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FOREWORD 

The Sh ipp ingpor t  Atomic Power S t a t i o n  l o c a t e d  i n  Shipp ingpor t ,  Pennsylvania 
was the  f i r s t  large-sca le,  c e n t r a l - s t a t i o n  nuc lear  power p l a n t  i n  the  U n i t e d  
States and the  f i r s t  p l a n t  o f  such s i z e  i n  t he  wo r l d  operated s o l e l y  t o  
produce e l e c t r i c  power. Th i s  program was s t a r t e d  i n  1953 t o  conf i rm the  
p r a c t i c a l  appl i c a t i o n  o f  nucl  ear  power f o r  1  arge-scal  e  e l  e c t r i c  power 
generat ion.  It has prov ided much o f  t he  technology be ing  used f o r  design and 
opera t ion  o f  t he  commercial, c e n t r a l - s t a t i o n  nuc lear  power p l a n t s  now i n  use. 

Subsequent t o  development and successful  ope ra t i on  o f  t he  Pressur ized Water 
Reactor i n  t h e  Atomic Energy Commission (now Department o f  Energy, DOE) owned 
r e a c t o r  p l a n t  a t  t he  Sh ipp ingpor t  Atomic Power S ta t i on ,  t h e  Atomic Energy Com- 
miss ion i n  1965 undertook a  research and development program t o  design and 
b u i l d  a  L i g h t  Water Breeder Reactor co re  f o r  ope ra t i on  i n  t he  Sh ipp ingpo r t  
S ta t ion .  

The o b j e c t i v e  o f  t h e  L i g h t  Water Breeder Reactor (LWBR) prog.ram has been t o  
develop a  technology t h a t  would s i g n i f i c a n t l y  improve the  u t i l i z a t i o n  o f  t h e  
n a t i o n ' s  nuc lear  f u e l  resources empl o y i  ng t he  we1 1-estab l  i shed water  r e a c t o r  
technology. To achieve t h i s  o b j e c t i v e ,  work has been d i r e c t e d  toward analy-  
s i s ,  design, component t e s t s ,  and f a b r i c a t i o n  o f  a  water-cooled, thor ium 
ox ide-urani  um ox ide f u e l  c y c l e  breeder r e a c t o r  f o r  i n s t a l  1  a t i o n  and ope ra t i on  
a t  the  Sh ipp ingpor t  S ta t i on .  The LWBR core  s t a r t e d  ope ra t i on  i n  t he  Shipping- 
p o r t  S t a t i o n  i n  t h e  F a l l  o f  1977 and i s  expected t o  be operated f o r  about 4 t o  
5 years  o r  more. A t  the  end of t h i s  per iod,  t h e  core  w i l l  be removed and the  
spent f u e l  shipped t o  t he  Naval Reactors Expended Core F a c i l i t y  f o r  a  d e t a i l e d  
examinat ion t o  v e r i f y  co re  perfonr,ance i n c l u d i n g  an eval u a t i o n  o f  breedi  ng 
c h a r a c t e r i s t i c s .  

I n  1976, w i t h  f a b r i c a t i o n  o f  the  Sh ipp ingpor t  LWBR c o r e  near ing  complet ion, 
t h e  Energy Research and Development Admin is t ra t ion ,  now DOE, es tab l i shed  t h e  
Advanced Water Breeder Appl i c a t i o n s  (AWBA) program t o  devel op and d i  ssemi na te  
techn ica l  i n f o rma t i on  which would a s s i s t  U.S. i n d u s t r y  i n  eva lua t i ng  t h e  LWBR 
concept f o r  commerci a1 -sca l  e  appl i c a t i o n s .  The program i s  expl  o r i n g  some o f  
the  problems t h a t  would be faced by i n d u s t r y  i n  adapt ing technol ogy con f i rmed 
i n the  LWBR program. I n fo rma t i on  be ing  devel oped inc ludes  concepts f o r  
commerci a1 -sca le  prebreeder cores which would produce u ran i  um-233 f o r  1  i g h t  
water  breeder cores wh i l e  producing e l e c t r i c  power, improvements f o r  breeder 
cores based on t he  technol ogy developed t o  f a b r i c a t e  and operate t h e  
Sh ipp ingpor t  LWBR core, and o the r  i n f o r m a t i o n  and technology to',.aid i n  
eva lua t i ng  commercial-scale a p p l i c a t i o n  o f  t h e  LWBR concept. 

A1 1  t h ree  devel opment programs (Pressur ized  Water Reactor, L i g h t  Water. Breeder 
Reactor, and Advanced Water Breeder App l i ca t i ons )  a re  under t he  t echn i ca l  
d i r e c t i o n  o f  the  O f f i c e  o f  t he  Deputy Ass i s tan t  Secretary  f o r  Naval Reactors 
o f  DOE. They have the  goal o f  developing p r a c t i c a l  improvements i n  the  
u t i l i z a t i o n  o f  nuc lear  f u e l  resources f o r  generat ion o f  e l e c t r i c a l  energy 
us ing  water-cool ed nuc lear  reac to rs .  

Technical  i n f o rma t i on  developed under the  Shipp ingpor t ,  LWBR, and AWBA 
programs has been and w i l l  con t inue  t o  be pub l i shed  i n  t echn i ca l  memoranda, 
one o f  which i s  t h i s  p resen t  r epo r t .  
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 he technical  requirements f o r  t h e ,  L i  gh t  wa te r  Breeder 
Reactor (LWBR) fue l  elements ( f u e l  .rods) imposed . . 
c e r t a i n  . unique requi  rements f o r  t he  :low haf  n i  um . 

Z i rca loy-4 tub ing  used as f u e l  rod  cladding. These 
requirements were n o t  genera l l y  a v a i l  ab le through 
normal commerci a1 tube f a b r i c a t i o n  techniques used i n  
the  1971 t o  ,1973 t ime period; .This repo r t  describes, 
i n -  d e t a i l ,  the tube manufacturing process, the product  
and process contro3s used, the  inspect ions and t e s t s  
performed, and the e f f o r t s  invo lved i n  r e f i n i n g  a 
commercial tube reducing process t o  produce tubes t h a t  
would s a t i s f y  the requirements f o r  LWBR ,fuel. r od  
cladding. Dimensional r e s t r i c t i o n s  f o r  some 
a t t r i b u t e s  were t i g h t e r  than the commercial to lerances 
suggested i n  ASTM Desi gnat i  on 8-353-1 977. Def i n i  ti on 
o f  a machining s p e c i f i c a t i o n  f o r  the extruded base 
ttibe and devel'opment o f  improved process con t ro l s  were 
instrumental i n  meeti ng the dimensional to1 erances .and 
the o ther  requirements on texture,  s t ra ightness,  wa l l  
e c c e n t r i c i t y ,  res idual  s t ress,  physical properti'es, 
and t h e  .wavelength, o f  he1 i c a l  wal l  e c c e n t r i c i t y .  I n  
addi t ion,  the use o f  1 ow hafnium Z i r c a l  oy was 
spec i f i ed  t o  reduce p a r a s i t i c  neutron absorpt ion i n  
the c l  add.i ng. The process modi f i c a t i o n s  a.nd the  
process con t ro l s  implemented resu l ted  i n  ove ra l l  
manufacturing y i e l  ds comparable t o  the y i e l  ds a t t a i  ne'd 
i n  normal commercial p rac t ice .  The ,qua1 i t y  o f  these 
c l  adding tubes s i g n i f i c a n t l y  improved the ca l  cu l  a ted 
performance. capabi l  i ty ,  r e l ' i a b i l  i t y  , i n t e g r i t y  and 

. . breedi ng .performance o f  the LWBR. fue l  . r0d.s. 

DEVELOPMENT AND CONTROL OF THE 
PROCESS FOR THE MANUFACTURE OF , 

ZIRCALOY-4 TUBING FOR LWBR 
FUEL RODS. , 

( LWBR Development) 

John H. Ey le r  

I. INTRODUCTION 

The LWBR core i s  a seed-blanket conf igura t ion  cons i s t i ng  o f ' a n  i nne r  

region conta in ing twel ve movable seed assembl ies ,  each surrounded by a b l  anket 

assembly. This  inner  region i s  surrounded by an outer  r e f l e c t o r  region 

conta in ing f i f t e e n  r e f 1  ec to r  modul es. Fuel e l  ements requi  red  f o r  t h i s  core. 



consisted of twenty-three different  types of fuel rods i n  four diameters. 
Each fuel rod i s  approximately ten fee t  long. The pe l le t  column and a plenum 
spring were inserted into a seamless Zircaloy-4 tube which was sealed by 
fusiqn we1 ding of Zircaloy-4 endcaps into the ends of the tube. The 0.310" OD 

tube for  the seed fuel rod received a final recrystall ization anneal ( R X A )  

heat treatment.* The 0.531, 0.576 and 0.835 inch OD tubes for the power 
f la t tening blanket (PFB) , standard blanket (Std .B)  and reflector (Ref1 .) fuel 
rods respectively, received a final s t ress  rel ief  anneal (SRA) heat 
treatment.* See 'I'able A-3 of Appendix A for dimensions of the purchased tube 
and of the clad in the finished fuel rod. 

Because of the specific design objectives and constraints unique t o  the 
LWBR core, Zircaloy-4 t u b i n g  fabricated for LWBR fuel rod cladding was re- 
quired to sat isfy many technical requirements i n  addition to  those previously 
specified for 1 ight water reactor tubing. Tube technical requirements were 
more complete and defini t ive for  some at t r ibutes  than the requirements for 
tubing i n  commercial reactors because of: ( a )  the technical definition of 
how tubing at t r ibutes  interact  w i t h  fuel rod performance using the analytical 
techniques developed as part of the LWBR program, and ( b )  the need to have 
high assurance of successful fuel rod performance for the LWBR core. These 
technical requirements could be applied to  tubing used i n  other l igh t  water 
reactors to  achieve improved performance and re l iab i l i ty .  

Extensive ef for t s  were expended to develop a manufacturing process 
which woul d sat isfy the requi rements def i'ned for LWBR cl adding tubes. These 
i tems i ncl ude: 

1 .  Proper heat treatment. I t  i s  well known that  the innermost tube of 
an externally heated array reaches tel~~persdture l a t e r  than the ex- 
ternal tubes. The time delay depends on the load size and the 
temperature. Appendix D discusses the e f for t  to assure that a l l  
tubes in the load had the desired minimum heat treatment without 
the external tubes receiving an excessive heat treatment. Figure 
D-2 i l l u s t r a t e s  the time delay involved. 

* See Section D of Table A-2 i n  Appendix.A for  the heat treating 
requirements (times and temperatures) for RXA and SRA tubing. 



2. Texture c o n t r o l .  The behavior  o f  tubes under b i a x i a l  . s t r ess  can 'be 

p red i c ted  i f  the  c r y s t a l  l og raph i c  o r i e n t a t i o n  o f  the  ma te r i a l  i s  
, . 

known .' Attachment C d iscusses t he  development o f  a  mechanical 

measure o f  t e x t u r e  and the  development o f  a  manufactur ing sequence 

t h a t  would r o u t i n e l y  produce t he  des i red  tex tu re .  F igures  C-8 and 

C-9 i n  Appendix C p o i n t  o u t  t h a t  t e x t u r e  i s  an end r e s u l t  o f  t h e  

cumulat ive e f f e c t  o f  e a c h r e d u c t i o n  on t h e  t e x t u r e  produced i n  t h e .  

p r i o r  r educ t i on  and t h a t  i n t e r n a l  f r i c t i o n  prevents  the r e a l  i z a t i o n  

o f  p o t e n t i a l  c r y s t a l  a1 ignmin t  i n d i c a t e d  by the  reduc t i on  

parameters. 

3. Wall th i ckness  e c c e n t r i c i t y .  ' The v a r i a t i o n  o f  wa l l  th ickness 

around t he  tube and along the  tube l e n g t h  have a d i r e c t  bear ing  on 

f u e l  r o d  performance i n  t he  core environment. Fo l low ing  an 

eval  u a t i o n  o f  how e c c e n t r i c i t y  was developed, the e c c e n t r i c i t y  o f  

t h e  stock was minimized by t he  innova t i ve ,  b u t  s t r a i g h t  forward, 

approach o f  machining the  des i  red  c o n c e n t r i c i t y  i n t o  the  s t a r t i n g  

base tube. 

