
RESIDUAL STRESS AND STRAIN 
EXAMINATION IN PEACH BOTTOM 

FUEL TEST ELEMENTS 

by 
C. F. WALLROTH, C. M. MILLER, and J. J. SAURWElN 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



- k  

"e*- 
'? 

GA-A14324 

RESIDUAL STRESS AND STRAIN 
EXAMINATION IN PEACH BOTTOM 

FUEL TEST ELEMENTS 

by 
C. F. WALLROTH, C. M. MILLER, and J. J. SAURWEIN 

This is a preprint of a paper to be presented 
at the ANS Topical Meeting, 4th International 
Conference on Structural Mechanics in Reactor 
Technology, August 15, 1977, San Francisco, 
California and to be published in the Proceedings. 

for t 
U.S. Energy 

Work supported in part under 
Contract EY-76-C-03-0167 
Project Agreement No. 17 

le San Francisco Operations Office 
Research and Development Administration 

M I  1 GENERAL ATOMIC PROJECT 3224 

NOTICE 
"his report was prepared as an account of work 
sponsored by the United States Government. Neither 
the United States nor the United States Energy 
Research and Development Administration, nor any of 
their employees. nor any of their contractors, 
subcontractors. or their employees, makes any 
warranty. express or implied, or assumes any legal 
liability or responsibility for the accuracy. completeness 
or usefulnes of any information, apparatus, product or 
process disclosed, or represents that its use would not 
infringe privately owned rights. 

, 

f 20 ,  1977 

WSTRIBUTION OF T H I S  DOCUMENT IS UNLIMITED 841 



b 



ABSTRACT 
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An examination of r e s i d u a l  stresses and s t r a i n s  has  been c a r r i e d  o u t  

exper imenta l ly  on s t r u c t u r a l  g r a p h i t e  components removed from Peach Bottom 

High-Temperature Gas-Cooled Reactor (HTGR) f u e l  e lements .  The purpose of 

t h i s  work i s  t o  confirm p red ic t ed  stress d i s t r i b u t i o n s .  

Twenty-nine t e l e d i a l  f u e l  e lements  (of s i x -  and e ight -hole  des ign)  
2 

were i r r a d i a t e d  i n  t h e  Peach Bottom HTGR t o  f luences  of 54 x loz5  n/m 

( E  > 29 f J )  and time-average tempera tures  up t o  llOO°C. 

h i s t o r y  was modeled wi th  HTGR des ign  codes.  

v e r i f i e d  by i n - p i l e  thermocouples and f u e l  burnup measurements. 

d i c t e d  i r r ad ia t ion - induced  s t r a i n s  were found t o  be i n  q u a n t i t a t i v e  agree-  

ment wi th  p o s t i r r a d i a t i o n  measurements (10.5% shr inkage  over  a 70-mm diam- 

e t e r ) .  

compressive stresses were p red ic t ed  a t  t h e  pe r iphe ry  and t e n s i l e  stresses 

i n  t h e  i n n e r  zones. A t o t a l  of 19 g r a p h i t e  bodies  from 8 d i f f e r e n t  f u e l  

e lements  were examined d e s t r u c t i v e l y  f o r  s t r u c t u r a l  i n t e g r i t y  and r e s i d u a l  

stresses. For t h e  h ighe r  exposure elements ,  l o c a l  stresses a t  shutdown i n  

excess  of t h e  u n i a x i a l  s t r e n g t h  of t h e  material w e r e  p r e d i c t e d ,  y e t  no 

s t r u c t u r a l  damage was found. 

t e r i a  are conse rva t ive .  

The i r r a d i a t i o n  

Performance p r e d i c t i o n s  were 

The pre- 

A s  a r e s u l t  of t h e  temperature  d i s t r i b u t i o n  i n  t h e  t e l e d i a l  bod ie s ,  

Th i s  may be because u n i a x i a l  f a i l u r e  cr i -  
Axial s t r i p s  of 460-mm l e n g t h  were c u t  and meas- 

ured f o r  changes i n  c u r v a t u r e ,  which i n d i c a t e  release of r e s i d u a l  ax ia l  

stresses. Release of compressive r e s i d u a l  stresses w a s  observed from 

s l i g h t  ex tens ion  of t h e  s t r i p s  when compared w i t h  l e n g t h  measurements 

be fo re  c u t t i n g .  

S l i c e s  of 20-mm th ickness  were c u t  a c r o s s  t h e  diameter  of some 

t e l e d i a l  g r a p h i t e  bodies .  

s i n g l e  r a d i a l  c u t  from the o u t e r  s u r f a c e  t o  an uncooled c e n t e r  ho le .  

d i s t a n c e  between grooves on e i t h e r  s i d e  of t h e  c u t  w a s  measured, as w e l l  

Res idua l  in-plane s t r a i n  w a s  r e l e a s e d  by a 
The 

t 
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as t h e  o u t s i d e  diameter  change. The r e s u l t i n g  mean c o n t r a c t i o n s  were 

0.20 and 0.04 mm, r e s p e c t i v e l y ,  and t h e s e  can be i n t e r p r e t e d  i n  terms of 

material s t r a i n .  

