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FOREWORD 

One o f  a se r ies  of repo r t s  on research and development i n  connect ion 

w i t h  t h e  design of t h e  ' ~ a t h f  inder Atomic Power P lan t ,  t h i s  p a r t i c u  l a r  

r e p o r t  deals w i t h  f a b r i c a t i o n  development o f  co l l apse  c lad .  

The Pa th f i nde r  p l a n t  w i  1 1  be located a t  a s i t e  near Sioux F a l l s ,  

South Dakota, and i s  scheduled f o r  ope ra t i on  i n  1964. Owners and 

operators o f  the  p l a n t  w i l l  be the Northern Sta tes  Power Company o f  

Minneapol is,  Minnesota. A l l  is-Chalmers i s  per forming tpe  research, 

deve loprnent, and design as we 1 l as being responsi b le f o r  p l a n t  

cons t ruc t  ion. 

The U.S.  Atomic Energy Commission, through Cont rac t  No. ~ T ( l l - I ) - 5 8 9  

w i t h  Northern Sta tes  Power Company, and Cen t ra l  U t i l i t i e s  Atomic Power 

Associates (CUAPA) are sponsors of t h e  research and development program. 

The p l a n t ' s  reac to r  w i  1 1  be o f  t h e  Con t ro l l ed  R e c i r c u l a t i o n  Boi  l i n g  

Reactor type w i t h  Nuclear Superheater. 
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1 .0 I, NTRODUCTI ON 

The f i r s t  superheat core  o f  the  Pa th f i nde r  reac to r  conta ins  a h i g h l y  

enriched, annu l a r  f u e l  element. (F ig .  I) The fwe l i s  a cermet composed 

o f  f u l l y - e n r i c h e d  U02 p a r t i c l e s  and s t a i n l e s s  s t e e l  powder which, i n  

t u rn ,  i s  c  lad w i t h  s t a i n  less stee I .  The c lad cermet i s  f a b r i c a t e d  i n t o  

p l a t e s  which are subsequently formed i n t o  tubes o f  two diameters. The 

annu l a r  f u e l  element i s  assemb led by i n s e r t i n g  the  sma I  l diameter f u e l  

tube i n t o  t h e  la rger  tube. A c e n t r a l l y  located poison rod  i s  i n  t u r n  

inser ted  i n t o  t h e  smal ler  tube. The f u l l y  enr iched f u e l  and thc ted ious  

f a b r i c a t i o n  process make t h i s  an expensive f u e l  element. 

T b  i ncen t i ve  t o  reduce f  ue I  cyc le cos ts  o f  f n tu re  superheater cores 

r e s u l t e d  i n  t he  design o f  a low enr iched f u e l  element. Th i s  element i s  

a seven-rod c l u s t e r  which conta ins  p a r t i a l l y  enr iched UO f u e l  p e l l e t s .  
2  

The rods a re  approximately 1/4 inch i n  diameter and s i x  f e e t  long. The 

d i ameter o f  t h e  e n t i  r e  seven-rod c I  us ter  i s  s  I  i g h t  I  y less than one inch. 

Since t h e  ou ts ide  diameter o f  the  f u e l  r o d  i s  f i x e d  by f l ow  considerat ions,  

the  c l a d  ( o r  tube wal I )  th ickness  was minimized (0.010 t o  0.012 in . )  so 

t h a t  t h e  f u e l  enrichment cou ld  be minimized. The t h i n n e r  c ladd ing  

r e s u l t e d  i n  a lower-capture c ross  sec t i on  f o r  thermal neutrons and a 

larger  i ns ide  diameter,  hence a la rger  p e l  l e t  volume. 

The t h i n  c l a d  r e q u i r e r e n t  necess i ta ted  t h a t  t h e  c l a d  be i n  in t imate  con tac t  

w i t h  the  f ue l before  i n s e r t  ion i n t o  the  r e a c t o r .  The i n t ima te  con tac t  

requ i  r e r e n t  i s  imposed t o  e l  iminate diametra I  c  learance and a l s o  t o  
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e l i m i n a t e  the  p o s s i b i l i t y  o f  a seam o r  w r i n k l e  o c c u r r i n g  i n  t he  c l a d  

whi l e  i n  serv ice ,  as a resu I t  o f  creep o r  c.01 lapse . in t h e  600 p s i  steam. 