4 .  Wavelength ( p i t c h ) .  o f  t he  w a l l  e c c e n t r i c i t y  he1 i x .  The r o t a t i o n  o f  

the  l o c a t i o n  o f  the t h i c k e s t  wa l l  a long t he  tube' a f f e c t s  r o d  

performance and bow. The devel opment e f f o r t  d iscussed i n  Appendix 

B i d e n t i f i e d  those f a c t o r s  which a f f e c t e d  t he  s p i r a l  o f  wa l l  

e c c e n t r i c i  ti. subsequent experiments re1 a ted  the c o n t r l  b u t i o n  o f  

these f ac to r s  i n  each tube reduc t i on  t o  the  wavelength o f  t he  

f i n i s h e d  tube. 

5. Stra ightness. '  The s t r a i gh tness  o f  the  tube a f f e c t s  the  s t r a i gh tness  and 

i n  the f u e l  ' rod. To maximize s t ra igh tness ,  the  anneal i ng 

basket  was m o d i f l e d  t'o prov ide  a l e v e l  base f o r  the  s tack ing  o f  the  

tubes. The tubes i n  the  bottom 1 ayer were 1 a i d  o u t  f l a t  and para1 1 e l  . 
Each tube i n  subsequent l a y e r s  was l a i d  i n  the  na tu ra l  channel formed by 

ad jacent  tubes i n  the-  1  ower 1  ayer. I n  add i t i on ,  a l l  tubes were passed 

through an o f f s e t  r o l l  s t r a i g h t e n e r  and a l l  tube hand l ing  operat ions were 

mod i f i ed  t o  minimize hand1 i ng stresses. 



6. Residual s t r a i n .  Residual s t r a i n  i n  r e c r y s t a l  1  i z e  annealed seed 

tubes can a f f e c t  creep behavior o f  the  seed f u e l  r od  c ladd ing  which 

i s  designed t o  be f r e e  s tanding (no support  from the fue l  ) 

throughout core l i f e .  To con t ro l  t h i s  f a c t o r ,  a  s t ress  c a l c u l a t i o n  

was made o f  t he  s t r a i n s  induced i n  t h e  r o l l  s t ra igh tener  and l i m i t s  

were placed on t h a t  operat ion.  As a check on compliance, a heat  

t r e a t i n g  technique was developed t o  de tec t  res idua l  s t r a i n  

exceeding the  3% 1 i m i t .  The technique development i s  discussed i n  

Appendix E. 

7. Hafnium content.  Hafnium i n  Z i r ca loy -4  tub ing  con t r i bu tes  t o  t he  

p a r a s i t i c  absorp t ion  o f  neutrons which reduces breeding performance 

and f u e l  u t i l i z a t i o n .  The Z i rca loy-4  i ngo ts  used f o r  LWBR tub ing  

were obta ined from the regu la r  p roduc t ion  o f  the z i rconium a1 1 oy 

i n g o t  vendors, b u t  t he  se lec ted  i ngo ts  s a t i s f i e d  a hafnium l i m i t  

t h a t  was lower than the  1 i m i t  normal ly spec i f ied .  

Th i s  r e p o r t  descr ibes the  process t h a t  was used t o  manufacture 

Z i r ca loy -4  tub ing  f o r  t he  LWBR fue l  rods, the var ious process and product  

c o n t r o l s  t h a t  were es tab l  ished, and the  i nspec t i on  and t e s t s  performed on the  

f i n i s h e d  tubing.  The development e f f o r t s  made t o  assure t h a t  the Z i rca loy-4  

t u b i n g  s a t i s f i e d  the  es tab l i shed  requirements are summarized. 

Discussion of the  tub ing  techn ica l  requirements as they re1 a t e  t o  t he  

f u e l  r o d  c ladd ing  requirements i s  presented i n  Sect ion 11. I n  Sect ion 111, a 

d e t a i  1  ed d e s c r i p t i o n  i s  prov ided o f  the  tub ing  manufacturing process and 

process c o n t r o l  s. F i n a l l y ,  Sect ion I V  descr ibes the  s p e c i f i c  inspect ions and 

t e s t s  performed on the f i n i  shed t u b i  ng t o  assllrc t h a t  t.echni ca l  requi  rements 

were s a t i s f i e d .  The e f f e c t s  o f  c e r t a i n  process parameters on the  a t t r i b u t e s  

o f  t he  f i n i s h e d  tub ing  and how these parameters were s p e c i f i e d  and c o n t r o l l e d  

du r i ng  f a b r i c a t i o n  are discussed i n  t he  appendices. 



11. TUBING TECHNICAL REQUIREMENTS 

Fuel Rod Cladding Requirements 

LWBR fuel elements u t i l  i z e  h igh  dens i ty  t h o r i a  and thor ia -uran ia  

fuel p e l l e t s  contained i n  low hafnium Z i rca loy-4  tubes. The size, quant i ty ,  

and heat treatment o f  the tubes requ i red  f o r  each rod  type are shown i n  Table 

A-3 of Appendix A. Seed fue l  rods are the smal lest  i n  diameter and conta in  

both t h o r i a  and thor ia-urania fue l  pel  l e t s  encapsulated i n  rec rys ta l  1  i z e  

annealed (RXA) Z i r c a l  oy-4 tubing. The seed f u e l  rod  i s  designed t o  be f r e e  

standing ( i  .e., the tube . w i l l  no t  co l  l.apse onto the fue l  dur ing core 

1  i fe t ime) .  The seed rod has a  r e l a t i v e l y  t h i c k  wal l  and a  fue l - c lad  gap s ized 

t o  minimize p e l l e t - c l a d  i n t e r a c t i o n  dur ing core operat ion e a r l y - i n - l i f e  when 

the tube y i e l d  strength: i s  r e l a t i v e l y .  low. La ter  i n  1  i f e  when the f u e l - c l a d  

i n t e r a c t i o n  forces increase, advantage i s  taken o f  the i n - p i l e  creep o f  the  

RXA tube which i s  1  ower than t h a t  o f  s t ress  re1 i e f  annealed (SRA) tube, t o  

mainta in the fuel -c lad gap u n t i l  very l a t e  i n  reac tor  l i f e t i m e .  There are  two 

b lanket  fue l  rod  sizes, both of which conta in  thor ia -uran ia  and t h o r i a  f u e l  

pel l e t s  encapsulated i n  SRA Z i rca loy-4 tubing. The b lanket  f u e l  rods are non- 

f ree  standing; they have th inner  wa l l  ( w i t h  respect t o  t h e i r  l a r g e r  diameter) 

and a  small e r  f ue l - c l  ad gap than seed rods and thus requ i re  the h igher  y i e l d  

s t rength of SRA tub ing  e a r l y - i  n-1 i fe when the f u e l  - c l  ad i n t e r a c t i o n  forces a re  

r e l a t i v e l y  high. Ref lec tor  fuel rods are a1 so non-free standing and are the 

1  argest i n  diameter, conta in ing only  t h o r i a  pel  1  e t s  encapsul ated i n  SRA 

Z i  r c a l  oy-4 ' tubing. Ref1 ec to r  rods, which have about the same. wal I thickness 

t o  diameter r a t i o  as b lanket  rods a'nd a  small f u e l  -c lad gap, operate a t  low 

power throughout core l i f e .  

The c lose l y  packed array o f  the LWBR design requ i red  tubing w i t h  

a t t r i b u t e s  t h a t  minimize bowing o f  the fue l  rods throughout core l i f e .  These 

a t t r i b u t e s  inc lude s p e c i f i c  1  i m i  t s  on wal l  thickness e c c e n t r i c i t y  ( i n  both 

magnitude and p i t c h  o f  r o t a t i o n ) ,  i n i t i a l  s t ra ightness,  1.0. oval i t y  and 

texture.  Z i  r c a l  oy-4 w i t h  hafnium content lower than t h a t  normal ly spec i f i ed  

f o r  commercial 1  i g h t  water reac tor  app l i ca t i ons  was used t o  enhance 

breeding. I n  addi t ion,  a l l  a t t r i b u t e s  which are normal ly c o n t r o l l e d  f o r  l i g h t  



water  r e a c t o r  a p p l i c a t i o n  were a l so  c o n t r o l l e d  f o r  LWBR; these inc lude 

dimensional to1 erances, surface cond i t ion ,  surface chemistry, hydr ide 

o r i e n t a t i o n ,  g r a i n  size, mater i  a1 qua1 i ty ,  and mechanical proper t ies.  These 

a t t r i b u t e s  are discussed i n  the next  sec t ion  and a l l  the c h a r a c t e r i s t i c s  o f  

LWBR tubes are  presented i n  d e t a i l  i n  Reference (a) .  

B. Tubi na Technical Reauirements 

The d e t a i l e d  techn ica l  requirements f o r  each fue l  rod  type (seed, 

b lanket ,  r e f l e c t o r )  are summaried i n  Table A-2 o f  Appendix A. These technical  

requirements were establ  ished from extensive i n-pi1 e and out-of -p i1 e t e s t  

programs and analyses of the e f f e c t s  of tub ing  a t t r i b u t e s  on f u e i  rod power 

and 1 i fe t ime  capabi l  i ty. The re1 a t i onsh ip  o f  rod  performance t o  s p e c i f i c  

t u b i n g  a t t r i b u t e s  i s  discussed below. (See Bib l iography f o r  a selected l i s t  

o f  Technical Memoranda re1 a t i  ng t o  LWBR Z i  r c a l  oy-4 t u b i  ng. ) 

1 . Dimensions 

Both ou ter  and i nne r  diameter were cont ro l led .  Howcvcr, the 

i n s i d e  diameter to lerance was s p e c i f i e d  t o  be t i g h t e r  than the ou ts ide  

diameter to1  erance, s ince the  former w i t h  the pel  1 e t  0. D. to lerance determine 

the  f u e l - c l  ad diametral  gap to le rance range. The f u e l  rod  1 i f e t i m e  

performance i s  s e n s i t i v e  t o  f u e l - c l a d  gap s i z e  w i t h  respect t o  peak fue l  

temperature, pe l  1 e t - c l  ad i n t e r a c t i o n  (PCI) and 1 ocal c l a d  deformations such as 

a x i  a1 w r i  nk l  i ng and c i  rcumferent i  a1 r i d g i n g  a t  pel 1 e t -pe l1  e t  in te r faces .  The 

to le rances on tube I.D. and pe l  l e t  O.D. were s e t  t o  produce an as-assembled 

f u e l - c l a d  gap o f  .0085 t o  .0115 i nch  over seed b inary  p e l l e t s  and a gap o f  

0.005 t o  .008 i n c h  over seed t h o r i a  and i n  a l l  o ther  types o f  f ue l  rods. 

Minimum wa l l  th ickness was s e t  t o  1 i m i t  c l a d  s t ress  dur ing normal operat ion 

and du r ing  unusual events such as a l o s s  o f  coo l i ng  accident.  The nominal 

tube O.D. was s e t  t o  a l l ow  f o r  a d d i t i ~ n ~ a l  p i c k l  i n g  dur ing  fue l  rod  

f a b r i c a t i o n ,  and tolerances were s e t  t o  p rov ide  manufacturing f l e x i b i l  i t y  f o r  

p i c k l  ing .  I.D. o v a l i t y  and inter.na1 f ree  path were s e t  t o  ensure against  

premature pe l  l e t - c l  ad i n t e r a c t i o n .  