Primary l o a d i n g  tests were performed by h y d r a u l i c  p r e s s u r i z a t i o n  of 

f u e l  h o l e s  i n  t h e  l o c a t i o n  of p r e d i c t e d  peak secondary r e s i d u a l  stresses. 

Standard r a d i a l  compression tests w e r e  c a r r i e d  o u t  f o r  some of t h e  s l ices .  

A c o n t r o l  program is being executed on u n i r r a d i a t e d  specimens. F i r s t  

i n d i c a t i o n s  from b u r s t  tests are  t h a t  t h e  n e t  d i f f e r e n c e  i n  s t r e n g t h  of 

t h e  g r a p h i t e  d u r i n g  i r r a d i a t i o n  i s  p o s i t i v e ;  i . e . ,  t h e  i r r a d i a t i o n - i n d u c e d  

stresses are g e n e r a l l y  exceeded by t h e  s t r e n g t h  i n c r e a s e  of t h e  material .  

Cases w i t h  d e c r e a s e s  i n  t h e  s t r e n g t h  margin were a l s o  found. 

T h e  d a t a  from t h e  tes ts  have been s t a t i s t i c a l l y  reduced. ( 1 7 6  strip, 

93 r a d i a l  compression, and 938 p r e s s u r e  b u r s t  examinat ions have been 

c a r r i e d  o u t  on i r r a d i a t e d  m a t e r i a l . )  These d a t a  w i l l  serve as a d a t a  

bank f o r  stress code v e r i f i c a t i o n  and f o r  t h e  development of improved 

f a i l u r e  c r i t e r i a  f o r  g r a p h i t e .  The s t r u c t u r a l  soundness of t h e  pr i smat ic -  

t y p e  lIT(:K f u e l  element has a g a i n  been proven and t h e  m e a s u r a b i l i t y  of 

a x i a l  and r a d i a l  r e s i d u a l  s t resses  i n  i r r a d i a t e d  HTGR g r a p h i t e  has  been 

demonstrated.  

iv 
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1 . INTRODUCTION 

An exper imenta l  program has  been c a r r i e d  out  t o  determine r e s i d u a l  

stresses and s t r a i n s  i n  s t r u c t u r a l  g r a p h i t e  removed from f u e l  tes t  elements  

i r r a d i a t e d  i n  t h e  Peach Bottom High-Temperature Gas-Cooled Reactor  (HTGR). 

The purpose of t h i s  work i s  t h e  conf i rmat ion  of p red ic t ed  stress d i s t r i -  

bu t ions .  The f e a s i b i l i t y  of d e s t r u c t i v e  stress examination was demon- 

s t r a t e d  earlier by t h e  Dragon P r o j e c t  [ l ]  and by CEA, Saclay [ 2 ] .  The 

s t a t u s  of t h e  experimental  r e s u l t s  is presented  h e r e ,  and t h e  c o r r e l a t i o n s  

of exper imenta l  r e s u l t s  with p r e d i c t i o n s  are r epor t ed  i n  a companion paper 

by Homeyer e t  a l .  [ 3 ] .  

The f u e l  tes t  elements each conta ined  t h r e e  t e l e d i a l  g r a p h i t e  f u e l  

bodies  of 790 mm l e n g t h  and 70 mm o u t e r  d iameter  w i th in  a g r a p h i t e  s l e e v e .  

Each element w a s  helium cooled from t h e  o u t s i d e .  Design and performance 

d e t a i l s  are r epor t ed  by Turner e t  a l .  [ 4 ]  and i n  R e f s .  5 through 8. 

F igure  1 shows t h e  c r o s s  s e c t i o n s  of t h e  e igh t -  and s ix-hole  t e l e d i a l  

bod ie s ,  which w e r e  machined from H-327 g r a p h i t e ,  a coarse-grain needle-  

coke g r a p h i t e  manufactured by Great Lakes Carbon Corpora t ion  (GLCC). 

A t o t a l  of 19  t e l e d i a l  f u e l  bodies  from 8 f u e l  tes t  elements  were 

d e s t r u c t i v e l y  examined. S l i c e s  of 20-mm t h i c k n e s s  were c u t  and submit ted 

t o  hydrau l i c  b u r s t ,  r a d i a l  compression, and r a d i a l  r i n g  c u t  tests. Other 

f u e l  body s e c t i o n s  were cut  a x i a l l y ,  y i e l d i n g  457-mm-long s t r i p s  of two 

des igns ,  L e . ,  a t h i n  s t r i p  a long  t h e  f u e l  h o l e s  and a t h i c k  pie-shaped 

s t r i p  between f u e l  h o l e s  as shown i n  Fig.  1 .  

r i e d  ou t  on u n i r r a d i a t e d  material, u s ing  t h e  same test  equipment f o r  ca l i -  

b r a t i o n  and c h a r a c t e r i z a t i o n  purposes .  