A l i t e r a t u r e  search was conducted t o  s e l e c t  a f a b r i c a t i o n  process capable 

o f  achiev ing the  des i red  mechanical con tac t  between t u b i n g  and p e l l e t s .  

As a r e s u l t ,  three processes were considered. They a re  s t r e t c h  bonding, 

draw bonding, and push bonding. Draw bonding and s t r e t c h  bonding s tud ies  

were i n i t i a t e d  on the  bas i s  o f  e x i s t i n g  t o o l s  and equipment. I n v e s t i g a t i o n  

o f  push bonding was deferred, pending t h e  establ ishment  o f  t h e  f e a s i b i l i t y  

o f  s t r e t c h  and/or draw bonding. The te rm "bondi ngtt i n  t h i s  case r e f e r s  

t o  the  i n t i  mate mechan i ca l contac t  between t h e  tube wa l l and f ue l pe l l e t s  

and does n o t  mean bonding i n  e i t h e r  t he  chemical o r  m e t a l l u r g i c a l  sense. 
.F- 

. A research and development program was, t he re fo re ,  i n i t i a t e d  t o  develop 

a low enrichment f ue l .e lement f o r  t h e  Path f  i nder i n teg ra  l nuc lear  

superheater. The design inc ludes t h e  use o f  ceramic U02 fue I con ta in ing  

3 .5  w/o U-235 which i s  c lad w i t h  th in-wal  led s t a i n l e s s  s t e e l  tubes. The 

f u e l  assemblies c o n s i s t  o f  seven f u e l  rods w i t h  a l /4  inch diameter and a 

length o f  6 f t  arranged i n  a c i r c u l a r  bundle o f  approximately 1 inch 

diameter (F ig .  2) .  The development program covers th ree  major areas: 

, . . .  
I .  Rod f a b r i c a t i o n ,  

2 .  End c losures, 

3. Assembly attachments. 
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2.0 OR JFCTI Vk 

The o b j e c t  o f  t h  i s  r e p o r t  i s t o  dcsc r  i be t h e  feas  i b i l i t y  s t ud ies .  t h a t  

were conducted on two methods f o r  co  l laps i  ng t he  c l add i  ng o f  tub" isr  

f u e l  e lements o n t o  low en r i ched  uran ium d i o x i d e  f u e l  p e l l e t s .  
. . 



3.0 SUMMARY 

The co l l apse  c l a d  development p r o j e c t  can be summarized by the  

f o  l low i ng statements : 

1 A .  DrawBonding 

I .  Extensive research i n t o  d i e  design cou ld  improve t h i s  process. 

2. l mproved f i x t u r  i ng and aux i l i a r y  equipment, t o  ma i n t a  i n  more 

r i g i d con t ro  l o f  process. 

3. Research c ladd ing  ma te r ia l  and m a t e r i a l  c o n d i t i o n  f o r  draw 

bond ing process. 

4. E levated temperature process shou l d be cons i dered . 

O f  t h e  above statements, i t  was f e l t  t h a t  the  most important  f a c t o r s  

were d i e  design and f i x t a r e d  t o o l i n g .  Th is  process has m e r i t  and should 

be developed t o  i t s  f u l l e s t .  

9. S t r e t c h  Bondinq 

Th is  process, o f  t he  two mentioned i n  t h i s  r e p o r t ,  demands f u r t h e r  

i n v e s t i g a t i o n .  From t h e  data obtained, s t r e t c h  bonding has shown 

d e f i n i t e  promise as a method f o r  i n t ima te  con tac t  bonding. Th i s  

cou ld  be achieved by development o f  techniques which would produce 

an acceptable product .  The f o l l o w i n g  statements w i  l l suggest ways 

i n  which f u t u r e  development might  proceed. 

