame te r  

and groove d i s t a n c e  are p r e d i c t e d  t o  dec rease  a f t e r  c u t t i n g  due t o  t h e  

release of t h e  in-plane bending moment and a r e d u c t i o n  i n  t h e  r a d i u s  of 

c u r v a t u r e  of t h e  r i n g .  

3 . 2  S t r e s s e s  Due t o  Primary Loads 

S t r e s s e s  due t o  primary loads  w e r e  c a l c u l a t e d  u s i n g  1 .57  r ad  (90'F) 

s e c t o r  models such as t h a t  shown i n  F igu re  8 f o r  t h e  8-hole e lement .  The 

maximum in-plane stresses due t o  p r e s s u r i z a t i o n  o f  a f u e l  h o l e  are shown 

i n  F igu res  9 and 10  f o r  8- and 6-hole e lements .  F igu re  9 shows t h a t  t h e  

peaks i n  in-plane t e n s i o n  from p r e s s u r i z a t i o n  occur  a t  t h e  same l o c a t i o n s  

as t h e  r e s i d u a l  stress peaks (F igu re  5). This i n d i c a t e s  t h a t  r e s i d u a l  

stresses w i l l  reduce t h e  b u r s t  p r e s s u r e  f o r  8-hole t e l e d i a l  e lements .  The 

peak t e n s i l e  stresses i n  F igu re  10 are on t h e  o u t s i d e  d i ame te r  n e a r  t h e  

f u e l  h o l e  i n  a r eg ion  v h e r e  t h e  r e s i d u a l  stress is  i n  compression. This  

i n d i c a t e s  t h a t  r e s i d u a l  stresses w i l l  n o t  reduce the  b u r s t  p r e s s u r e  f o r  

6-hole t e l e d i a l  e lements .  

The c a l c u l a t e d  maximum p r i n c i p a l  in-plane stresses due t o  r a d i a l  

compression l o a d s  are shown i n  F igu res  11 and 12  f o r  t h e  8- and 6-hole 

e lements .  For &hole e l emen t s  (F igu re  11) peak t e n s i l e  stresses are a t  t h e  

same 2 p o i n t s  as peak r e s i d u a l  stresses (F igure  51, i n d i c a t i n g  t h a t  t h e  

r e s i d u a l  stresses w i l l  d e c r e a s e  f a i l u r e  l o a d s .  For  6-hole e lements  (F igu re  

12) the  peak tensile stress is i n  a r e g i o n  where t h e  r e s i d u a l  stress i s  

comp res s ive . 
A s  a r e s u l t  o f  t h e  primary load  a n a l y s i s ,  b o t h  r a d i a l  compression and 

p r e s s u r e  b u r s t  tests on 2 0 - m t h i c k  d i s c  specimens w e r e  planned. It w a s  

a l s o  planned tc measure load -de f l ec t ion  cu rves  t o  compare w i t h  t h e  p r e d i c t e d  

e l a s t i c  modulus of t h e  i r r a d i a t e d  element.  (Note: 4-point bend tests 

i n c l u d i n g  l o a d - d e f l e c t i o n  curves were planned f o r  s t r i p s  t o  measure t h e  

i r r a d i a t e d  e l a s t i c  modulus i n  t h e  axial d i r e c t i o n . )  Rad ia l  compression 

tests were a l s o  planned t o  b e  performed on s e c t i o n s  w i t h  4 webs (des igna ted  

a and b i n  F igu re  1 1 )  removed by p r i o r  p re s su re -bur s t  tests.  The purpose 
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Figure  7 Specimen f o r  r i n g - c u t t i n g  tests. 
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t 



c 

Y 

Figure  8 F i n i t e  element model for primary load ing  a n a l y s i s .  

c 
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Figure 9 Maximum principal  stress i n  8-hole specimen under 
100 kPa pressure load. 
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' 

Figure 10 tialdmum principal  stress' i n  6-hole specimen under 
100 kPa pressure load. 