A c o n t r o l  program was car- 

2.  IRRADIATION AND STRESS HISTORY 

Thi r ty - th ree  f u e l  test elements  were i r r a d i a t e d  i n  t h e  Peach Bottom 

HTGR t o  f a s t  f l uences  of 54 x n/m2 (E > 29 fJ) and time-averaged 

g r a p h i t e  tempera tures  up t o  llOO°C. The i r r a d i a t i o n  cond i t ions  of t h e  

1 



e i g h t  t e l e d i a l  e lements  p r e s e n t l y  included i n  t h e  d e s t r u c t i v e  stress 

examination program are summarized i n  Table  I .  Data are g iven  on a f u e l  

body b a s i s  and are t i m e  and volume weighted averages.  

w a s  ob ta ined  through computer s imula t ion  of t h e  Peach Bottom r e a c t o r  

h i s t o r y  wi th  HTGR des ign  codes.  The tempera ture  and f luence  parameters  

"peak," "mean," "RMS , I 1  and "RMStl' were s e l e c t e d  t o  d e s c r i b e  t h e  i r r a d i -  

a t i o n  cond i t ions  over  t h e  l i f e t i m e  of each experiment.  The peak f luence  

This  in format ion  

a 

i s  t h e  h i g h e s t  f l u e n c e  level w i t h i n  t h e  f u e l  body, and t h e  peak temper- 

a t u r e  is t h e  h i g h e s t  p red ic t ed  g r a p h i t e  temperature  du r ing  i r r a d i a t i o n  

w i t h i n  t h e  body ( L e . ,  a t  t h e  uncooled i n n e r  pe r iphe ry ) .  The r o o t  mean 

square  RMS 

RMS i s  t h e  temporal  v a r i a b i l i t y  of t h e  tempera tures .  Any random e r r o r s  

o r i g i n a t i n g  from u n c e r t a i n t i e s  i n  t h e  p r e d i c t i o n s  are i n  a d d i t i o n .  

d e s c r i b e s  t h e  v a r i a t i o n  along t h e  l e n g t h  of t h e  f u e l  body. 
a 

t 

The experiments  were monitored wi th  thermocouples,  and i n - p i l e  

tungsten-rhenium thermocouple r ead ings  were co r rec t ed  through r e c a l i b r a -  

t i o n  a f t e r  i r r a d i a t i o n  [ 61 . Absolute  power and r e l a t i v e  power p r o f i l e s  

were measured v i a  m u l t i p l e x  burnup de te rmina t ions  and f u e l  gamma scanning 

as desc r ibed  i n  Ref. 7 .  Agreement wi th  p r e d i c t i o n s  w a s  found t o  be w i t h i n  

21 0%. P red ic t ed  and measured tempera ture  averages  agreed w i t h i n  +80°C 

and w e r e  u s u a l l y  i n  accord wi th  power d e v i a t i o n s .  

The stress h i s t o r y  of t h e  experiment w a s  s imula ted  f o r  a symmetrical 

u n i t  c e l l  w i t h  a f i n i t e  element code GTEPC [ 9 ] ,  a computer program f o r  

two-dimensional v i s c o e l a s t i c  a n a l y s i s  of g r a p h i t e .  For t h e  h igher  expo- 

s u r e  e lements ,  l o c a l  stresses a t  shutdown i n  excess  (by a f a c t o r  of 51.5) 

of t h e  u n i a x i a l  s t r e n g t h  of t h e  material were p r e d i c t e d ,  y e t  no s t r u c t u r a l  

damage w a s  found. 

conse rva t ive  . 
This  may be  because t e n s i l e  f a i l u r e  c r i t e r i a  a re  

Due t o  az imutha l  f u e l  l oad ing  v a r i a t i o n s ,  which o r i g i n a t e d  from 

d i f f e r e n t  thorium load ings  and consequent ly  d i f f e r e n t  U-233 convers ions ,  

bow of t h e  f u e l  bodies  was observed which exceeded up t o  f i v e f o l d  t h e  

nominal clearance between t h e  g r a p h i t e  body and surrounding sleeve [ 8 ] .  

Y 
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This  r e s u l t e d  i n  a n  a d d i t i o n a l  stress f i e l d  wi th  a maximum s t r e s s - t o -  

s t r e n g t h  r a t i o  of  0 . 4 ,  which has  t o  be superimposed onto  t h e  symmetrical 

stress f i e l d .  