I .  M i gh  speed s t r e t c h i n g  technique, 

2 .  Simultaneous s t r e t c h i n g '  a t  each end, 

3. Improve ma te r ia l  cond i t i ons  f o r  s t r e t c h i n g  process, 

4. I n v e s t i g a t e  var ious  degrees o f  c learance between p e l l e t s  

and c ladd ing .  

-6 - 



5. Improve f i x t u r e s  and t o o l i n g .  

I n  conclus ion,  i t  can be s a i d  t h a t  both methods o f  con tac t  bonding show 

promise f o r  producing f u e l  p i n s .  Fu r the r  development should be con- 

s idered t o  improve process and product .  



4.0 DRAW BOND I NG 

Draw bonding, t o  achieve i n t ima te  c lad - to -pe l l e t  contac t ,  i s  accomplished 

by passing t h e  pe l l e t - l oaded  c l a d  t u b i n g  through f i x e d  diameter draw 

dies. The f i n a l  f u e l  p i n  diameter, and per  cent  o f  induced c o l d  work 

can be c o n t r o l l e d  by the  proper s e l e c t i o n  o f  d i e  s ize ,  design, and 

c  lad-to-pe l l e t  a l  earance. 

4. 1 Equ i pment 

Equipment on hand cons is ted  o f  a  20,000 Ib capac i ty  hyd rau l i c  draw 

bench capable o f  handl ing tube lengths up t o  12 f e e t .  

The draw bench i s  equipped w i t h  a  pressure-compensated speed c o n t r o l ,  

which pe rm i t t ed  i n v e s t i g a t i o n  o f  a  wide range o f  draw speeds. Draw 

d ies  and l ub r i can ts  were purchased as standard items used i n  t h e  

tube f a b r i c a t i o n  indus t ry .  

4.2 P re l im ina ry  Studies 

P re l im ina ry  s tud ies  were conducted t o  evaluate t h e  equipment and t o  

estab l i sh parameters. 

Four 18- inch tubes were loaded w i  t h  1/20 i nch long s tee  l pe I  l e t s  and 

s t e e l  mandrel s tock  was then swaged t o  one end o f  each tube t o  p rov ide  

a  g r i p p i n g  sur face f o r  t h e  draw head. A t  t h e  o ther  end, an end 

c  losure cap was we lded on t o  con ta in  t h e  s  i mu la ted  f ue l  pe 1 l e t s .  

P r i o r  t o  drawing, each tube rece ived a  coa t i ng  o f  a  commercial draw 

lub r i can t .  



The fou r  samples were inspected d imensional ly  t o  e s t a b l i s h  s t a r t i n g  

cond i t i ons .  The ou ts ide  diameter was measured a t  2-inch i n t e r v a l s  

and recorded. The d iamet ra l  c learance between tube and p e l l e t  was 

0.003 2 .0005. 

Each Tube was drawn t o  a d i f f e r e n t  reduct ion,  us ing  a draw spoed o f  

18 i nches/mi nute. D ie  diameters were se lected t o  p rov ide  reduct ions  

i n  cross sec t i ona l  area o f  t h e  c l a d  o f  2.2, 3.5, 5 and 6 .5  per  cent ,  

assuming t h a t  the c lad th ickness  woa Id remai n constant .  

4.3 P r e l i m i n a r y  Study Resu l ts  

The draw-bonded p i n s  were evaluated v i s u a l l y ,  by measuring t h e  ou ts ide  

diameter a t  regu la r  i n te rva  Is  and by meta l lograph i c  examinat ion o f  

cross sec t ions  taken a t  va ry ing  a x i a l  p o s i t i o n s .  The diameter o f  each 

o f  t he  drawn pieces was uni form; however, the  diameters o f  t h e  drawn 

p i n s  were s l i g h t l y  l a rge r  (0.0004 i n .  t o  0.0008 in. )  than t h e  d i e  

diameters i n  t h e  case o f  t h e  3- 1/2, 5 and 6- 1/2 per  cent  reduct ions.  