Fuel r o d  bowing has been found t o  be sens i t . i ve  t o  wa l l  

th ickness e c c e n t r i c i t y  and i n i t i a l  s t ra igh tness .  When one s i de  o f  a  f u e l  r o d  

has t h i n n e r  ' wal'l than t he  oppos i te  s ide,  t he  c l a d  s t r ess  and resu l  t i n g  creep 

s t r a i n  a re  l 'a rger  on the  t h i n n e r  s ide; t h i s  c o n d i t i o n  can r e s u l t  i n  r o d  

bowing. The magnitude o f  t he  s t r e s s  d i f f e r e n c e  depends 'on t h e  magnitude o f  

the eccen t r i c i t y . .  * I f  the  e c c e n t r i c i t y  i s  a l l  i n '  one p lane a x i a l l y ,  r a t h e r  

than i n  a  s p i r a l  a long the  tube leng th ,  t he  r o d  su'pport system can 

keep the  r o d  s t r a i g h t  w i t h  1  i t t l e  bow between grids'. However, i f  the  ' 

e c c e n t r i c i t y  s p i r a l  s  'along t he  rod  l e n g t h  w i t h  a  p i t c h  (wavelength) o f  about 

two g r i d  spans, the resu l  ti ng bow cannot be r e s t r a i n e d  by the g r i ds .  Wall 

th i ckness  e c c e n t r i c i t y  i s  a l so  impor tan t  f o r  f u e l  r o d  perform'ance du r i ng  up- 

power maneuvering o r  r e a c t i v i t y  i n s e r t i o n  acc iden ts  s ince c l a d  cracks tend  t o  

i n i t i a t e  a t  the  t h i n n e s t  p a r t  o f  the  wa l l  i n  a  cross sect ion.  Th is  i s  . 

p a r t i c u l a r l y  impor tant  f o r  f a s t  t r a n s i e n t s  where ,p l .ast ic  i n s t a b i l i t y  i s  t h e  

design concern and s t r a i n  can l o c a l l y  accumulate a t  t he  t h i n  wa l l  sec t ton  by 

neck'i ng . 

Thus, i t  was .necessary t o  ,cont ro l ,  bo th  the  magnitude and 

wave1 ength o f  the wal l  th ickness e c c e n t r i c i t y .  The maximum wa l l  e c c e n t r i c i t y  

1  i m i t s  s e t  f o r  LWBR tubes .ranged from 5.1% o f  nominal wa l l  th ickness f o r  

r e f l e c t o r  tubes t o  6.1% - f o r  PFR tubes. So r t i ng  a t  B e t t i s  r e j e c t e d  tubes w i t h  

e c c e n t r i c i t i e s  exceeding the  LWBR 1  i m i t s  o f  Sect ion A-4 of Table A-2. The 

minimum wavelength o f  70 inches f o r  r e f l e c t o r  and 80 inches i n  the  o the r  t h r e e  

s izes  was equ i va len t  t o  f i v e  g r i d - t o - g r i d  l eng ths  f o r  seed and b lanke t  t u b i n g  

and about t h ree  g r i d - t o - g r i d  leng ths  f o r  the lower  duty,  s t i f f e r  r e f l e c t o r  

rods. ~ l ' t h o u ~ h  f i na1 s t ra igh tness  requ'i rements appl i e d  t o  t he  f i n i shed  f u e l  

rod, the s t r a i gh tness  1  i m i  t s  were -a1 so appl i e d  t o  the t u b i n g  s ince  i t i s  more 

1  i k e l y  t o  fabr i ' ca te  a  s t v a i g h t  f u e l  rod. i f  a  s t r a i g h t  tube i s  used. 

Dimensional l i m i t s  were checked by, one hundred percent  
'. . . 

i n s p e c t i o n  o f  a l l  f i n i shed  tubes'.. - 



2. Mechanical Proper t ies  

Fuel rod  performance has been found t o  be s e n s i t i v e  t o  the 

i n i  ti a1 tube mechanical p rope r t i es  such as y i e l d  s t rength,  d u c t i l  i t y  , and 

tex tu re .  Minimum values were s p e c i f i e d  f o r  y i e l d  s t rength  and t o t a l  

e longa t i on  i n  the 1 ongi t ud ina l  t e n s i l e  t e s t ,  both a t  room temperature and 

700°F and f o r  c i r cumfe ren t i a l  d u c t i l  i t y  i n  the  700°F b u r s t  t e s t .  O f  special  

note are  t h e  minimum 1 i m i  t s  s p e c i f i e d  f o r  the r a t i o  o f  u l  t imate- to -y ie l  d  

s t r e n g t h  i n  u n i a x i a l  t e n s i l e  t e s t .  These l i m i t s ,  which are n o t  normal ly 

spcci  f i e d  f o r  1 i g h t  water reac tor  c l  addi nq tubes, were establ  ished t o  prov idc 

s a t i s f a c t o r y  e a r l y - i n - l i f e  d u c t i l i t y  f o r  operat ion a t  stresses above 

un i  r r a d i a t e d  y i e l d  s t ress  before s i g n i f i c a n t  i rradiat i 'on harden1 ny occurs. 

Minimum and maximum l i m i t s  f o r  c o n t r a c t i l e  s t r a i n  r a t i o  were set, since 

c l  adding t e x t u r e  determines s t r a i n  d i s t r i b u t i o n  under a b i a x i a l  s t ress and 

t h e r e f o r e  a f f e c t s  rod  dimensional changes such as bowing, increasing o v a l i t y  

and e longat ion,  dur ing core operat ion.  The average cross-sect ion temperature 

o f  t he  tube wa l l  i n  the  h o t t e s t  core fue l  rod  was ca l cu la ted  t o  be 700°F. 

This  worst  case temperature was selected f o r  e levated temperature ' test ing.  

Mechanical p roper ty  1 i m i  t s  were met by sampl i n g  each tub ing  l o t  

and by app ly ing  standard s t a t i s t i c a l  data eval ua t l on  L e ~ t ~ ~ i i q i ~ e s .  

3. Metal 1 ography 

Wt.all ngraphic requirements were establ  i shed t o  provlde 

acqllrance tha t  tuh inq  was o f  proper qua1 i t y  and was representat ive of the 

tub ing  used i n  design ana lys is  and i n  t e s t i n g  (both i n - p i l e  and out -o f -  

p i l e ) .  The g r a i n  s ize  requirement assured normal niechanlcal prupereLy 

a t t r i b u t e s .  The requirement t h a t  there be no evidence o f  equ'laxed grdiris was 

appl i e d  t o  f i n i  shed b l  anket and r e f 1  ec tor  t u b i  ng .to detect  improper f i nal heat  

t reatment .  The hydr ide o r i e n t a t i o n  requirement was spec i f i ed  t o  assure a 

s p e c i f i c  c rys ta l l og raph ic  tex tu re  and i n  pa r> t i cu la r  t o  ensure t h a t  the 

p r e f e r r e d  hydr ide  o r i e n t a t i o n  was n o t  normal t o  t he  hoop t e n s i l e  s t ress.  I n  

add i t i on ,  a1 1 metal 1 ographic samples were inspected f o r  i n t e r n a l  f laws such as 

pores and cracks. 



Metal lography was performed on samples o f  t ub ing  from each 

tubing l o t .  

4. Chemistry 

Basic cherni s t r y  requirements were s p e c i f i e d  f o r  t he  Z i  r ca loy-4  

ingo t ,  as shown i n  Table A-1 of Appendix A. These requirements were . s p e c i f i e d  

t o  ensure ob ta in ing  tub ing  w i t h  the  c o r r e c t  a l l o y  composit ion; t o  1 i m i t  . 

harmful impur i t ies ,  both w i t h  respect  t o  nuclear  and s t r u c t u r a l  

cha rac te r i s t i cs ;  and t o  minimize p o t e n t i a l  f o r  f laws and i hc lus ions  i n  t h e  

f in ished tubing. For LWBR breeding requirements, hafnium, 1 i m i  t s  were s e t  a t  

35 ppm maximum, i n  con t ras t  t o  the  100 ppm maximum normally found i n  

Z i  r c a l  oy. Ingots meet.i ng these requ i  rements were obta ined from the normal 

product ion of the  Z i r ca loy  i n g o t  vendors. 

I n  add i t ion ,  n i t rogen,  oxygen and hydrogen 1 i m i  t s  were 

spec i f i ed  f o r  the  f i n i s h e d  tubing, s ince there  i s  a p o t e n t i a l  f o r  

contamination from a i r  and hydrogeneous ma te r i a l s  dur ing  tube f a b r i c a t i o n  hea t  

treatments. Ni t rogen degrades Z i r c a l  oy-4 cor ros ion  performance wh i le  oxygen 

a f f e c t s  mechanical p roper t ies .  Ingots w i t h  oxygen h igh  i n  the a1 1 owable range 

were se lected f o r  seed tub ing  t o  maximize the  ear ly - in -1  i f e  physica l  

p roper t ies .  The l i m i t  f o r  hydrogen was s e t  a t  a  low value t o  ensure aga ins t  

premature degradat ion of mechanical p rope r t i es  as a resu l  t of hyd r i  d i  ng du r i ng  

core operat ion. Analyses were a l so  made f o r  n i cke l  and hafnium on a sample 

from each l o t  t o  v e r i f y  t h a t  the c o r r e c t  a l l o y  ( low hafnium Z i rca loy-4)  ha-d 

been used t o  make the tubing. 

Chemi s t r y  requ i  rements were met by anal y z i  ng sampl es from each 

l o t  o f  tubing. 



5. Other Reauirements 

a. V isua l  

The 0.0. and 1.0. surfclccs o f  a l l  tubcs wcre r o u t i n e l y  

i nspec ted  v i s u a l l y  t o  d e t e c t  m a t e r i a l  de fec ts  such as l a p s  and seams, gross 

s u r f a c e , i m p e r f e c t i o n s  such as dents,  p i t s ,  and scratches, and t he  presence o f  

any f o r e i g n  m a t e r i a l  . These c o n d i t i o n s  cou ld  resu l  t i n  degraded s t ress  1  i m i  t s  

o r  poor c o r r o s i o n  performance. 

b, Surface Fini.sh_ 

Maximum sur face roughness l i m i t s  were s p e c i f i e d  f o r  bo th  

0.0. and I. D. sur faces.  Surface roughness a f f e c t s  f u e l  - c l  ad i nte r face  hea t  

conductance and t h e  f u e l - c l a d  f r i c t i o n  c o e f f i c i e n t .  The rougher the  sur face,  

t h e  lower  t h e  hea t  conductance, r esu l  t i n g .  i n  h i ghe r  f u e l  pe l  l e t  

temperatures. S i m i l  a r l y  , t h e  rougher the  surface, t he  g rea te r  t h e  f r i c t i o n  

c o e f f i c i e n t  and t h e r e f o r e  t he  l a r g e r  the c l a d  s t resses due t o  d i f f e r e n t i a l  

p e l l e t - c l a d  thermal expansion. The upper 1  i m i t  values were used i n  design 

analyses of rod performance capabi1i t .y.  

Measurements were obta ined on samples from each l o t .  

c. U l t r a s o n i c  Flaw Detec t ion  

All tubes were g iven  a f i n a l  u l t r a s o n i c  i nspec t i on  t o  

d e t e c t  m a t e r i a l  f l aws  t h a t  cou ld  r e s u l t  i n  premature l o s s  o f  f u e l  r od  c l a d  

i n t e g r i t y  d u r i n g  core  opera t ion .  L i m i t s  were es tab l i shed  based on t he  e f f e c t  

o f  f l aws  on f u e l  r o d  performance and on t he  re1  i a b l e  1  i m i  t s  o f  f l a w  d e t e c t i o n  

f o r  t h e  equipment used. 

d. Corros ion Resistance 

Tube samples from each l o t  were autoc lave t e s t e d  i n  750°F 

steam f o r  f ou r t een  days t o  d e t e c t  any degraded co r ros ion  performance. Both 



weight  ga in  l i m i t s  and v i sua l  standards were es tab l i shed .  The weight ga in  

1  i m i  t s  were s p e c i f i e d  t o  detec,t any o v e r a l l  degraded ma te r i a l  co r ros ion  

res is tance ,  and t he  v i sua l  standards were used t o  d e t e c t  any small l o c a l  areas 

o f  poor co r ros ion  res is tance.  A l l  f i n i s h e d  f u e l  rods were co r ros ion  f i l m e d  

f o r  3-112 days i n  645°F water a t  2107 p s i  as a  f i n a l  step i n  f u e l  r od  

f a b r i c a t i o n .  

e. Post-Anneal Cold Work 

Th i s  requirement s p e c i f i e d  a  1  i m i  t on t he  c o l d  working o f  

seed t u b i  ng f o l l  owing the  f i n a l  r e c r y s t a l  1  i z a t i  on anneal t o  m i  n imi  ze t h e  

s t r a i n  induced du r i ng  t he  s t r a i g h t e n i n g  o f  t he  tub ing.  I f  l a r g e  amounts o f  

s t r a i n  a re  exper ienced by seed t ub ing  a f t e r  the  f i n a l  hea t  t reatment,  an 

a1 t e r a t i o n  i n  mechanical p r o p e r t i e s  cou ld  r e s u l t .  The 3% 1  i r n i  t assured 

r e t e n t i o n  o f  the des i r ab le  p rope r t i es .  