3 .  FUEL BODY STRAIN 

Diametrical s t r a i n  w a s  p red ic t ed  and measured f o r  s e v e r a l  g r a p h i t e  

f u e l  bodies .  P r e d i c t i o n s  were based on un res t r a ined  g r a p h i t e  dimensional  

change d a t a  obta ined  from iso thermal  and i s o f l u x  i r r a d i a t i o n  tests by 

P r i c e  and Beavan [ l o ] .  A comparison i s  g iven  i n  F ig .  2 f o r  twelve f u e l  

bodies  from f o u r  similar f u e l  test elements  wi th  a wide range  of i r r a d i -  

a t i o n  exposure ( s e e  Table  I ) .  

estimates and ag ree  q u a n t i t a t i v e l y  wi th  t h e  p red ic t ed  s t r a i n  of <0.5% 

shr inkage .  Some q u a l i t a t i v e  d i f f e r e n c e s  can be recognized a t  t h e  i n t e r -  

f a c e  between f u e l  bodies .  This  r e s u l t s  from a s i m p l i f i c a t i o n  i n  t h e  

thermal  a n a l y s i s  which does no t  p r e s e n t l y  account f o r  a x i a l  h e a t  conduc- 

t i o n .  Other i r r e g u l a r i t i e s  can be  a t t r i b u t e d  t o  l o c a l  power peaking 

o r i g i n a t i n g  from f u e l  inhomogenei t ies  i n  t h e  t e l e d i a l  f u e l  rods  and from 

a d d i t i o n a l  f u e l  l oca t ed  i n  c e n t e r  s p i n e  samples,  as r evea led  from f u e l  

gamma scanning [ 8 ] .  Two of t h e  low-temperature f u e l  bodies  (bottom bodies  

i n  FTE-4 and FTE-6) show i n v e r s i o n  i n  t h e  measured s t r a i n  toward t h e  

coo le r  end ( l e f t  s i d e  i n  F ig .  2), which i s  not  p red ic t ed .  The good qual-  

i t a t i v e  and q u a n t i t a t i v e  agreement f o r  t h e  top  body i n  FTE-5 i s  r e l a t e d  

t o  improved ax ia l  and r a d i a l  hea-t t r a n s f e r  o r i g i n a t i n g  from i n  s i t u  cur-  

i ng  of t h e  f u e l  r o d s  (cure-in-place p rocess ) ,  whereas a l l  t h e  o t h e r  f u e l  

bodies  were loaded wi th  l o o s e  rods  a f t e r  cu r ing  i n  packed alumina beds.  

Measurements are shown wi th  95% conf idence  

4 .  STRIP CUTTING 

Tab le  I1 summarizes t h e  s t r i p  c u t t i n g  r e s u l t s  from 162 o u t  of 196 

i r r a d i a t e d  s t r i p s  taken  from 12 f u e l  bodies .  A t y p i c a l  bow l i n e  f o r  one 

t h i c k  s t r i p  and two a d j a c e n t  small s t r i p s  is  shown i n  Fig.  3 .  The con- 

cave  s i d e  of t h e s e  s t r i p s  w a s  p o i n t i n g  toward t h e  c e n t e r  of t h e  f u e l  ele- 

ment and t h e  r e s u l t i n g  maximum bow (arc-to-chord displacement)  w a s  def ined  

3 



as p o s i t i v e  bow. This  is  t h e  expected d i r e c t i o n  of r e s i d u a l  bow because Q 

t h e  i r r ad ia t ion - induced  shr inkage  i s  l a r g e r  a t  t h e  h o t t e r  f i b e r  f o r  t h e  

t e s t e d  g r a p h i t e .  

t h e  same f u e l  body. The amount of azimuthal  v a r i a t i o n  can be  recognized 

from the RMS v a r i a t i o n  g iven  i n  Table  11. With i n c r e a s i n g  f a s t  f l uence ,  

t h e  bow of t h e  t h i n  s t r i p s  becomes smaller and even nega t ive .  Thick 

s t r i p s  fo l low t h e  same t rend  but  w i th  less nega t ive  bow. The g r a p h i t e  

body of FTE-5 wi th  o v e r a l l  h i g h e s t  exposure shows i n v e r s i o n  of bow f o r  

n e a r l y  a l l  s t r i p s .  No s t r u c t u r a l  damage w a s  found except  f o r  some break- 

age  of s t r i p s  caused by t h e  saw dur ing  c u t t i n g .  

Resu l t s  were averaged f o r  ad jacen t  s t r i p s  taken  from 

A s i g n i f i c a n t l y  lower thermal  expans iv i ty  a t  t h e  h o t t e r  f i b e r  than  a t  

t h e  c o o l e r  one would exp la in  t h e  observed bow inve r s ion .  Therefore ,  a 

s e n s i t i v i t y  experiment was c a r r i e d  ou t  on f i v e  i n v e r s e l y  bowed t h i n  

s t r i p s .  One end w a s  c a n t i l e v e r e d  i n s i d e  a h o r i z o n t a l  fu rnace ,  and t h e  

d e f l e c t i o n  of t h e  f r e e  end of t h e  s t r i p  w a s  photographica l ly  recorded 

through a g l a s s  window dur ing  heatup t o  1000°C and subsequent cooldown. 