3-13 



b 0.000 
7 2.600*(12 
8 4.800*02 
9 7.200+02 

10 9.COO*OZ 
11 1.260*03 
I2 1.440*03 
13 1.660*03 
l b  1.920*03 
1s 2.160101 
16 2 . 4 O O t J S  
17  2 .6&0+01  
18 2.8dO*[rS 
19 3.123*05 
10 3.360*65 
11 5.600*01 
22 3.840*03 

Figure  11 Maximum p r i n c i p a l  stress i n  8-hole specimen under 2.54 kN/m 
compression load .  
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I - i . v 6 0 * 0 5  (kPa) 
a -1.b80.01 
I -1.b00*03 
4 -1 .120r05  
s 4 . & 0 0 * 0 1  
b -l.bOO*OZ 
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8 0.000 
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so 1.*00.02 
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1s l . b O O t 0 1  
14 1 .630*05  
15 1.960*03 
16 2.240.05 
1I  2.110.05  
18 1.800*05 
10 3.080.03 
10 3.$60*05 

I 

... 

Figure 12 Maximum principal  stress i n  6-hole specimen under 2 .54  kN/m 
compress ion load. 
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of t h e s e  tests w a s  t o  measure t h e  s t r e n g t h  of  i r r a d i a t e d  specimens wi th  

n e g l i g i b l e  r e s i d u a l  stress t o  compare w i t h  cases where t h e r e  w a s  s u b s t a n t i a l  

r e s i d u a l  t ens ion .  

me need f o r  tests on u n i r r a d i a t e d  specimens w a s  a l s o  i d e n t i f i e d .  The 

u n i r r a d i a t e d  6-  and 8-hole t e l e d i a l  specimens w e r e  machined from a g r a p h i t e  

l o g  whose s t r e n g t h  and e l a s t i c  modulus i n  t h e  axial  and in-p lane  d i r e c t i o n s  

had been c h a r a c t e r i z e d  by t e n s i l e  tests. The tests on t h e  u n i r r a d i a t e d  

specimens serve as c o n t r o l s  t o  t h e  p r e s s u r e  b u r s t  and r a d i a l  compression 

tests and are used t o  c a l i b r a t e  f a i l u r e  l o a d s ,  l oad -de f l ec t ion  curves ,  and 

tes t  methods. 

. 
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4 .  ANALYTICAL RESULTS COMPARED WITH EXPERIMENT 

The p re l imina ry  a n a l y t i c a l  and expe r imen ta l  r e s u l t s  f o r  s t r i p - c u t t i n g  

and r i n g - c u t t i n g  tests are compared i n  Table  I.  As shown h e r e ,  t h e  r e s u l t s  

of  r i n g - c u t t i n g  experiments’  ag ree  q u i t e  w e l l  w i th  t h e  a n a l y t i c a l  p r e d i c t i o n s .  

This  i n d i c a t e s  t h a t  t h e  in-plane stresses are a c c u r a t e l y  p r e d i c t e d  by t h e  

a n a l y t i c a l  methods, a t  l ea s t  f o r  e lements  3 and 4 ,  whose f a s t  neu t ron  f l u e n c e  

ranged up t o  1 . 9  x lo2’ n/m2. 

h i g h e r  f l u e n c e s ,  have no t  y e t  been examined. 

Elements 5 and 6 ,  which were i r r a d i a t e d  t o  

For t h e  s t r i p s ,  t h e  a n a l y t i c a l  and exper imenta l  r e s u l t s  do n o t  compare 

so  w e l l .  The measured bow i s  a t  b e s t  40% of  t h a t  p r e d i c t e d ,  and t h e  d i r e c t i o n  

of bow is reve r sed  i n  s t r i p s  i r r a d i a t e d  t o  h i g h e r  f l u e n c e  l e v e l s .  P o s s i b l e  

e x p l a n a t i o n s  f o r  t h i s  i n c l u d e  l a r g e  e r r o r s  i n  t h e  d imens iona l  change d a t a  

f o r  g r a p h i t e  under i r r a d i a t i o n ,  a l a r g e  s y s t e m a t i c  v a r i a t i o n  i n  t h e  thermal  

e x p a n s i v i t y  of i r r a d i a t e d  g r a p h i t e  w i th  i r r a d i a t i o n  tempera ture ,  o r  mechani- 