The 1  i m i t  was met by d e t a i l e d  ana l ys i s  o f  t he  s t r a i g h t e n e r  

r o l l  p o s i t i o n s  and tube f l exu res  wh i l e  the  tube passed through the 

s t r a i gh tene r ;  ca l  cu l  a t i o n s  demonstrated t h a t  t he  s t r a i  n  induced was no more 

than 3%. This  was converted t o  f unc t i ona l  1  i r n i  t s  on the  opera t ion  o f  t he  

s t r a i g h t e n e r  i n  terms o f  l i m i t s  on r o l l  o f f s e t  and r e l a t i v e  p o s i t i o n  of the. 

r o l l s  and l i m i t a t i o n  on the number o f  passes. No hand s t r a i g h t e n i n g  was 

al lowed. Samples from each l o t  were t e s t e d  t o  d e t e c t  evidence o f  r es i dua l  

s t r a i n s  exceeding the  3% l i m i t .  

111. TUBING MANUFACTURE AND PROCESS CONTROL 

A .  I n t r o d u c t i o n  

LWBR tube manufacture was based on s tandard commercial operat ions,  

which i nc l  uded pr imary i n g o t  breakdown ( f o r g i  ng and r o l l  i ng) be ta  quenching as 

6 i nch  rounds, machining o f  the  r o l l e d  4 i n c h  rounds t o  produce machined and 

d r i l l e d  b i l l e t s  (MDB'S),  ex t rud ing  the b i l l e t s  i n t o  s t a r t i n g  base tubes 

(SBT's) , machining o f  the  SBT's t o  achieve h igh  c o n c e n t r i c i t y  and u n i f o r m i t y  

as machined SBf ' s  *(MSBT1 s )  , a1 t e r n a t e l y  c o l d  reducing* and heat  t r e a t i n g  t o  



near-finished s ize,  and the finishing operations (heat treatment,* 

straightening,* cutting to  final length, and pick1 ing* to finished 

dimensions). However, many of the requirements which were stipulated for LWBR 

tubing were new to the industry; these included control of the helical wall 

eccentr ic i ty  wavelength, control of furnace load size during heat treatment, 
and control of texture by selection of specific tube reduction sequences. 

Therefore, an extensive process development e f for t  was necessary to  achieve 

these requirements. Fabrication parameters had to be determined, inspection 

procedure had to  be developed, and process controls had to be established. 

All of the development e f fo r t  was designed to use good commercial manufact- 

uring practices and standard fabrication techniques. Some n~anuldcturlng 
de ta i l s  such as extrusion and tube reducer tooling designs, tube reducer 
1 ubricants, e tc . ,  were considered proprietary by Wolverine lube Dlvislon (WTD) 

of Union Oil Products Corporation and were not made known to Bettis. The use 

and control of these items was achleved by WTD through a coded identity for 

each of the proprietary items and proprietary techniques used in tube fabrica- 
t ion,  and by WTD assuring Bettis that  no changes. would be made in these manu- 

facturing de ta i l s  without prior Rettis approval. The manufacturing process 
and process controls are described in detail in Appendix A. Table A-4 i s  a 

process flow chart  high1 ighting the key operations in processing an inyol into 
finished l i  rcal oy-4 tubing, including the speci a1 ly control 1 ed i terns noted 

above with the ( k )  sy1nGo1. Details of the fabrication aperat.inns drbe found in 

Appendix A.  

After completion of process development, the LWBR tube 

manufacturing process was formulated. Specific controls were imposed on t h e  

production operations from ingot manufacturing through the tube finishing 

operations to assure that  a l l  procedures would be consistently maintained to  
produce Zi rcal oy tubing meeting a1 1 requi rements for the LWBR appl lcation. 
This assurance of WTD's capabil i t y  was considered particularly necessary and 

important in view of the proprietary nature of many of WTD's manufacturing 

operations. 



Primary cont ro l  of the manufacturing process was d i c t a t e d  by the  

requi rements o f  the LWBR tubing spec i f i ca t ion ,  which covered such s p e c i f i c  

areas as w r i t t e n  procedures f o r  manufacturing, ' inspect ion, and r e p a i r  

operations, procedure modi f icat ions,  qual i t y  con t ro l  plans, r e t e n t i o n  of 

records and samples, and sampl i ng for  compl i ance w i t h  the requirements of the  

tubing spec i f i ca t i on .  The major features which provided process con t ro l  

included the fol1,owing: 

P r i o r  t o  f ab r i ca t i on ,  WTD was requ i red  t o  submit t o  Bet t is , .  f o r  

approval , a de ta i l ed  process o u t l  i n e  showing' a l l  manufactur ing 

operations, inspect ions and re lease po in t s  associated w i t h  each 

product ion.step.  Any changes i n  the approved process o u t l i n e s ,  

manufacturing operat ions and inspect ion  procedures requ i red  the  

approval o f  B e t t i s .  I f  such modi f i ca t ions  were made a f t e r  t he  

process had been qual i f  i ed, WTD was requi  red  t o  re-qua1 i fy t h a t  

procedure, unless i t  could otherwise adequately demonstrate t o  

the  s a t i s i f a c t i o n  o f  B e t t i s  t h a t  mater ia l  manufactured by the  

modi f ied procedures was i n  accordance w i t h  a1 1 s p e c i f i c a t i o n  

requ i  rements . 

2. WTD was requ i red  t o  prepare a d e t a i l e d  qual i t y  p lan  f o r  each 

process o u t l  ine. This p lan  was approved by B e t t i s  p r i o r  t o  

commencing manufacture and dev ia t i on  from the p lan  was n o t  

a1 lowed w i thout  B e t t i s  approval. The p lan included, as a 

minimum, a desc r ip t i on  o f  the  minimum inspect ion  system 

requirements, s t a t i s i t i c a l  procedures, and con t ro l  o f  process 

v a r i a b i l i t y .  

3. Procedures and equipment f o r  manufacturing, t es t i ng ,  and 

inspect ion  o f  tub ing  had t o  be q u a l i f i e d  dur ing preproduct ion 

be fore  tub ing  product ion was i n i t i a t e d .  



As a con t ro l  on the  a b i l i t y  o f  the  tube manufacturer t o  produce 

t u b i n g  meeting a l l  the requirements o f  the purchase order and of the tube 

s p e c i f i c a t i o n ,  WTD was requ i red  t o  produce a preproduct ion run cons i s t i ng  o f  

a t  l e a s t  one l o t  o f  tub ing  ( a  minimum o f  200 f e e t  o r  a minimum o f  0.5% o f  the  

q u a n t i t y  o f  each size, whichever was greater )  us ing the equipment and 

procedures proposed f o r  the product ion  order. This preproduct ion run, i f  

successfu l ,  proved and qua1 i f i e d  WTD's equipment and procedures and a t  the 

same t ime minimized the o v e r a l l  r i s k  i n  committ ing only  s u f f i c i e n t  mater ia ls  

f o r  t h e  preproduct ion run. A f t e r  successful completion o f  the preproduct ion 

run, WTD was re1 eased t o  s t a r t  the product ion manufactur i  ng run. 

As a genera1 con t ro l ,  on ly  the quan t i t y  (weight) o f  i n g o t  necessary 

t o  f i l l  the  order  was re1 eased a t  the  t ime o f  order placement. The quan t i t y  

re leased was based on a 50% (by weight) y i e l d  from i n g o t  t o  f i n i s h e d  tube. A t  

speci f i c a l  l y  designated po in t s  du r ing  product ion, product y i e l  ds were 

reviewed, and add i t i ona l  ma te r i a l  was released, i f  required. 

B. Processing of Ingots I n t o  S t a r t i n g  Base .Tubes 

The i ngo ts  were h o t  fo rged (3200 t o  1910°F) t o  6 inch  diameter 

roufids, beta quenched, and h o t  r o l l e d  (1000 t o  1475OC) t o  4 inch  rounds by 

Latrobe Steel Company o f  Latrobe, Pennsylvania. The 4 i nch  diameter rounds 

were machined i n t o  ex t rus ion  hol lows o r  machined d r i l l e d  b i l l e t s  (MDB's) by 

AMAX Corporat ion o f  Akron, New York. The MDB's were copper c l a d  and warm 

(1200°F) extruded i n t o  s t a r t i n g  base tubes (SBT's) and p i c k l e d  t o  remove the 

copper c l a d  a t  WTD. 

C. Machinins o f  the  S t a r t i n a  Base Tubes 

The SBT's were machined on O.D. and I.D. surfaces by Howard 

Dearborn Corporat ion o f  Fryeburg, Maine. The use o f  machined SB'T' s (MSBT' s) 

made a s i g n i f i c a n t  improvement i n  t he  surface f i n i s h ,  surface q u a l i t y ,  and 

tube c o n c e n t r i c i t y  such t h a t  the  ove ra l l  y i e l d s  improved despi te the metal 

losses  i ncu r red  i n  the machining o f  t he  SBT's. 



D. Tube Manufacture 

A1 1 o f  the  t ub ing  f o r  LWBR was produced by t h e  tube reduc ing 

process a t  the Dearborn Heights f a c i l i t y  o f  Wolverine Tube D i v i s i o n  (WTD) o f  

Union O i l  Products Corporat ion. To meet t he  requirements descr ibed i n  Sec t ion  

1I.B and d e t a i l e d  i n  Table A-2 o f  Appendix A, more c o n t r o l s  were de f ined  and 

imposed on many aspects o f  the  manufactur ing process than on p r i o r  commercial 

tube products.. A number o f  these c o n t r o l s  were the end r e s u l t  o f  development 

programs i n i t i a t e d  t o  study the  e f f e c t  o f  process va r i ab les  on t he  f i n i s h e d  

tube and on manufactur ing y i e l  ds. The process c o n t r o l s  inc luded  the  

f o l l o w i n g :  

1. Machining o f  t he  s t a r t i n g  base tubes t o  c o n t r o l  e c c e n t r i c i t y  

and bow: ' 
,= . 

2. Spec i f i c  r educ t i on  schedules t o  c o n t r o l  t ex tu re ,  phys ica l  

p rope r t i es ,  and wave1 ength o f  wa l l  e c c e n t r i c i t y  ; 

3. Control  o f  heat  t reatment  parameters: l o a d  s i ze  and t ime a t  

temperature ( see Appendix D) ; 

4. In-process inspec t ions  o f  t he  tube reduced p roduc t  f o r  su r face  

q u a l i t y  ( I .D. and O.D.) t o  de tec t  g a l l i n g ,  mandrel p ickup , o r  

t o o l  i nq d e t e r i o r a t i o n ;  

5. Control  o f  the  r o t a t i o n  o f  t he  tube stock i n  r e l a t i o n  t o  i t s  

forward mot ion i n t o  the reduc t i on  d ies;  

6. Qua1 i f  i c a t i o n  o f  s p e c i f i c  tube reduc t i on  machines, t o o l  i ng ,  and 

hea t  t reatment furnaces f o r  t he  p roduc t i n  o f  LWBR tub ing;  

7. Control  o f  p i c k l i n g  and s t ra i ,gh ten ing  processes; 

- 8. U l t r ason i c  de fec t  i nspec t i on  requirements;  



9. Use o f  t e s t i n g  techniques t o  assure t h a t  the  t ub ing  met a l l  o f  

t h e  p roduc t  r e q u i  rements. 