The change i n  d e f l e c t i o n  w a s  always away from t h e  c e n t e r  of t h e  f u e l ;  

i . e . ,  t h e  inversed  bow’increased  f u r t h e r  du r ing  heatup.  

These changes i n  d e f l e c t i o n  are i n t e r p r e t e d  as be ing  caused by 

d i f f e r e n c e s  i n  thermal  expans iv i ty  between inne r  and o u t e r  f i b e r s .  The 

c o n t r i b u t i o n  t o  thermal  stresses from d i f f e r e n t i a l  expans iv i ty  w a s  found 

t o  be approximately equa l  t o  t h a t  from t h e  temperature  g r a d i e n t  a long  t h e  

c r o s s  s e c t i o n  of t h e  s t r i p .  The experiment showed unambiguously a h ighe r  

thermal  s t r a i n  a t  t h e  i n n e r  f i b e r  f o r  a l l  f i v e  s t r i p s  t e s t e d .  Thermal 

expans iv i ty  w a s  r u l e d  ou t  as t h e  p o s s i b l e  cause f o r  t h e  i n v e r s i o n  i n  bow. 

Measurement of t h e  mean expans iv i ty  i s  planned on s t r i p  s e c t i o n s  t o  

e s t a b l i s h  t h e  amount of thermal  stresses a f t e r  shutdown from measured 

p r o p e r t i e s .  

urements,  t h e  o p e r a t i o n a l  stresses a t  t h e  end of i r r a d i a t i o n  can be 

determined by s u b t r a c t i o n .  

Knowing t h e  r e s i d u a l  stresses from bow and e longa t ion  meas- 

‘4 
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Large e longa t ions  were found f o r  t h e  t h i n  and t h i c k  s t r i p s ,  which 

imply l a r g e  compressive stresses on t h e  o rde r  of -14 ma. 
i s  high wi th  +40% which o r i g i n a t e s  from t h e  d i f f e r e n t i a l  n a t u r e  of t h e  

measured e f f e c t .  Maximum r e s i d u a l  bow measur.ements w e r e  more a c c u r a t e  

because of t h e  l a r g e r  magnitude of t h e  measured e f f e c t .  The u n c e r t a i n t y  

w a s  u s u a l l y  b e t t e r  than 210%. The measured e longa t ion  w a s  l a r g e r  than 

p r e d i c t e d ,  whereas smaller than  expected bow w a s  found f o r  t h e  cases 

where t h e  p red ic t ed  d i r e c t i o n  of bow agreed wi th  t h e  obse rva t ion  [ 3 ] .  

The u n c e r t a i n t y  

The high compressive stresses have t o  be  o f f s e t  by ve ry  h igh  t e n s i l e  

stresses i n  t h e  one remaining i n n e r  s e c t i o n ,  which could n o t  be measured. 

This  raises t h e  ques t ion  of a r t i f i c i a l  e longa t ion  and bow of t h e  s t r i p s  

du r ing  t h e  c u t t i n g  ope ra t ion .  F i r s t  r e s u l t s  on u n i r r a d i a t e d  s t r i p s  show 

some r e s i d u a l  bow i n  a random manner, which is  inconc lus ive  wi th  regard  

t o  p e r t u r b a t i o n s  o r i g i n a t i n g  from t h e  s a w .  

5. R I N G  CUT,  PRESSURE BURST, AND RADIAL COMPRESSION TESTS 

Experimental  r e s u l t s  are  presented  i n  Table  I11 and F igs .  4 through 7 .  

I r r a d i a t i o n  tempera tures  are r e fe renced ,  which are p r e d i c t e d  t i m e  averages  

f o r  t h e  l o c a t i o n  of c rack  i n i t i a t i o n .  Eight-hole  s l ices  f a i l e d  under p r i -  

mary load  ( b u r s t  p r e s s u r e  and r a d i a l  compression) a t  t h e  i n n e r  f u e l  h o l e  

s u r f a c e ,  wh i l e  s ix-hole  slices f a i l e d  a t  t h e  o u t e r  f u e l  h o l e  boundary. 

The RMS var ia t ion  f o r  a l l  obse rva t ions  and t h e  f l u e n c e  v a r i a t i o n  between 

test  samples taken  from t h e  same. fue1  body are included i n  t h e  f i g u r e s .  