V i sua l exami n a t i o n  revea led c i rcumferent  i a l grooves on t h e  sur f  ace o f  

t h e  p ins .  The grooves appeared t o  be equal l y  spaced and located a t  

t h e  j o i n t s  o f  t h e  s tee  l pe l l e t s  on the  p i ns  t h a t  rece ived 5 and 6- 1/2 

per  c e n t  reduc t ions .  Meta l  lographic examinat ion showed mechanical 

con tac t  between c l a d  and s t e e l  p e l  l e t s  and showed t h a t  p e l  l e t  

separat ion had occurred, t hus  accounti  ng f o r  t h e  c i rcumferent ia  l 

grooves observed v i s u a l l y .  



The p re l im ina ry  s tudy ind ica ted  t h a t  t h e  process was s u f f i c i e n t l y  

promis ing t o  warrant  more d e t a i l e d  s tud ies  us ing depleted U02 p e l l e t s .  

These s tud ies  are  inc luded i n  the  nex t  sec t i on .  

4.4 Fuel Bear ina F e a s i b i l i t y  S tud ies  

P re  I  i m  inary designs f o r  t h e  low enr iched superheater fue I  e  lement 

es tab l ished a  p e l l e t  diameter o f  0.199 inches. Type 316L s t a i n l e s s  

stee I  was se lec ted  f o r  t h e  c  lad mater ia  I  w i t h  a  minimum wa l l th ickness 

o f  0.0 10 inches. 

To v e r i f y  t h e  p r e l i m i n a r y  s tud ies ,  f o u r  f u e l  p i n s  con ta in ing  depleted 

U02 pe l l e t s  were "draw bonded". These f o u r  p  i ns dup I  i cated t h e  reference 

design o f  t h e  low enrichment superheat f  ue l  e  lement, i .e., Type 3  16L 

s t a i n l e s s  s t e e l  tub ing ,  0.010 inch wal I  and a  p e l l e t  d i a m t e r  o f  

0.199 inches. Tubing w i t h  an ou ts ide  diameter o f  0.223 i n .  was used, 

which prov ided a  d iamet ra l  c learance o f  0.003 i n .  between p e l  l e t  and 

c  lad. Four pe I  l e t s  i n  each p i n  were notched t o  depths o f  0.0 15 t o  

0. 100 i n .  t o  observe the  e f f e c t  of  the drawing opera t  ion upon defected 

p e l l e t s .  The draw speed was 18 inches/minute and t h e  rods were drawn 

t o  reduc t ions  o f  2.2, 3.5, 6 and 6.5 per  c e n t  respec t i ve l y .  

Dur ing t h e  draw process, p e l l e t  c rack ing  was heard a t  reduc t ions  o f  3.5, 

5 and 6.5 per  cent  reduc t ion .  V isua l  inspect ion  o f  t h e  c l a d  sur face a t  

t he  two lower reduc t ions  ind ica ted  s l i g h t  grooves i n  t he  c l a d  over t h e  

notched p e l  l e t s .  Dimensional inspect ion  v e r i f i e d  the  ex is tence o f  spr ing-  



back f o r  each reduct ion ,  and o ther  de fec ts  were noted. Sect ions o f  

each p i n  were decanned t o  determine t h e  e x t e n t  o f  p e l l e t  c rack ing  and 

c  lad damage. F i g .  3 i l l u s t r a t e s  the  pe l l e t  condi t i o n s  a t  t h e  var ious  

reduct ions.  A t  a  reduc t i on  o f  5 and 6.5 per  c e n t  extreme p e l l e t  f r a c -  

t u r  i ng and c  lad damage had occurred. (F i gs. 4 and 5). Pe I  l e t  damage 

was minimized a t  t h e  two lower redac t ions  and occurred i n  t h e  form o f  

l ong i tud ina l  c rack ing .  Th i s  c o n d i t i o n  was a t t r i b u t e d  t o  a  misal ignment 

o f  t he  p e l l e t s  as they  entered the  draw d ie .  