E. F i n i s h e d  Tubing 

The f i n i s h e d  t u b i n g  i s  descr ibed i n  Table A-2. A l l  tubes used t o  

produce LWBR f u e l  rods met a l l  o f  t he  requirements o f  Table A-2. The 

completed f u e l  r o d  was p ick le 'd  t o  reduce t he  tube O.D. (and nominal wa l l  ) t o  

t he  dimensions 1 i s t e d  i n  Table A-3. 

F. Manufactur ing Y ie l ds  .- - - - 

A l though some o f  t h e  t echn i ca l  requirements f o r  LWBR tub ing  were 

more r e s t r i c t i v e  than those f o r  l i g h t  water r e a c t o r  tub ing,  the innova t ions  Sn 

p r e p a r a t i o n  o f  t h e  SBT's and t h e  c l o s e  process c o n t r o l  r e s u l t e d  i n  y i e l d s  

e q u i v a l e n t  t o  commercial p r a c t i c e .  WTD used a 50% y i e l d  from i n g o t  t o  

de l  i v e r e d  tube i n  es t ima t i ng  t he  we igh t  o f  i n g o t  needed t o  d e l i v e r  the  des i red  

q u a n t i t y  o f  tubes i n  a commercial o rder .  Table A-8 shows the manufactur ing 

y i e l d s  exper ienced i n  produc ing each s i z e  of  LWBR tub ing .  The f i r s t  3 e n t r i e s  

a re  i d e n t i c a l  f o r  a l l  s i zes  o f  tube except f o r  machining r e f l e c t o r  MDB's, 

where t h e  l owe r  r e f l e c t o r  y i e l d  i s  due t o  t he  l a r g e r  I.D. o f  t he  r e f l e c t o r  

MDB's. The lower  o v e r a l l  y i e l d s  f o r  the  seed i s  due i n  p a r t  t o  the  small s i z e  

as w e l l  as t o  t h e  use o f  t h r e e  reduc t ions  from MSBT t o  f i n a l  s i z e  versus two 

reduc t i ons  f o r  t he  th ree  1 arger  s izes.  Note t h a t  the  y i e l d  improved w i t h  

inc reased  tube s ize ,  w i t h  t he  two b lanke t  s i zes  sh.owing equ i va len t  y i e l d s  i n  

a1 1 eva lua t i ons  c i t e d .  

I V .  INSPECTION AND TESTING OF TUBING 

A. I n t r o d u c t i o n  

The manufactured tubes were inspected and t es ted  t o  assure 

compliance w i t h  t he  requirements l i s t e d  i n  Table A-2 o f  Appendix A. The 

nondes t ruc t i ve  and d e s t r u c t i v e  i nspec t i ons  performed on t he  tubes are l i s t e d  

i n  Tables 1 and 2 respec t i ve l y ,  toge ther  w i t h  the frequency o f  inspec t ions  f o r  



each a t t r i b u t e  and the appl i cab l  e s t a t i s t i c a l  confidence statement. The 

inspect ion  technique, combined w i t h  suppression o f  1 i r n i  t s ,  s a t i s f i e d  the  

confidence statemen.ts o f  Tables 1 and 2. The techniques used and data 

obtained f o r  each o f  the t e s t s  1 i s t e d  i n  Tables 1 and 2 are discussed i n  

d e t a i l  i n  Reference (a) .  

B, Non-Destruction Inspect ion 

1 . Ins ide  Diameter 

The. i ns ide  diameter was measured w i t h  , a  capacitance .gage. which 

passed through the tube as the tube was ro ta ted .  'The maximum. forward mption 

o f  the gage f o r  each 360' revo lu t i on  o f  , t h e  tube was l i m i t e d  t o  0.4 i nch  f o r  

seed, 0.5 inch  f o r  PFB, 0.65 i nch  f o r  standard b lanket ,  and 1.O.inch f o r  

r e f l e c t o r .  The actual  rpm o f  the tube i s  1 i s t e d  on the, I .D. t race.  The, 

diameter measurements were recorded as a continuous t race  f o r  each tube and 

inc luded a c a l i b r a t i o n  standard. The tube was placed i n  the  f i x t u r e  and h e l d  

i n  p lace adjacent t o  the c a l i b r a t i o n  r i n g  standards and ro ta ted .  The 

capacitance gage passed through the standards and t raversed the length  o f  the  

tube record ing the I.D. v a r i a t i o n s  as i t  progressed through' the tube. On 

reaching the f a r  end, the r o t a t i o n  and record ing stopped and the gage was 

withdrawn. The t race  was i d e n t i f i e d  w i t h  the tube s e r i a l  number and was the  

bas is  f o r  p roo f  o f .  compl i ance w i t h  both the 1 ocal I. D. and average I. D. . 

requi  rements . The 1 ocal diameter i s represented by each d i  screte 1 o c a t i  on 

along the t race  wh i le  the  average i s ,  i n  e f f e c t ,  the average o f  the min,and 

max a t  any ax ia l  l oca t i on .  The gage c a l i b r a t i o n  was w i t h i n  f 0.0001 inch  of 

the standard. As p a r t  o f  the c a l i b r a t i o n  procedure f o r  each capacitance gage, 

a ser ies  o f  inspect ions o f  the r i n g  gage standard provided a minimum and 

maximum f o r  the gage versus the absolute l i m i t .  The v a r i a t i o n  o f  the 

capacitance gage readings from the standard was t rea ted  as a normal, 

d i s t r i b u t i o n .  The suppression used on each l o c a l  1.0. 1 i r n i  t was the product  

o f  t times s, where t was Student 's t f o r  a one-sided l i m i t  which inc luded 95% 

o f  the populat ion, and the s was the standard dev ia t i on  o f  the gage v a r i a t i o n s  

from the standard. A l l  ca lcu la ted  suppression values were rounded up t o  the  

' nex t  ten th  o f  a m i l  (0.0001 inch)  b u t  n o t  l e s s  than 0.0002 inch. . The absolute 



I .D .  l i m i t s  were suppressed a minimum o f  0.0002 i nch  on l o c a l  diameter and a 

minimum o f  0.0001 inch on the average 1.0. values t o  a l low f o r  measurement 

e r r o r  and thus assure t h a t  a l l  tubes accepted met the l i m i t .  The suppression 

o f  the  1 i m i  t s  f o r  average 1.0. was 112 o f  t h a t  ca lcu la ted  f o r  l o c a l  I. D. 

measurements. The minimum suppression f o r  average 1.0. l i m i t s  was 0.0001 

i nch . 

2. Outside Diameter 

The O.D.  of each tube was ~rleasi~red us ing  a two-hole a i r  gage as 
the  f i r s t  dimensional inspect ion  o f f  the product ion 1 ine .  The absolute 1 i m i  t s  

were suppressed by 0.0002 i nch  t o  a1 1 ow. f o r  measurement e r ro r .  The inspect ion  

cons is ted  o f  a 360" r o t a t i o n  o f  the tube a t  6 inch  i n t e r v a l s  along the 1 ength 

and a s p i r a l  inspect ion  path between the 6 i nch  po in ts .  A t  l oca t i ons  o f  

''extreme" dimensions, a l o c a l  search was made t o  f i n d  the l o c a l  maximum ( o r  

minimum). Any reading outs ide  the  suppressed l i m i t s  was cause f o r  

r e j e c t i o n .  Measurement o f  a l l  tubes s a t i s f i e d  the s t a t i s t i c a l  requirements o f  

Tab1 e 1. 

3. Wall Thickness 

The wal l  thickness o f  each tube was measured over a s p i r a l  

. pa t te rn  as the tube r o t a t e d  and advanced under the transducer s ta t ion ,  which 

used a h igh  frequency u l  t r ason ic  pul se-echo measuring technique. The wal l  

th ickness was recorded on a s t r i p  char t ,  together  w i t h  a record o f  the t e s t  

c a l  i b r a t i o n .  - Th is  c h a r t  record was the basis  f o r  p roo f  o f  compl iance w i t h  the 

requirements f o r  both wa l l  thickness and wal l  thickness e c c e n t r i c i t y .  The 

search he1 i x  was adjusted t o  have a p i t c h  no t  t o  exceed 1 /2 the nominal O.D. 

rounded down t o  the next 0.1 inch. For 0.531 inch  O.D. PFB tubes, the p i t c h  

o f  t he  UT wa l l  search h e l i x  was 0.2 i nch  maximum. The maximum search h e l i x  

p i t c h  was 0.1", 0.2", 0.4" f o r  seed, blanket,  and r e f l e c t o r  tubes, 

respec t i ve l y .  

On eva lua t ion  o f  the traces, a suppresion o f  0.0003 inches was 

appl ied-  t o  the m i  nirnum wal l  t r ace  in fo rmat ion  t o  .a1 1 ow f o r  measurement e r r o r  



and thus assure t h a t  a l l  tubes met t he  minimum wa l l  l i m i t .  

4. Wall Thickness E c c e n t r i c i t y  

I nspec t i on  f o r  wa l l  th i ckness  produced a c h a r t  o f  wa l l  

th ickness t h a t  was a1 so used t o  measure wa l l  th ickness e c c e n t r i c i t y .  No 

suppression was needed t o  determine wa l l  e c c e n t r i c i t y ,  which i s  t he  d i f f e r e n c e  

the  ad jacent  maximum and minimum wa l l  th i ckness  on the t r a c e  s ince  the range 

o f  data was 'ca l  i b r a t e d  and the  e r r o r  i n  abso lu te  data cancel led.  + 

5. Wave1 ength o f  Wall Thickness E c c e n t r i c i t y  

The u l t r a s o n i c  pulse-echo technique was a l s o  used t o  measure 

the  wa l l  th ickness over an a x i a l  pa th  a long the  non - ro ta t i ng  tube. The w a l l  

th i ckness  was recorded on a s t r i p  char t .  The v a r i a t i o n  o f  wa l l  th i ckness  

a long one pa th  over the tube l e n g t h  e x h i b i t e d  a gene ra l l y  s inuso ida l  p a t t e r n  

f o r  which the  wavelength i s  the  a t t r i b u t e  measured. Four t r a c k s  were 

measured, two a t  a  t ime, a t  90' i n t e r v a l s  around the tube ( a t  0°, 90°, 180°, 

and 270' o r i e n t a t i o n s ) .  The wavelengths o f  t he  f o u r  t r a c k s  were used t o  

determine the  wavelength c h a r a c t e r i s t i c  o f  each tube. The a x i a l  progress ion 

o f  t he  maximum and minimum as shown on t he  f o u r  c h a r t s  pe rm i t  de te rmina t ion  o f  

the d i r e c t i o n  o f  r o t a t i o n  o f  the e c c e n t r i c i t y  a long the tube. The d i r e c t i o n  

o f  r o t a t i o n  (c lockwise  o r  counterc lockwise)  def ined the  pa th  o f  r o t a t i o n  of 

the l o c a t i o n  o f  maximum e c c e n t r i c i t y  going away from the  observer l o o k i n g  i n t o  

t he  end o f  the  tube. For some tubes t h a t  were formed i n  p a r t  under cross-head 

index ing  and i n  p a r t  under ou tpu t  index ing,  two d i s t i n c t  wavelength p a t t e r n s  

were d i sce rn ib l e .  The sho r te r  o f  t he  two wavelengths was recorded t o  

cha rac te r i ze  the tube i n  r e l a t i o n  t o  the t echn i ca l  requirements. See 

Attachment B f o r  d e t a i l s  on the  fo rmat ion  and c o n t r o l  o f  t h i s  a t t r i b u t e .  