A c o n t r o l  program was c a r r i e d  ou t  on several g r a p h i t e  bodies  

machined from t h e  same g r a p h i t e  l og .  No s i g n i f i c a n t  d i f f e r e n c e  i n  

b u r s t i n g  p r e s s u r e  w a s  found f o r  t h e  six- and e ight -hole  conf igu ra t ions ,  

which i s  c o i n c i d e n t a l .  Axial and az imutha l  v a r i a t i o n s  of t h e  b u r s t  test- 

ing  r e s u l t s  c o r r e l a t e  w i t h  t e n s i l e  s t r e n g t h  measurements made on surround- 

. i ng  g r a p h i t e  material. 
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Three e ight -hole  t e l e d i a l  bodies  and fou r  s ix-hole  t e l e d i a l  bodies  

were manufactured from t h e  same g r a p h i t e  l og  and have been c o r r e l a t e d  

wi th  f luence  exposure.  Usual ly ,  t h e  i r r a d i a t i o n  tempera ture  inc reased  

s l i g h t l y  wi th  inc reased  f luence  because of dec reases  i n  thermal  conduc- 

t i v i t y .  Spreads i n  t h e  observed r e s u l t s  are a s s o c i a t e d  wi th  a x i a l  and 

r a d i a l  v a r i a t i o n s  w i t h i n  l o g s .  I n  some cases, v a r i a t i o n s  i n  connect ion 

wi th  t h e  b u r s t i n g  sequence w e r e  a l s o  observed;  i . e . ,  t h e  b u r s t  p r e s s u r e  

decreased w i t h  i n c r e a s i n g  numbers of bu r s t ed  h o l e s  because of a p o s s i b l e  

weakening e f f e c t  on the s t r u c t u r e .  

In-plane s t r a i n  measurements are presented  i n  F igs .  5 and 7 f o r  

t h e  two measurement techniques  a p p l i e d ,  i . e . ,  groove d i s t a n c e  change and 

o u t e r  diameter  change. Both methods c o r r e l a t e  w e l l  w i th  an  approximate 

c o r r e l a t i o n  f a c t o r  of 5. Th i s  s u p p o r t s  t h e  r e l i a b i l i t y  of t h e  measure- 

ments.  The r i n g  c l o s u r e  is  a r e s u l t  of r e s i d u a l  hoop stresses, and mean 

c o n t r a c t i o n s  of 0.20 and 0.04 mm f o r  groove change and d iameter  change, 

r e s p e c t i v e l y ,  were found, which can be i n t e r p r e t e d  i n  terms of material 

s t r a i n .  The e ight -hole  t e l e d i a l  r e s u l t s  show a minimum a t  a f a s t  f l u e n c e  of 

1.3 x 

ency f o r  t h e  two t e l e d i a l  c o n f i g u r a t i o n s  i s  a n  i n c r e a s e  of  r i n g  c l o s u r e  wi th  

f l u e n c e ,  i n d i c a t i n g  i n c r e a s e  of in-plane stresses wi th  i r r a d i a t i o n .  

n/m2, which can be a material v a r i a t i o n  e f f e c t .  The o v e r a l l  tend- 

The primary load  test r e s u l t s  are shown i n  F igs .  4 and 6. F a i l u r e  

load  and b u r s t  p r e s s u r e  increase wi th  f l u e n c e  f o r  bo th  t e l e d i a l  geometr ies .  

This means t h a t  t h e  n e t  e f f e c t  between s t r e n g t h  i n c r e a s e  of t h e  material 

and bui ldup  of r e s i d u a l  in-plane stresses is  p o s i t i v e  and t h a t  t h e  s a f e t y  

margin of a g r a p h i t e  f u e l  element i n c r e a s e s  wi th  exposure.  

6. CONCLUSIONS 

d 

D e s t r u c t i v e  stress examinat ions have been done on a l a r g e  number of 

g r a p h i t e  samples taken  from a group of similar f u e l  test elements from 
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t h e  Peach Bottom HTGR. The fo l lowing  conclus ions  can be drawn: 

c 

4 

. 

1. 

2 .  

3 .  

4 .  

5. 

6 .  

7. 

Diametrical f u e l  body s t r a i n  w a s  found t o  be i n  q u a n t i t a t i v e  

agreement wi th  p r e d i c t i o n s .  

Large stress l e v e l s  i n  excess  of t h e  material s t r e n g t h  were 

p red ic t ed  du r ing  i r r a d i a t i o n  bu t  no s t r u c t u r a l  damage w a s  

found, which i n d i c a t e s  conservat ism i n  stress c a l c u l a t i o n s .  

Large e longa t ions  were observed f o r  s t r i p s  c u t  from t h e  

g r a p h i t e  bodies ,  which impl i e s  l a r g e  compressive loads  on t h e  

o rde r  of -14 MPa. 

Very high t e n s i l e  stresses would occur  i n  a s m a l l  i n n e r  s e c t i o n  

t o  ba lance  t h e  measured compressive stresses. 

t i o n  i s  p o s s i b l e  a r t i f i c i a l  e longa t ion  and bow of t h e  s t r i p s  

dur ing  t h e  c u t t i n g  ope ra t ion .  

i nconc lus ive .  

A r e l a t e d  ques- 

F i r s t  c o n t r o l  tests are 

Res idua l  bow measurements showed smaller bow than  expected i n  

t h e  p red ic t ed  d i r e c t i o n  (concave bow toward t h e  c e n t e r  of t h e  

element) and bow i n  t h e  o p p o s i t e  d i r e c t i o n  t o  t h a t  p r e d i c t e d  

f o r  some elements .  