A metal lographic c ross  sec t i on  taken o f  t h e  3.5 per  c e n t  reduc t i on  

ind ica ted  t h a t  i n t ima te  con tac t  had been achieved, (F ig .  6 )  and spr ing-  

back was e l im ina ted  as a  major va r i ab le .  

Fu r the r  exam i n i t  i on o f  t h e  drawn p  i ns i nd i cated t h a t  pe l l e t  separa t ion  

was preva l e n t  and woa I  d  requ i r e  add i t  iona l i n v e s t i g a t i o n .  

To study t h e  e f f e c t  o f  p e l l e t  a l ignment  dur ing  t h e  draw process, four  

p i n s  18 inches long were prepared us ing  0.220-inch OD tub ing .  The 0.010 

c ladding prov ided a  maximum p e l l e t - t o - c l a d  clearance o f  0.001 i n .  The fou r  

p i n s  were drawn t o  t h e  same cond i t i ons  es tab l i shed  f o r  t h e  f i r s t  se r i es ,  

t o  check r e p r o d u c i b i l i t y .  Subsequent eva lua t i on  o f  t he  drawn p i n s  d i d  

no t  i n d i c a t e  any s i g n i f i c a n t  change i n  p e l l e t  damage. However, p e l l e t  

separat ion was s t i l l  s i g n i f i c a n t .  

Add i t i o n a  I  s tud ies  were conducted t o  study t h e  e f f e c t s  o f  draw speed and 

l u b r i c a t i o n .  Draw speeds o f  18 t o  72 inches/minute d i d  n o t  appear t o  

have any s i g n i f i c a n t  e f f e c t  on the process. Three draw lub r i can ts  were 



t ions  a t  



F i g  . 4. . .Pe l l e t  Fractur i ng and C lad Damge a t  5 Percent 
Reduction (408-0-4. . .9 .1x)  

Fig. 5...Pel l e t  Fractur ing and C l a d  Damage aP 6.5  Percent - 
Reduction (4Q8-0-3.. 



Fig. 6...Metallographic Cross Section Showing Intimate Contact of 
Clad and Pellets at 3.5 Percent Reduction. Note the 
Pellet Separation. (408-0-5. ..9.1x) 



investigated a t  a constant draw speed ot 1z inches/mlnu~e, but  d i d  

not have any apparent e f f e c t  on t he  draw process, 

Experiments designed t o  minimize p e l l e t  separation were unsuccessful. 

It was f e l t  t h a t  extensive f i x t u r i n g  would be required t o  overcome t h i s  

problem. Dimensional analysis o f  a l l  the drawn tubes indicated t h a t  

the  stra ightness could no t  be con t ro l led  w i t h  any degree o f  reproduci- 

b i  l i t y .  It was f e l t  t h a t  draw bonding could not be used as the  reference 

process and a l l  fu r ther  work i n  t h i s  area was terminated. 



Stretch bonding, t o  achieve intimate clad-to-pellet contact, i s  accom- 

pl ished by elongating the c lad under a tensi  le load to reduce the cross 

sectional area. Based on information derived from a l i t s ra tu re  survey, 

s t retch bonding offered a po ten t ia l  fabr icat ion process f o r  producing 

the low ear iched superheater f ue 1 e lement. 

5. I Fau i ~ m n t  

A s t retch bonding f i x t u r e  was designed and fabr icated t o  permit u t i l i -  

zat ion o f  a 20,ObPO-lb capacity hydraulic draw bench. Pressure comp~nsated 

speed comtro l and a t o t a l  draw s tmke of 12 fee t  enab led process feasi- 

b i l i t y  studies t o  be conduoted over a wide r a q e  of p i n  lengths and 

st retch speeds. 