A sample o f  the  s t r i p  c h a r t  record  generated f o r  t h i s  

i n s p e c t i o n  i s  shown i n  F igure  A-2 o f  Appendix A. The t r a c e  r e f l e c t s  every 

v a r i a t i o n  i n  wa l l  th ickness and the  cumulat ive e f f e c t s  o f  several  simultaneous 

v a r i a t i o n s  on l o c a l  wa l l  th ickness.  Va r i a t i ons  w i t h  very  sho r t  wavelengths 

inc luded  v a r i a t i o n s  due t o  l o c a l  metal f l ow  from each rock ing  a c t i o n  o f  t h e  



d i e  and 1 ocal surface v a r i a t i o n s  from p i t t i n g ,  gal 1 ing,  pick1 ing, abrading, 

e t c .  The wavelength of wal l  e c c e n t r i c i t y  may be obscured by these l o c a l  

v a r i a t i o n s  and may no t  be apparent i f  wal l  e c c e n t r i c i t y  i s  very small o r  i f  a 

very l o n g  wavelength i s  present. I n  many cases, a l l  four  traces were needed 

t o  de tec t  the wavelength o f  wa l l  e c c e n t r i c i t y .  

. The l eng th  o f  each tube was measured i n  a c a l i b r a t e d  length  

gage t o  suppressed 1 im i t s .  The r e s u l t  o f  t h i s  go-no-go lnspect fon was 

recorded f o r  each tube versus the s e r i a l  number etched on the 0.0. surface. - - -  - -  - - - -  - - .  . . . . 

7. Peroendi cu l  a r i  t v  o f  End Face 

Since both ends of - the tube, as del i ve red  t o  B e t t i s ,  were t o  be 

cropped a t  B e t t i s ,  t h i s  a t t r i b u t e  was not  requ i red  of the tubing vendor. 

Pe rpend icu la r i t y  o f  end face was measured a t  B e t t i s  by gr ipp ing  the tube i n  a 

c o l l e t  and measuring the v a r l a t l o n  o f  the plane o f  the end face from the plane 

normal t o  a x i s  o f  r o t a t i o n  and the diameter o f  the c i r c l e  o f  measurement t o  

ob ta in  the  inches o f  v a r i a t i o n  per  i nch  o f  inspect ion  span (diameter).  

Perpendicular  end faces are requ i red  t o  prov ide a seat  f o r  the shouldered end 

cap t o  be pressed i n t o  the end o f  the  tube. the  end o f  the tube and the 

r a d i a l  face o f  t he  end cap shoulder, when pressed i n t o  i n t ima te  contact,  

prov ided a1 ignment f o r  the long end caps w i t h  the tube center1 ine. A 1 ack o f  

p e r p e n d i c u l a r i t y  g rea ter  than the  0.006 inch  per  i.nch l i m i t  o f  the tube end 

face cou ld  cause a vary ing gap between the tube and the end cap shoulder which 

has been shown t o  con t r i bu te  t o  the formation o f  weld defects. 

8. Edge Squareness 

Th is  a t t r i b u t e ,  which i s  a measure o f  wal l  t h inn ing  a t  the very 

end o f  the  tube, was inspected us ing p i  n - t i p  micrometer and v isua l  

standards. The inspect ions t o  s a t i s f y  t h i s  requirement were performed a t  

B e t t i s  f o l l o w i n g  the cropping of the tube. The end cap was pressed i n t o  the  

tube and j o i n e d  by a tungsten i n e r t  gas fus ion weld. Lack o f  squareness o f  



the  tube edge entrapped he1 ium which entered the weld pool t o  form po ros i t y  

and to ro ida l  c a v i t y  weld defects. I n  add i t ion ,  any metal absent p r i o r  t o  

we1 d ing resu l ted  i n  deeper weld depressions and a  th inne r  c l a d  i n  the l o c a l  

we1 d  area. 

9. Straightness 

Every tube was inspected by the vendor f o r  straightness, 

i n i t i a l l y  by observat ion o f  the smoothness o f  motion as the tube was r o l l e d  on 

a  surface p la te .  Those tubes t h a t  exh ib i t ed  a  s i g n i f i c a n t  amount o f  wobble 

were measured us ing a  st ra ightness gage w i t h  a  f i x e d  span. The gage was 

placed against  the tube and the d e f l e c t i o n  o f  the tube a t  mid-span was 

measured by the t rave l  o f  the stem o f  a  d i a l  i nd i ca to r .  The amount o f  

de f l ec t i on  from a  s t r a i g h t  1  i n e  a t  any measured l o c a t i o n  had t o  be w i t h i n  the  

l i m i t s  imposed by Table A-2. This requirement was overchecked a t  B e t t i s  us ing  

the " f ree  hanging bow" f a c i l i t y ,  where tubes from each l o t  were hung from one 

end and the curvature of the tube p r o f i l e  was measured ( r i g h t  edge on ly )  a t  

three pos i t i ons  (0°, 45' and 90"). These data were converted, v i a  a  computer 

program, t o  evaluate the probable rod  bow between g r i d  l e v e l s  and t o  c a l c u l a t e  

the load requ i red  t o  be exerted a t  each g r i d  spr ing  l o c a t i o n  t o  s t ra igh ten  the  

fue l  rod. Based on the r e s u l t s  o f  the sample inspect ion,  i t  was concluded 

t h a t  the tub ing  was s u f f i c i e n t l y  s t r a i g h t  t o  a l l ow  fab r i ca t i on  i n t o  fue l  rods 

w i th  the h igh  p r o b a b i l i t y  o f  producing acceptably s t r a i g h t  f ue l  rods. See 

Reference (b)  for  discussion o f  f r e e  hanging bow measurements. 

10. I n te rna l  Free Path 

This was the l a s t  inspect ion  performed p r i o r  t o  shipment and 

consisted o f  passing the t e s t  p lug  through the ent i . re  l eng th  o f  each tube. 

This inspect ion  provided add i t i ona l  assurance o f :  (a )  i n t e r n a l  clean1 iness, as 

i n  freedom from ga l l ed  areas, debris,  etc.; (b)  freedom from dents, k inks,  

etc .  ; (c )  s a t i s f y i n g  minimum I.D. requirements. Based on the  minimum average 

I.D. f o r  each tube s ize  and the maximum O.D. f o r  the corresponding plug, the  

tube-to-plug diametral  clearances were 0.002 i nch  f o r  seed, 0.0025 f o r  both 

blankets, and 0.003 inch  f o r  r e f l e c t o r .  ,The length  o f  the r i g h t  c y l i n d r i c a l  

sec t ion  o f  the plug, exc lus ive o f  l ead - in  taper,  was f o u r  t imes the nominal 



I.D. of the tube and was from 70% to 330% longer than the pellets to be loaded 
into the tube. 

The 0.0. surface of the tubes were visually inspected for 
cleanliness and for freedom from defects as was t h a t  portion of the I.D. 

surface visible from each end. As a check on the cleanliness, a section of 

KfWIPE (a  commercial paper towel ) was bl ONrl through each tube using clear1 dry 

compressed a i r  and then compared to visual cl eanl i ness standards. Foll owing 
receipt a t  Bettis, the tubes were again cleaned and inspected for 
clean1 iness. The I .D. surface was inspected using a boroscope and physical 
standards selected t o  i l lus t ra te  the defined defects. Boroscopic inspection 
i s  detailed in Appendix A. As a final check, clean white nylon patches were 
passed through the tube t o  detect any internal contamination. Boroscopic 
inspection of the 1.0. surface of tubes with white 1 ight was a new method of 
eval uation appl i ed t o  LWBR tubi ng. 

12 .  Surface Finish 

I'Re majbri  ty O f  the surface Q9 nl sh i n s p c t t  ions wevc performed 
by visual comparison with standards of known roughness. Selected tubes and 

tube samples were inspected on a profilometer where the vertical movement of 

the surface contact probe, as i t  travelled across the tes t  surface, was 
integrated into a surface roughness value indicated as micro-inches AA 

(arithmetic average). 

13. Material Quality 

All tubes were ultrasonically inspected for the presence of 

flaws exceeding area ,l imits defimed in Table A-2. The tes t  had to be 
sensitive enough to reproducibly detect flaws with reflecting areas of 0.001" 
x 0.020". A high-frequency pulse-echo ultrasonic tes t  was employed using a 
highly damped spherically focused transducer. The echo signal was printed o u t  



on a  s t r i p  cha r t ,  c a l i b r a t e d  w i t h  echo s i g n a l s  from known s izes  o.f de fec ts .  

These cha r t s  were re ta i ned  as a  permanent r eco rd  o f  the  i n t e r n a l  qua1 i t y  o f  

each tube. Cont ro ls  on t h e  t e s t  frequency, focal  spot  diameter, rpm and a x i a l  

speed of th i . s  inspect i .on prov ided assurance t h a t  100% o f  the  vo l  ume o f  t h e  

tube w a l l  was inspected twice, once w i t h  a  search beam t r a v e l i n g  i n  t h e  a x i a l  

d i r e c t i o n  and once w i t h  a  search beam t r a v e l  i n g  c i  r cumfe ren t i a l  l y  ' th rough  t h e  

tube wa l l .  Defects  o f  known s i z e  and l o c a t i o n  i n  a  c a l i b r a t i o n  standard had 

t o  be detected a t  l e a s t  tw i ce  on each i n s p e c t i o n  o f  the  standard w i t h  a  

minimum' echo-signal  i n t e n s i t y .  Another s e t  o f  sensors moni tored the  

u n i f o r m i t y  o f  the forward mot ion o f  the tube, causing an ."eventM mark t o  . 

appear a t  r e g u l a r  i n t e r v a l s  a long the  edge o f  t he  t r a c e  as .the end o f  t h e  tube 

pas t  each de tec to r  l o c a t i o n .  Test q u a l i f i c a t i o n  and adherence t o  the  

r e s t r i c t i o n s  and requirements o f .  the  u l t r a s o n i c  f l a w  de tec t i on  . t e s t  p rov ided  

assurance t h a t  the  tube was f r e e  o f  de fec ts  i n  excess o f  the  es tab l i shed  

standards. 

C. Des t ruc t i ve  Tes t ing  

1. General 

Samples o f  tubes from each l o t  were d e s t r u c t i v e l y  eva luated t o  

assure compl i ance w i t h  the chemical , mechani c a l  , and m i c r o s t r u c t u r a l  

requirements o f  Table A-2. The d e s t r u c t i v e  eva lua t ions .  performed on tube 

samples are i temized  i n  Table 2 showing the t e s t ,  the  minimal t e s t  frequency, 

and s t a t i s t i c a l  requirements.  where appl i c a b l  e. With t he  except ion o f  f l u o r i n e  

analys is ,  no two samples f o r  a  g iven t e s t  were taken from the  same tube. 

2. Tube Chemistry 

F i v e  elements were analyzed f o r  process con t ro l  purposes. The 

th ree  gas 'analyses (H2, N2, 02) were a  check on poss ib l e  contaminat ion d u r i n g  
I 

the hea t  t reatments.  Three samples per  l o t  were a  minimum asampl i n g  p lan  f o r  

con t ro l  o f  the t h ree  gases.   he' two metal anal.yses (N i  , H f  - one each pe r  

l o t )  were used as ma te r i a l  c o n t r o l  checks f o r  the  proper  a l l o y .  Zirca1oy.-4 

has no n i cke l  a l l o y  a d d i t i o n  as compared t o  the nominal o.&% i n  Z i rca loy -2 ,  



and t h e  hafn ium i n  low-hafnium i n g o t s  i s  s i g n i f i c a n t l y  lower  than the  hafnium 

c o n t e n t  found i n  Z i r c a l o y  i n g o t s  which were n o t  produced from low hafnium 

c o n t e n t  sponge and so l  i d s .  The i n g o t  c e r t i f i c a t i o n  and t he  in-process 

a n a l y s i s  o f  MDB's p rov ided  the  o v e r a l l  ana l ys i s  o f  the tubes from each 

i n g o t .  Subsequ.ent thermal p rocess ing  cou ld  o n l y  change t he  gas con ten t  

th rough  abso rp t i on  du r i ng  improper processing. 