Bow i n v e r s i o n  was found t o  i n c r e a s e  wi th  h ighe r  f l u e n c e s  f o r  

t h i n  s t r i p s .  

t h e  h i g h e s t  f l u e n c e  level of 3 . 6  x lo2' n/m . 
Bow i n v e r s i o n  w a s  a l s o  found f o r  t h i c k  s t r i p s  a t  

2 

Dif fe rences  i n  thermal  expans iv i ty  were r u l e d  o u t  as a cause  

of t h e  bow inve r s ion .  D i f f e r e n t i a l  expans iv i ty  w a s  quan t i t a -  

t i v e l y  determined via  hea tup  of i n v e r s e l y  bowed s t r i p s .  

a s s o c i a t e d  thermal  s t r a i n  w a s  found t o  be  equa l  t o  t h e  thermal  

s t r a i n  caused by tempera ture  g r a d i e n t s .  

expans iv i ty  measurements t h e  thermal  stresses a f t e r  shutdown 

The 

Through thermal  
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8. 

9. 

10. 
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can be  determined, which l ead  v i a  t h e  measured r e s i d u a l  
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TABLE I SUMMARY OF PEACH BOTTOM FUEL TEST ELEMENT IRRADIATION CONDITIONS 

Fue 1 
Element 

FTE- 1 

FTE-2 

FTE- 3 

FTE- 4 

FTE- 5 

FTE-6 

FTE-14 

FTE-15 

Fue 1 
Body 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

Graphite 
Tempe] 

Body Averagt 

794 
1036 
998 

736 
950 
912 

7 03 
890 
860 

743 
970 
955 

742 
953 
943 

769 
998 
998 

728 
1013 
1042 

798 
1081 
1051 

All data are preliminary. 

RMS, = temporal variability 
RMS, = axial variability 

ture 
t RMS, - 
ND 
21 
ND 

ND 
ND 
ND 

52 
71 
62 

28 
30 
34 

ND 
80 
62 

60 
90 
93 

73 
90 
103 

85 
117 
105 

"c) 
t MIS 
a 
130 
36 
36 

115 
32 
36 

113 
28 
33 

122 
38 
44 

119 
34 
43 

120 
41 
48 

106 
64 
47 

126 
66 
47 

3ody Max. 

1153 
1355 
1269 

1120 
1234 
1180 

992 
1145 
1093 

1133 
1237 
1217 

1166 
1255 
1207 

1181 
1363 
1405 

1085 
1367 
1312 

1287 
1528 
1383 

Fast F lue 
Body Average 

.84 
1.11 
.66 

1.27 
1.70 
1.03 

.41 

.54 

.34 

1.40 
1.94 
1.26 

2.73 
3.67 
2.58 

2.10 
2.83 
1.98 

.96 
1.30 
.89 

1.49 
2.02 
1.46 

ce (1( 
'RMS, 

.24 

.os 

.19 

.37 

.07 

.29 

.12 

.02 

.10 

.40 

.os 

.35 

.74 

.07 

.70 

.57 

.05 

.54 

.26 

.03 

.25 

.40 

.03 

.38 

n/m2) I 
tBody Max. 

1.12 
1.16 
.92 

1.71 
1.77 
1.42 

.55 

.57 

.48 

1.88 
1 ,9'8 
1.72 

3.59 
3.74 
3.44 

2.76 
2.88 
2.65 

1.27 
1.33 
1.20 

1.96 
2.05 
1.92 

J 



IrP J 

FTE-2 FTE-3 
Body 2 Body 2 

1.69 0.52 

ND 854 
24 

. 934 
183 

6 8 

.20 .23 

6 U 
.28 +.29 
.18 .10 

+.92 +.58 

4 8 
+1.05 +.84 
.09 .06 

4 8 
+.42 +.26 
.13 .06 

1 

TABLE I1 SUI.IMNIY OF RESIDUAL BOW AND ELONGATION MEASUREMENTS FOR 457 mm 
STRIPS CUT FROM PEACH BOTI'OP1 IlTGR FUEL TEST ELEMENTS 

FTE-4 
Body 2 

1.87 

929 
35 

1026 
230 

8 

.71 

8 
+.72 
.63 

-.16 

8 
+.67 
-28 

8 
+.24 
.48 - 

QUANTITY I . DIMENSION 

NA 

NA 
NA 

I 

NA 

NA 
NA 

Fast Fluence (E>29fJ) I (10*5~/mZ) 

Thick Strip Mean 
Thick Strip AT 

rn1H STRIP 
Wax.Residua1 Bow Sample Size 

Mean 
*RMs 

Elongation Sample Size 
Mean 
f as 

THICK STRIP 
Max.Residua1 Bow Sample Size 

Mean 
*RMs 

Irradiation Temperature 
Thin Strip Mean 
Thin Strip AT 

(C) 
(C) 

(-1 

(m) 

(-1 
(m) 
(m) 

(-1 
(m) 
(m) 