T i i ~  Fil.rn4ch bonding f i x tu re ,  FEg. 7, was deslgasd to  act-date f u e l  

p i n  lengths ap t o  6 feet. Intermediatti f i xed  end b h k s  sapport the 

f u:t l pins during ?be a+ratcA prwese sad permi* ~ t r e t c b  ing o f  shorter 

nlam~n.ts. A f l m t l n a  black a t  the f r ~ n t  srrrd of  t h e  f i x t u r e  (Pig. 8 )  

gr ips  +he fuel pi% and a y ~ k e  (Fig. 9) t t  anmits the tens1 l e  load from 

the draw head t o  the f loat ing b l ~ c k .  An adjustable mndre l a? each end 

of the f i x t u r e  provides an axial load t o  m l n t a j n  the pel let stock 

length. P r io r  t o  stretching, a s t retch o o l l s r  i s  brazed t o  the elad 

tube 4'0 transmit the load frm the f loat lag b loak t o  the f ae l p i  m. 

5.2 P r e l w  ftudias 1 

Pre l  imlnary s t r e t ~ h  bomdi wg t r i a l s  were performed t o  eve luate the  f i x tu r i ng  

and obtain data as t o  The behavior o f  t he  clad during and a f t e r  stretchirrg. 



Fig.  7...l l l us t r a t i on  of a  St re tch Bonding F i x t u r e  



' ig .  8...Closeup of Draw Cot lar 



F i a .  9 . .  .Draw Col tar  F i x t u r e  



Three p i n s ,  0.223 OD, 29 inches long, were loaded w i t h  0. 199 OD d r  i l  I  

rod  p e l l e t s .  Gr ipp ing  f e r r u l e s  were brazed onto  the  c l a d  approximate ly  

I  inch i n  from each end. Gage marks were sc r i bed  on t h e  c lad ,  a t  f i v e -  

inch i n t e r v a  Is ,  and OD measurements were taken a t  each mark. 

The p i n s  were loaded i n t o  the  s t r e t c h  f i x t u r e  and t h e  end mandrels 

ad jus ted  t o  support t h e  p e l l e t  s tack .  Each p i n  was drawn i n  increments 

o f  1/4-inch a t  which t ime gage length measurements and OD were taken and 

recorded. A f t e r  a  t o t a  I  e  longat ion o f  1 -  1/2 inches, the  load was r e  leased 

and measurements were recorded t o  i n d i c a t e  springback. Fu r the r  s t r e t c h i n g  

terminated i n  c  lad f a i  l u re  a t  t h e  g r i p p i n g  f e r r u  le .  

5.3 P re l im ina ry  Studv Resul ts  

The r e s u l t s  o f  the p r e l i m i n a r y  study i nd i ca ted  the  f o l l o w i n g :  

I  . C lad reduct  ion had been ach ieved, b u t  was n o t  un i form over  

t he  p i n  length. 

2. Maximum reduc t i on  had occurred a t  t h e  draw end o f  the p i n .  

3 .  E longat i on between gage marks was n o t  un i form and t h e  maximum 

p o i n t  occurred a t  t he  draw end o f  the  p i n .  

I t  was f e l t  a t  t h i s  p o i n t  t h a t  the major cause o f  non-uni formi ty  o f  

t h e  draw was the  use o f  d r  i l l rod  pe I  l e t s  which tended t o  ga l l t h e  c  lad 

and increase f r i c t i o n .  The increased f r i c t i o n a l  fo rces  combined w i t h  a  

s t r e s s  concent ra t ion  a t  t h e  g r i p p i n g  f e r r u l e  caused c l a d  f a i l u r e  before 

in t imate  con tac t  had been achieved over t h e  e n t i r e  p i n  length. 

I t  was f u r t h e r  t heo r i zed  t h a t  f r i c t i o n  fo rces  would be reduced and a more 

un i fo rm reduc t i on  achieved over t h e  p i n  length by us ing  depleted UO 
2 

pe I  l e t s .  

-20- 



5.4 Fuel Bear ins F e a s i b i l i t y  Studies 

A ser ies  o f  p  i ns loaded w i t h  UO pe l l e t s ,  0 .  199 OD, was prepared and 
2 

s t re tched t o  check the  fo rego ing  reasoning and estab l i sh the  s t r e t c h  

character  i s t  i cs  o f  f ue l loaded c  lad. 