3 .  Sur f  ace Chemi s  t ry  

Good r i n s i n g  proccjd~lres f o l  1  owi ng pl 'ckl i ng can produce tubes 

w i t h  l o w  r e s i d u a l  fl uor i ne  sur face  contaminat ion.  'The ana lys i  S f a r  fl uor l ne  

on t h e  1.0. su r face  a t  b o t h  ends and q i d - l e n g t h  o f  one randomly se lec ted  tube 

f rom each l o t  was a spot  check on proper  p o s t - p i c k l e  r i n s i n g  technique. Th is  

i nspec t i on ,  us i ng  t h e  p y r o h y d r o l y t i c  ana l ys i s  technique, was performed on l y  a t  

B e t t i s .  932OF (500°C) steam was passed through the  sample t o  d r i v e  the  

f l u o r i n e  i o n s  f rom the  1.0. sur face.  The f l u o r i n e  con ten t  o f  t he  condensate 

was measured. A s i m i l a r  a n a l y s i s  on machined sur faces d i d  n o t  de tec t  any F 

c o n t r i b u t i o n  f rom the  base meta l .  See Table A-2 f o r  B e t t i s  l i m i t s  and Table 

A-9 f o r  a n a l y t i c a l  r esu l  t s .  

4. Corros ion Resi stance 

The 14-day acce le ra ted  (750°F steam) t e s t  o f  co r ros ion  

res i s tance ,  a  standard m a t e r i a l s  t e s t ,  was a check on proper thermal h i s t o r y  

and on t h e  p o s s i b i l i t y  o f  con tamina t ion  du r i ng  processing. The sampling p lan  

and r e q u i r e d  t e s t i n g  are l i s t e d  i n  Table 2. The l i m i t s  are de f ined  i n  Table 

A-2 o f  Appendix A. 

5. Tens i l e  Tes t  

Tes ts  a t  room temperature and a t  700°F p rov ided  assurance t h a t  

tubes i n  t he  l o t  would per form as expected. The r e s u l t s  o f  a l l  t e s t s  on a l l  

l o t s ,  when analyzed as a group, had t o  s a t i s f y  the  s t a t i s t i c a l  confiderice 

statement  f o r  t he  To ta l  Order Quant i . ty  (T.O.Q.) f o r  each tube s ize ,  as noted 

i n  Table 2. The 1 i m i t s  a re  de f i ned  i n  Table A-2 o f  Appendix A. 



6. Bu rs t  Test o r  c i rcumferent ia l  Tensi le  Test . . 

This  tes t ,  another check on proper. processing and heat 

treatment, i s  sens i t i ve  t o  proper textur.e. The proper ty  o f  concern i s ,  the  

a b i l  i t y  o f  the  c l a d  t o  adcommodate fue l  expansion; thus, .the onl-y a t t r i b u t e  

spec i f i ed  i s  the percent increase i n  circumference which. i s  a measure o f  t h e  

d u c t i l  i t y  o f  the tubing under 2:l b i a x i a l  s t ress  condi t ions.  The s t a t i s t i c a l  

confidence requi  rement o f  Tabl e 2 appl f es t o  the requ.i rement def ined i n  Tabl e 

A-2 o f  Appendix A. 

7. Texture 

Con t rac t i l e  S t r a i n  Rat io (CSR) i s  a. measure o f  o r i e n t a t i o n  o f  

the c r y s t a l  1  ographic s t ruc tu re  w i t h i n  the tube wa l l  . The c r y s t a l  s t r u c t u r e  

a f f e c t s  t h e  f low o f  the  mater ia l  under p l a s t i c  deformation. The CSR t e s t  was 

devised t o  measure the r a t i o  o f  two major s t r a i n s  ( r a d i a l  and 

c i  rcumferent i  a1 ) . The f a b r i c a t i o n  sequence con t ro l  s  t ex tu re  formation. 

Cont r ibu t ing  fac to rs  t o  the development o f  t ex tu re  are percent co ld  work 

(percent  reduct ion i n  cross-sect ion area) and the deformation r a t i o  o r  Q-value 

( the  r a t i o  o f  the percent change i n  wal l  t o  the percent change i n  diameter) i n  

each reduct ion.  A l l  CSR values f o r  each tube s i ze  and cond i t i on  o f  heat 

treatment were combined and s t a t i s t i c a l l y  evaluated t o  the 1 i m i t s  o f  Table A- 

2. The technique f o r  measuring CSR i s  def ined i n  Appendix C. Experimental 

work described i n  Attachment C provided a c o r r e l a t i o n  between C5R and x-ray 

t e x t u r e  based on basal pole i n t e n s i  ti.es.. 

8. Hydride Or ien ta t ion  

Hydri  de o r i e n t a t i o n  i s  another i n d i c a t i o n  o f  t ex tu re  obtained 

by measuring the percent o f  hydride needles o r  p l a t e l e t s  a1 iqned w i t h i n  30" o f  

the  r a d i a l  d i r e c t i o n  w i t h i n  the tube wal l .  Samples o f  tubes are i n t e n t i o n a l l y  

hydrided t o  125 * 25 pprn o f  hydrogen and heat t rea ted  t o  promote absorpt ion . 

and d i f f u s i o n  through the  tube wal l  . Metal 1 ographic samples are pol ished and 

etched t o  reveal the hydride need1 es. Metal 1 ographic eval ua t ion  determines 

the  compliance w i t h  the requirement def ined i n  Table A-2. This inspect ion  i s  



an i n d i r e c t  measure o f  basal po le  a1 ignment. The p re fe r red  l o c a t i o n  f o r  

p r e c i p i t a t i o n  o f  hydr ides i s  near the  basal plane o f  the hexagonal s t r u c t u r e  

o f  t he  Z i r c a l o y - 4  grains. Hydrides para l  l e l  t o  the  tube surface are 

prefe,&ed, s ince  t h i s  i s  para l  l e l  t o  the  p r i n c i p a l  s t ress  plane under i n t e r n a l  

p ressure  and the  hydr ides formed I n  t h f s  o r i e n t a t i o n  dur ing  core o p e r a t i ~ n  

w i l l  r e s u l t  i n  a  minimum reduc t i on  i n  d u c t i l i t y  o f  the tube. 

9. Post Annealed Cold Work (PACW) 

-- 
I h l  s tes 1, no t  usual 1  y performed fnr 1 i g h t  water  reac,bur- 

Z i r c a l n y  tub ing,  was performed t o  de tec t  s igns o f  excessive s t r a i n s  i n  RXA 

seed t u b i n g  f o l l o w i n g  t h e  f i n a l  heat  treatment. The development o f  t h i s  t e s t  

i s  descr ibed i n  d e t a i l  i n  Appendix E. The pr imary source o f  s t r a i n s  i n  RXA 

tubes i s  i n  t h e  con t ro l  l e d  s t r a i g h t e n i n g  operat ion.  Samples o f  f i n i s h e d  

t u b i n g  are  heated t o  induce excessive g r a i n  growth, po l i shed and etched t o  

show g r a i n  s t ruc tu re ,  and examined me ta l l og raph i ca l l y  t o  determine i f  

exaggerated g r a i n  growth has occurred. The presence o f  l a r g e  gra ins  i nd i ca tes  

t h a t  s t r a i n  i n  t he  sample exceeds t h e  3% 1 i n i t  se t  t o  ensure des i rab le  

mechanical p roper t ies .  

10. Grain Size.  

A sample o f  t ub ing  was metal 1  ographica l  l y  exam1 ned f o r  g ra in  

s ize.  H igh ly  c o l d  worked tub ing  r e c r y s t a l l  i z e d  i n  the range o f  1200 t o  1  300°F 

shoul d  produce a  f i n e  gra ined s t r u c t u r e  equ iva len t  t o  ASTM 10. The g ra in  s i ze  

increases w f  t h  i ncreasl  ng recr -ys ta l  1  i z a t i o n  temperature. The ASTM 9 max g r a i n  

s i z e  f o r  seed versus the  ASTM 8 l i m i t  f o r  t he  SRA non-seed s izes r e f l e c t s  the 

d i f f e r e n c e s  i n  the  heat t reatment  p r i o r  t o  sampl ing.  The seed s i ze  4 s  sae~pled 

a f t e r  f i n a l  RXA 8 1225OF w h i l e  t he  b lanket  and r e f l e c t o r  s izes are sampled 

f o l l  owing the  1300°F i n  process RXA j u s t  p r i o r  t o  the 1  a s t  tube reduct ion.  

The average g r a i n  s i z e  f o r  a l l  f o u r  s izes i n  l o n g i t u d i n a l  and transverse 

sec t i ons  ranged from 10.1 t o  10.6 ASTM g ra in  size, w i t h  d range o f  9.5 t o  11.0 

f o r  a l l  samples from a l l  l o t s .  



11. Equiaxed Grains 

Samples o f  f i n a l  hea t - t r ea ted  SRA tubes (non-seed s izes)  were 

po l i shed  and etched and inspected m e t a l l o g r a p h i c a l l y  f o r  the  presence o f  

equiaxed g ra ins .  The presence o f  equiaxed g ra ins  i n  t h e  d i s t o r t e d  g r a i n  

s t r u c t u r e  o f  SRA ma te r i a l  would i n d i c a t e  t h a t  an excessive hea t  t rea tment  had 

occurred. Any excess temperature o r  excess t ime a t  temperature cou ld  

p o t e n t i a l l y  cause 1 ocal  i z e d  r e c r y s t a l  1  i z a t i o n  i n  the  h i g h l y  s t ressed  

m i c r o s t r u c t u r e  which r e s u l t s  from h i g h  c o l d  work i n  t h e  f i n a l  reduct ion.  Th i s  

t e s t  i s ,  i n  e f f e c t ,  a process c o n t r o l  i nspec t ion .  

12. Metal 1  ographic Inspec t ion  f o r  Defects Exceeding 0.004 Inch  

A1 1 metal 1 ographic samples prepared f o r  t he  inspec t ions  

discussed above were a l so  inspected f o r  t he  presence o f  defects exceeding 

0.004 i n c h  i n  any dimension. Th is  i s  a  low frequency spot  .check on the  

nondes t ruc t i ve  t e s t s  performed on t he  tub ing,  p r i m a r i l y  surface v i sua l  and UT 

f l a w  i n s p e c t i o n ' ( i t e m s  11 and 13 o f  Table 1 ) .  A d e f e c t  a t  0.0040 i nch  i n  one 

dimension i s  a t  the  threshhol d  o f  de tec t i on  by the  p rescr ibed  UT f l aw  t e s t  

where a 0.001 i n c h  deep by 0.020 i n c h  l ong  standard defect  ( t e s t  s e n s i t i v i t y  

notch)-must be detected on a minimum o f  two successive r o t a t i o n s  o f  the d e f e c t  

p a s t  t he  t ransducer  s t a t i o n .  

V. SUMMARY 

Tubing w i t h  the  p roduc t  requirements es tab l  i shed  f o r  the  c ladd ing  o f  

LWBR f u e l  rods was manufactured us ing  both newly developed techniques and good 

commercial p rac t i ce .  D e f i n i t i o n  o f  t he  machining requ i red  f o r  t h e  ext ruded 

base tube and development o f  improved process c o n t r o l s  were inst rumenta l  i n  

meet ing t he  to le rances  on dimensions and on a1 lowable de fec t  s i z e  and i n  

meeting the  o the r  requirements o f  tex tu re ,  phys ica l  p rope r t i es ,  s t ra igh tness ,  

w a l l  e c c e n t r i c i t y  and the  wavelength o f  he1 i c a l  wa l l  e c c e n t r i c i t y .  The 

process modi f I c a t i  ons and process c o n t r o l  s  r esu l  t e d  i n  o v e r a l l  manufactur i  ng 

y i e l d s  comparable t o  t he  y i e l d s  a t t a i n e d  f o r  t y p i c a l  commercial 1  i g h t  water 

r eac to r  Z i  r c a l  oy tub ing  desp i te  the  a d d i t i o n a l  product  requirements. The 



improved tube qua1 i ty permi t s  improved fuel rod performance capabil i t i e s  and 
provides a h i g h  re1 iabil  i t y  during in-core service. 