1009 
235 

6 
-2.57 
.75 

ND 

8 

.60 

ND 

-.76 

966 869 1057 1 
155 227 244 . 

i 

7 8 7 
+.02 +.20 -1.26 
.35 .23 .38 

ND ND ND 

8 8 8 

.23 .21 .21 

ND ND ND 

+ .29  +.74 +.37 

NA NA 
NA I NA 

1010 
162 

8 
-.84 
.24 

ND 

8 
+.20 
.24 

ND 

1074 889 1134 1069 
230 267 259 148 

5 6 5 S 
-1.50 +.S6 -2.19 -2.82 
.41 .18 .35 .42 

5 6 5 S 
+.32 +.31 +.31 +.27 
.os .09 .os .os 

6 6 5 6 
+.71 +.58 +.S9 +.33 
.09 .07 .08 .09 

6 6 5 6 
+.23 +.14 +.SO , -.04 
.12 .26 .51 .21 

t 

3 
.o 
-37 

ND 

4 
+. 12 
.16 

ND 

NAS Not applicable 
ND E Not determined 
All data are preliminary 
Fluences and temperatures are time and/or volume averages 
Measurement errors Residual Bow 0 . 0 7  mm (lo) 

Elongation 20.12mm (lo) 

Elongation Sample Size 
Mean 

i : R ) r L s  

FTE-6 I FTE-6 I FTE-6 I FTE-14 

m ND 

FTE-6 FTE-6 FTE-6 FTE-14 
Body 1 Body 2 Body 3 Body 2 

2.34 2.79 1.80 1.29 

774 955 942 965 
38 39 25 14 

1.78 2-05 

766 1013 
I 21 18 

FTE-15 
Body 3 

1.18 

1000 
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I 

FTE-3 

FTE- 4 

6 HOLE 
FTE-14 

TABLE I11 SUMMARY OF PRESSURE BURST, RADIAL COMPRESSION AND 
IN-PLANE STRAIN MEASUREMENTS FOR 20 MM S L I C E S  CUT 
F R W  PEACH BOTTOM HTGR FUEL T E S T  ELEMENTS 

1 
2 
3 

M e a n  
1 
2 
3 

M e a n  

TE1,EDIAL I1 
1 
2 
3 

Mean 

[MENS 

kaphi te  
I D  

RADIAL COMPRESSION TEST I H-327 T E S T  SP1 

-L+r 
PRES 

Samp 1 e 
Size  

--o 

RE BURST TEST I N - P I A N E  STRAIN Mi 

io .010  nrm ( la)  
GROOVE C " C E  

Sample 
Size 

0 

orce f 0.02 kN ( l u  *I ample 
Size 

T 

ressure z 
M e a n  
-- 
(MPa) 

.04 MPa ( lu)  
f RNS 
(MPa) 

(lu) 
fRMS 
(5) (m 1 

0.003 
0.004 
0.011 
0.006 
0.014 
0.026 
0.013 
0.014 
0.026 

UNIRRADI 
6 Hole 

8 Hole 

L TESTS 
1390 
1390 
1390 
1390 

1390 
1390 
1390 

2270 
4 0 0 0  

, TEST 
2190 

2150 
2270 
1830 

1880 
1830 
1830 

, TEST 
2040 
2040 
2590 

2015 
2040 
2040 

0.39 
0.42 
0.38 
0.48 
0.44 
0.33 
0.38 
0.46 
0.45 

1.35 
1.34 
1.32 
1.45 
1.38 
0. so 
0.46 
0.49 
0.49 

-0.004 
+O. 025 
-0.004 
-0.009 
-0.001 
-0.025 
+0.029 
+0.011 
+O. 007 

-0.007 
-0.003 
-0.002 
-0.003 
-0.004 
-0.001 
-0.003 
-0.003 
-0.003 

0.006 
0.001 
0.003 
0.004 
0.004 
0.001 
0.005 
0.002 
0.003 

69 
65 

138 
163 
435 
98 
102 
223 
423 

54 
73 

110 

83 
23 
67 

173 
142 

30 
142 
314 

- 

98 
27 

109 
234 

18 
5 
18 
41 

3.41 
3.00 
3.33 
3.22 
3.25 
3.57 
3.09 
3.15 
3.23 

2.45 
3.32 

2.37 

2.97 
3.11 

2.64 
2.71 
2.27 
2.31 
2.49 

2. os 

3.91 
4.36 
3.71 
3.87 

4.63 
5.43 
3.91 
4.41 

1 
2 
3 
4 

Mean 
6 
7 
8 

Mean 

9 
9 

21 
22 
61 

7 
7 

17 
31 

0 
10 

7 

9 
1 
7 

17 
9 
5 

11 
25 

9 
3 

11 
23 

3 
2 
3 
8 

9 
1 
3 

0.16 
0.11 
0.13 
0.12 
0.14 
0.02 
0.01 
0.04 
0.03 

3 
3 
7 
7 

20 
3 
3 
7 

13 
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