ca l ly- induced  s t r a i n  imparted when the  s t r i p s  w e r e  c u t .  The v a r i a t i o n  i n  

thermal  e x p a n s i v i t y  of  g r a p h i t e  has  been e l i m i n a t e d  as a p o s s i b i l i t y  by 

experiments’ ,  and t h e  e r r o r  i n  i r r a d i a t i o n  s t r a i n  d a t a  would have t o  be 

unreasonably l a r g e .  The p o s s i b i l i t y  t h a t  t h e  bow i s  caused by t h e  s t r i p -  

c u t t i n g  o p e r a t i o n  i s  be ing  s t u d i e d  b u t  t h e  i n i t i a l  tests’ show 

s a w  has  a n e g l i g i b l e  e f f e c t  on t h e  u n i r r a d i a t e d  g r a p h i t e .  

t h a t  the  

P re l imina ry  measurements of t h e  e l o n g a t i o n  of s t r i p s ’  has  cast  f u r t h e r  

doubt on t h e  v a l i d i t y  of  t h e  s t r i p - c u t t i n g  technique .  The t h i n  s t r i p s  were 

found t o  be  about  .07% l onge r  a f t e r  c u t t i n g  which is  about  3 times t h e  

p r e d i c t e d  e l o n g a t i o n  due t o  r e s i d u a l  compressive stresses. The t h i c k  

s t r i p s  lengthened  by a similar amount, even though mean stresses and elonga- 

t i o n  w e r e  p r e d i c t e d  t o  b e  n e a r  z e r o  ( s l i g h t l y  p o s i t i v e  f o r  8-hole and 

s l i g h t l y  n e g a t i v e  f o r  6-hole e l emen t s ) .  

would imply t h a t  t hey  bo th  had a compressive stress of about  14  FPa b e f o r e  

c u t t i n g .  I f  t h i s  were t r u e ,  t h e r e  would have t o  have been a mean a x i a l  

The e l o n g a t i o n  of t h e  two s t r i p s  



TABLE I 

.P 
I 
N 

E l e m e n t  P o s i t i o n  

COMPARISON OF ANALYTICAL AND EXPERIMENTAL RESULTS 
FOR STRIP-CUTTING AND RING-CUTTING EXPERIMENTS 

C h a n g e  of D i a m e t e r  C h a n g e  of G r o o v e  
A f t e r  C u t t i n g  D i s t a n c e  A f t e r  Bow of T h i n  S t r i p  Bow of T h i c k  S t r i p  

(mm> C u t t i n g  (mm) (mm> (mm) 

Analysis  E x p e r i m e n t  A n a l y s i s  E x p e r i m e n t  An  a l y  s i s  E x p e r i m e n t  Analysis E x p  e r i m e n  t 

-- -- -- -- 3 5 - . l o 1  - .053 -. 299 -. 305 
1 5  -- -- -- -- 1 . 6 1  0 .58  2.15 0 . 8 4  

-- -- -- -- 25 -. 059 -. 0 4 8  -. 195 -. 262 

-- -- -- -- 4 7 -. 038 -. 056 -. 1 6 6  - .207 
13 -- - .062 -- - ,309 2.49 -0.16 2 . 9  0.67 
23  -. 046 - ,038 -. 176 -. 213 -- -- -- -- 

5 5 
15  
25 

-- -- -- -- 
1.79 -2.57 2.16 -0.76 
1.48 0.02 1 .85  0 .29  

6 5 -- -- -- -- 1.69  0 .20  2.54 0 .74  
1 5  -- -- -- -- 2 . 4 3  -1.26 2.76 0 .37  
25 -- -- -- -- 2.26 -0.84 2.62 0 . 2 0  



t e n s i o n  i n  t h e  c e n t r a l  p o r t i o n  of t h e  &ho le  t e l e d i a l  e lement  of 40 

MPa o r  more t o  ba l ance  t h e  f o r c e s .  This  i s  u n l i k e l y  s i n c e  t h e  a x i a l  t e n s i l e  

s t r e n g t h  i s  a t  most o n l y  about 30 MPa. For t h e  6-hole e l emen t s ,  an even h i g h e r  

t e n s i l e  stress i n  t h e  s m a l l  a r e a  removed by t h e  s a w  (F igu re  4 )  would have 

been necessary  to  ba l ance  f o r c e s .  