Dimensional ana lys i s  d i d  n o t  support  t h e  reduced f r i c t i o n  theory .  

Elongat ions and reduct ions  cont inued t o  be non-uniform, and i n  one case 

c l a d  f a i l u r e  occurred a t  3/4- inch t o t a l  s t r e t c h .  P r i o r  t o  f e a s i b i l i t y  

s tud ies ,  i nves t i ga t i ons  had been conducted t o  reduce s t r e s s  concent ra t ions  

and premature c  lad f a i  l u re  a t  t h e  g r i p p i n g  f e r r u  le .  

Several f e r r u  le  designs were f a b r i c a t e d  and app l ied t o  the  s t r e t c h  

process. Fe r ru les  which e l im ina ted  the  draw end mandrel produced 

p e l  l e t  separat ion which cou Id n o t  be c o n t r o l  led. I n  those cases where 

t h e  doub l e  mandre I s  were u t  i l ized, premature c  lad f a i  l u re  occurred. 

A re-evaluat ion o f  t he  data accumulated dur ing t h e  prev ious i n v e s t i g a t i o n s  

brought o u t  four  important f a c t o r s .  

I .  Pe l  l e t - t o - c l a d  con tac t  had occurred i n  every case a t  t he  draw 

end o f  t h e  p i n .  

2. Clad f a i l u r e  occurred a f t e r  i n t ima te  con tac t  had been achieved 

over approximately one-half  o f  t he  p i n  length. 

3 .  Uni form c l a d  reduc t i on  had n o t  progressed from t h e  cen te r  o f  t h e  

p i n  outwards t o  the  ends as p rev ious l y  repor ted .  

4. C lad f a i  l u re  i n  each case was accompanied by neckdown between 

the  g r  ipp i ng f e r r u  le  and t h e  t i  r s t  pe l  l e t  i 1 1  t h e  s tack .  



Based on these fou r  f a c t o r s ,  i t  was con jec tured t h a t  a un i fo rm reduc t i on  

might  be achieved i f  the  p i n s  were double s t re tched.  

The double-st retch process was accomplished u t i  l i z i n g  t h e  f o l l o w i n g  

procedure. Fuel  p i n s  were prepared w i t h  the  brazed g r i p p i n g  f e r r u l e s  

used f o r  p re l im ina ry  s tud ies .  Gage length and OD were recorded and 

the  p i n s  s t re tched u n t i l  neckdown was observed a t  t h e  draw end. The 

load was re leased and the  p i n s  were reversed i n  t h e  s t r e t c h  f i x t u r e .  

Gage length and OD were again recorded. The load was reapp I  ied t o  the 

p i n  u n t i  l c l a d  f a i  lu re  occurred. F ina  1 dimensions were taken and 

eva l  uated . F i gs . 10-A and 10-B summar i ze t h e  resu l t o f  t h  i s  exper i ment . 
I t  can be seen from the  curves t h a t  a l though the  u n i f o r m i t y  o f  c l a d  

reduc t i  on was great  l y  i mproved f o  l low ing  the  second draw, comp l e t e  

u n i f o r m i t y  was n o t  achieved. The r e s u l t s ,  however, d i d  i n d i c a t e  t h a t  

t h e  process was feas i b le f o r  low enr iched f ue l e lement s tud ies .  

Process q u a l i f i c a t i o n  u t i l i z i n g  the  double-st retch process was conducted 

on twe lve 6 - f t  p i n s .  D iametra l c  l  earance between c lad and pe l l e t s  was 

0.003 inch. The purpose o f  t h i s  experiment was t o  determine reproduci -  

b i l i t y  o f  t h e  process. Outside diameter and gage length measurements 

were taken p r j o r  t o  the  s t r e t c h ,  a f t e r  t h e  f i r s t  s t r e t c h ,  and a f t e r  t h e  

f i n a l  s t r e t c h i n g .  A f t e r  7 p i n s  were processed, i t  was observed t h a t  t he  

p e l l e t s  near t h e  center  o f  each p i n  were loose. I t  was then decided t o  

te rminate  f u r t h e r  exper imentat ion along these l i n e s  u n t i  l a s a t i s f a c t o r y  

reason cou ld  he found f o r  t h e  n o n - r e p r o d u c i b i l i t y  o f  the process. 
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An extensive re -eva lua t ion  o f  t he  data i nd i ca ted  t h e  f o l l o w i n g  p o i n t s .  

I .  S t r e t c h  bonding produced s a t i s f a c t o r y  p i n s  w i t h  i n t ima te  

c lad- to-pel  l e t  con tac t  i n  lengths up t o  29 inches. 

2. As t h e  length o f  t h e  s t re t ched  p i n  increased above 18 inches, 

r e p r o d u c i b i l i t y  was unsa t i s fac to ry .  

3. As c lad-to-pe l  l e t  c  learance increased, reproduc i b  i l i t y  i ncreased. 

4. Fuel  p ins ,  double s t re tched,  ind ica ted  i n t ima te  con tac t  a t  t h e  

ends w i t h  s l i g h t  o r  no con tac t  a t  t h e  center .  

5. An empty c  lad tube was s t re t ched  t o  a  d  i ametra l reduc t i  on o f  

27 m i  I s  w i thou t  e x h i b i t i n g  c l a d  f a i  l u re . .  

6. Clad f a i l u r e  always occurred a t  t h e  draw end o f  t h e  p i n .  

The resu I t s  o f  t h e  re-eva l u a t i  on have led t o  a  con jec tu re  as t o  the  

mechanism involved i n  premature c l a d  f a i  l u re  and non-uniform reduc t i on  

over t he  p i n  length. As described e a r l i e r  i n  t h i s  r e p o r t ,  t h e  p e l l e t -  

loaded c l a d  tube was p laced i n t o  t h e  s t r e t c h  f i x t u r e  and an a x i a l  load 

was impounded upon t h e  p e l  l e t  s tack  t o  c o n t r o l  separat ion.  The two 

mandrels which supp l ied  t h i s  load a r e  f i x e d  i n  p o s i t i o n  on t h e  s t r e t c h  

f i x t u r e .  As t h e  load i s  app l i ed  t o  the c l a d  ma te r ia l ,  l oca l i zed  y i e l d i n g  

occurs i n  those g ra ins  which a re  p rope r l y  o r i en ta ted .  The i n i t i a l l y -  

s t ressed g ra ins  work-harden and f u r t h e r  y i e l d i n g  progresses t o  those 

g ra ins  w i t h  l eas t  favorab le  o r i e n t a t i o n s .  T h i s  process cont inues u n t i l  

l oca l i zed  y i e l d i n g  reduces the  c ross  sec t i ona l  area a t  some p o i n t  i n  t h e  

c l a d  t o  the  e x t e n t  t h a t  t h e  c l a d  comes i n t o  con tac t  w i t h  t h e  p e l  l e t s .  A t  

t h i s  p o i n t ,  a  second force,  f r i c t i o n ,  comes i n t o  p lay .  With t h e  p e l l e t  



s tack  i n  t h e  d i r e c t i o n  o f  t he  s t re t ch ,  f r i c t i o n a l  fo rces  increase. 

When the  f r i c t i o n  fo rces  between p e l l e t s  and c l a d  exceed t h e  y i e l d  

s t reng th  of  t h e  c lad, e ' longat i  on can cont  i nue on l y  f  r a n  the ,  con tac t  

area toward t h e  end f e r r u l e  i n  t he  d i r e c t i o n  o f  s t r e t c h .  Th i s  e f f e c t  

cont inues u n t i  l contac t  has occurred over t h e  f i r s t  p e l  l e t .  Fu r the r  

e longat ion  and reduc t i on  can on l y  progress i n  t h e  area between t h e  

g r i p p i n g  f e r r u l e  and t h e  f i r s t  p e l l e t ,  where u l t i m a t e  f a i l u r e  occurs. 

(See F ig .  I I ) .  



Fig.  I  neckdown down Area on Stretch Tube (648-0-54) 