P re l imina ry  measurements of t h e  peak stress a t  f a i l u r e  f o r  u n i r r a d i a t e d  

specimens are summarized i n  Table  11. The f a i l u r e  stresses were ob ta ined  

from F igures  9 through 1 2  and t h e  measured f a i l u r e  loads’ .  

Table  I1 t h e  stress a t  f a i l u r e  i s  always g r e a t e r  than  t h e  8.5 MPa t e n s i l e  

s t r e n g t h  of  t h e  g r a p h i t e  i n  t h e  in-plane d i r e c t i o n .  This  r e s u l t  i s  a t t r i b u t e d  

t o  the  stress g r a d i e n t s  a t  t h e  p o i n t s  of f a i l u r e  which have been found by 

s e v e r a l  i n v e s t i g a t o r s  (e .g .  , Brocklehurs t  and Darby‘) t o  i n c r e a s e  t h e  

f a i l u r e  stress above t h e  u n i a x i a l  t e n s i l e  s t r e n g t h .  

As shown i n  

Comparison of t h e  p re l imina ry  r e s u l t s  of p r e s s u r e  b u r s t  and r a d i a l  

compression tes t s  on i r r a d i a t e d  Specimens’ w i t h  s i m i l a r  r e s u l t s  on un i r r a -  

d i a t e d  specimens has  shown a good agreement wi th  p r e d i c t i o n s .  I n  t h e  case 

of 6-hole specimens t e s t e d  under p r e s s u r e  b u r s t  and r a d i a l  compression l o a d s  

and 8-hole specimens w i t h  fou r  i n n e r  webs removed t e s t e d  under r a d i a l  com- 

p r e s s i o n ,  t h e  f a i l u r e  loads  f o r  i r r a d i a t e d  specimens were g r e a t e r  than those  

f o r  u n i r r a d i a t e d  specimens.  This  w a s  expec ted  because of t h e  i n c r e a s e  i n  

t h e  s t r e n g t h  of g r a p h i t e  due t o  i r r a d i a t i o n .  

p r e s s u r e  b u r s t  and r a d i a l  compression l o a d s ,  t h e  f a i l u r e  loads  on i r r a d i a t e d  

specimens w e r e  less than those on u n i r r a d i a t e d  specimens.  This  w a s  also 

expec ted ,  s i n c e  t h e  l a r g e  r e s i d u a l  stress peaks i n  t h e s e  specimens co inc ide  

wi th  t h e  peaks i n  primary stress. While f u r t h e r  a n a l y s e s  and exper iments  

are needed t o  conf i rm and q u a n t i f y  t h e s e  r e s u l t s ,  t h e  p re l imina ry  r e s u l t s  

are q u i t e  encouraging.  

For  &ho le  specimens under 
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5. CONCLUSIONS 

The p r i n c i p a l  conc lus ions  a t  t h i s  s t a t e  o f  t h e  program are as fo l lows :  

1. In-plane stress p r e d i c t i o n s  have been v e r i f i e d  by r i n g - c u t t i n g  e x p e r i -  

ments. 

2 .  Ax ia l  stress p r e d i c t i o n s  have n o t  been v e r i f i e d  by experiment ,  and t h e  

s t r i p - c u t t i n g  t echn ique  is  suspec ted  as t h e  cause of t h e  d i s c r e p a n c i e s .  

3 .  F a i l u r e  stresses under primary load exceed t h e  u n i a x i a l  t e n s i l e  s t r e n g t h  

by f a c t o r s  of 1 .5  t o  4 . 3  due t o  stress g r a d i e n t s  i n  t h e  specimens.  

4 .  Radia l  compression and p r e s s u r e  b u r s t  tests on d i s c s  c u t  from t e l e d i a l  

e lements  have s u c c e s s f u l l y  demonstrated t h e  e f f e c t  of r e s i d u a l  stresses on 

s t r e n g t h  and have f u r t h e r  v e r i f i e d  t h e  in-plane stress p r e d i c t i o n s .  

L 
c 
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