Developmental e f fo r t s  1 eading to  the establ i shment of the reference 
manufacturing process defined the fol l  owing re1 ationships which af fec t  
properties of the t u b i n g  produced: 

a. The ef fec t  of the reduction sequence on texture; 
b. The equivalency of CSR and x-ray texture; 
c, The machining of the s tar t ing base tube which resulted in 

improvements I n  process lrry yields,  concentricity, wall uni t o r m i t y  

and surface quality i n  the finished tubing; 
d. The relation of the control o f  the tube reducer operation 

parameters i n  successive reductions on the formation and control of 
the wave1 ength of he1 ical wall eccentricity and of texture (CSR) . 

e. The effects  of time, temperature, and load cross section in a given 
heat treating furnace on the uniformity of heat treatment (and on 
physical properties) of a l l  tubes i n  a single heat treatment and on 
the reproducibility of tha t  heat treatment; 

f.  Control of the ro l le r  straightener t o  minimize strain build~rp and 
to  minimize the reduction of fatigue 1 i f e  of the tubes in core 
environment. 

In addition, speci a1 ized testing was devel oped to measure certain 
properties not usually measured for l igh t  water reactor Zircaloy tubing: 

a. An ultrasonic t e s t  and associated controls to detect defects as 
small as the 0.001 inch x 0.010 inch which i s  half the length ot 
the sensi t i v l  ty notch. The sensi t ivi ty  notch (and a1 1 notches) 
must be seen clearly and reproduci b i  ly i n  a minimum o f  two 

successive rotations of the notch past the transducer station; 
b. Non-rotating ul trasonic measure of wall thickness a1 ong the 1 ength 

o F the tube to  dctermi ne the wav~l ength of he1 ical wall 
eccentricity;  

c .  Contractile s t rain ra t io  as a mechanical measure of the 
crystallographic texture i n  the tube; 



d. The use o f  the  exaggerated g ra in  growth phenomenon i n  z i rconium t o  

detect  a s p e c i f i c  s t r a i n  l e v e l  us ing a s p e c i f i c  heat. t reatment.  

The selected manufacturing pr-ocess, combined w i t h  regu la r  in-process 

checks, produced tubing which met a l l  o f  the c r i t e r i a  es tab l ished f o r  the c l a d  

tubes fo r  LWBR fue l  rods, w i t h  commercially acceptable y i e l  ds. 
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v I I I. B IBL IOGRAPHY OF DOCUMENTS IN THE LWBR TECHNICAL MEMUHANUUM S ~ K  l t j  

RELEVENT TO THE REQUIREMENTS FOR AND TO THE FABRICATION AND INSPECTION 

OF LWBR FUEL ROD CLADDING TUBES 

A. Procedure f o r  Obtaining LWBR Technical Reports . ~ .  

Technical in fo rmat ion  developed under the  LWBR program has been and 

w i l l  be publ ished i n  techn ica l  repor ts .  I n  t h i s  way, vendors, u t i l i t i e s ,  and 

o the r  i n t e r e s t e d  organizat ions w i l l  be able t o  determine the degree t o  which 

they des i re  t o  apply the LWBR technology t o  t h e i r  own programs. 

These repo r t s  are announced i n  the  "Energy Research Abstracts" 

( f o rmer l y  t he  "Nuclear Science Abstracts")  publ ished by the Department o f  

Energy's Technical In format ion Center, P.O.Box 62, Oak Ridge, Tennessee 

37830. The abs t rac ts  document i s  d i s t r i b u t e d  t o  a number o f  u n i v e r s i t i e s  and 

DOE f a c i l  i t i e s  throughout the country  o r  i t  may be obtained from the 

Government P r i n t i n g  O f f i ce ,  Washington, D.C. 20402. Most o f  the LWBR 

techn ica l  r e p o r t s  w i l l  be publ ished by the  B e t t i s  Atomic Power Laboratory and 

may be i d e n t i f i e d  i n  the  abs t rac ts  document by l ook ing  f o r  numbers w i th  the 

1 e t t e r  p r e f i x  "WAPD-TM-xxx" o r  re fe renc ing  the  t o p i c a l  headi ngs : "Breeder 

Reactors ," "Water Cooled," and "LWBR Type Reactors ." I n  add i t ion ,  the t i t l e s  

o f  t he  repo r t s  w i l l  i n  most cases be fo l lowed by the  statement, "CWBR 

n ~ v e l  npment Program". 

The LWBR repo r t s  may be purchased from the National Technical 

In fo rmat ion  Service (NTIS) , Department o f  Commerce, S p r i n g f i e l  d, VS r g i n i a ,  

22161. Both paper. copy and m ic ro f i che  copy are ava i lab le .  The NTIS a1 so 

announces the repo r t s  i n  i t s  announcement journa l  "Government Reports 

Abst rac ts  ." 



B. Selected Relevant Technical  Memoranda 

Report  No. T i t l e  

TM-472 Thermal Expansion and P re fe r red  O r i e n t a t i o n  i n  
Z i  r c a l  oy 

TM-585 P rope r t i es  o f  Z i  r ca loy -4  Tubing 

TM-590 Recovery and Recrysta l  1 i z a t i o n  K i n e t i c s  o f  Cold 
Worked Z i  r c a l  oy-4 P l  a t e  and Tubing 

TM-591 Deformation and Col lapse o f  Fuel Rod Cladding 
Due t o  Ex te rna l  Pressure 

TM-628 Behavior o f  an I n t e n t i o n a l l y  Defected Fuel Rod 
Which Ruptured During I r r a d i a t i o n  

TM-629 I r r a d i a t i o n  Behavior o f  Z i r c a l  oy-Cl ad Fuel Rods 
Conta in ing D i  shed-Ended U02 Pel 1 e t s  

TM-651 Frac tu re  o f  C y l i n d r i c a l  Fuel Rod Cladding Due 
t o  P l a s t i c  I n s t a b i l  i ty  

TM-652 An Analys is  o f  T rans ien t  Clad S t ra i ns  i n  
Cyl i n d r i  c.al Fuel E l  ements I n c l  ud i  ng the  
E f f e c t s  o f  Oxide Pel l e t  Cracking (STRIPE) 

TM-714 E f f e c t  o f  Cladding Oval i ty .  and Diametral  Creep 
on Fuel Rod Support Systems 

TM-726 El  a s t i c  Analys is  o f  Thermal Gradient  Bowing 
i n  Rod-Type Fuel Elements Subjected t o  Ax ia l  
Thrus t  

TM-756 Est imated Creep P rope r t i es  o f  Z i r ca loy -4  
Tubing Dur ing Neutron I r r a d i a t i o n  

TM-782 Ef fects  of  Pressure Upon t he  Corros ion o f  
Z i  r c a l  oy-4 

TM-847 ROBOT - A Computer Program t o  Solve t he  Bowing 
Problem i n  Rod-Type Fuel Elements 

TMe869 The C h a r a c t e r i s t i c s  of  the 7i rcal oy-4 T ~ r h i  ng 
i n  LWBR Fuel Rods 

TM- 900 High Temperature Deformat ion and B u r s t  
Cha rac te r i s t i c s  o f  Recrysta l  i z e d  Z i  r c a l  oy-4 
Tubing 

Pub1 i shed 

Nov. 1965 

Dec. 1966 

Feb. 1968 

Jan. 1967 

J u l y  1969 

J u l y  1967 

A p r i l  1967 

Feb. 1970 

Dec. 1970 

Jan. 1968 

May 1968 

Oct. 1968 

J u l y  1969 

Nov. 1979 

Jan. 1970 



R e ~ 0 r t  No. T i t l e  Pub1 i shed 

The I n f l uence  o f  P r i o r  Corros ion H i s t o r y  Upon 
t h e  Hydrogen Pickup by Z i r c a l o y  During 
Subsequent Exposure i n  Hot Water 

Dec. 1970 

A Method o f  Ana lys is  f o r  t h e  Creep-Buck1 i n g  
o f  Tubes Under Ex te rna l  Pressure 

Oct. 1970 

In -P i  1  e  Dimensional Changes o f  Z i  r c a l  oy-4 Tubing 
Having Low Hoop S t ress  

J u l y  1971 

TM- 986 

TM-I 043 

In -P i  l e  Dimensional Changes of  Tho2-U02 Fuel Rods 
w i t h  Nonfree Standi  ng C l  adding 

Nov. 1970 

I-li gh Tempera t ~ r ' e ,  Ti111e-Dependent Deformat1 on 
i n  I n t e r n a l l y  Pressur ized  Z i  r c a l  oy-4 Tubi nq 

Oct. '1914 

Pl a s t i c  Ani so t ropy  o f  Z i  r c a l  oy Tubing Feb. 1976 

A p r i l  1973 I n e l  a s t i c  Column Buck1 i n g  of I n t e r n a l l y  
Pressur ized  Tubes 

The Re la t i onsh ip  Between F a i l u r e  s t r a i n s  i n  
B u r s t  Tests  on Z i r c a l o y  Tubing and Wall 
Thickness E c c e n t r i c i t y  

Jan. 1973 

Halogen S t ress  Corros ion Cracking o f  Z i  r c a l  oy-4 
Tubing 

J u l y  1974 

An ana l ys i s  o f  I od ine  St ress Corros ion Cracking 
o f  Z i  r c a l  oy-4 Tubing 

Feb. 1976 

Ul t r a s o n i c  Tes t i ng  o f  Nuclear Fuel  Rod We1 ds and 
C l  ad 

Feb. 1979 

Fuel Rod We1 d ing  Feb. 1979 

Feb. 1979 I nspec t i on  o f  Assembled LWBR Fuel Rods f o r  
I n t e r n a l  Dimensions and Pel 1  e t  I n t e g r i t y  
U t i l  i z i  ng In-Mot ion Radiography 

Same Hi gh Temperature Mechanical P rope r t i es  
o f  I n t e r n a l  l y  Pressur ized Z i  r c a l  oy-4 Tubing 

Feh.1376 

Feb. 1976 The E f fec ts  o f  I n t e r n a l  Surface Flaws, Iod ine  
Concentrat ion and Temperature on the  St ress 
Corros ion Cracki  ng Behavior o f  Z i  r c a l  oy-4 
Tubing 



Report No. 

TM-1270 

T i t l e  Pub1 i shed 

Free Hanging Bow Measurements o f  LWBR ' ' Mar. 1979 
Fuel Rods 

Sources o f  I n te rna l  Hydri d ing  i n  Uni r r a d i  a ted Feb. 1979 
Thor i  a-Fuel ed Z i  r c a l  oy Rods 

The CYGRO-4 Fuel Rod Analys is  computer Program J u l y  1977 

The S u s c e p t i b i l i t y  of Un i r rad ia ted  Rec rys ta l l i zed  Oct. 1977 
Z i  r c a l  oy-4 Tubing t o  Stress Corrosion Cracki ng . . 

Low S t r a i n  Diameter Expansion o f  I n t e r n a l  l y  . Mar. 1978 
Pressurized Z i  r c a l  oy-4 Tubing a t  High 
Temperatures 

Corrosion o f  Z i  rca loy-4  Tubing i n  680°F Water ' Dec. 1978 

E f f e c t  o f  Fuel Chips on Cladding Stress i n  Nov. 1978 
Z i  r c a l  oy C l  ad Oxide Fuel Rods 

Ex-Reactor Deformation o f  E x t e r n a l l y  
Pressurized Short Lengths o f  Fuel Rod 
C l  adding 

May 1979 



TABLE 1 

(See Table A-2 i n  Appendix A f o r  Actual Requirements) 

Vendors Inspec t ion  S t a t i s t i c a l  
A t t r i b u t e  Notes* Frequency Requi rements* - 

1. I n s i d e  Diameter 

a. Average of Local Cross 
Sect i on 

b .  Local Dimension 

2. Uuts lde Diameter - Loca l  

3. Wall Thickness 

4. Wall E c c e n t r i c i t y  c 

5. Wavelength o f  Wall E c c e n t r i c i t y  c 

6. Length - 
7. Pe rpend icu la r i t y  o f  End Face d 

8. Edge Squareness d 

9. S t ra igh tness  - 
10. Intetnal  Free Path - 

-1 1 . Surface V1 sual - 
12. Surface F i n i s h  (Roughness) - 
13. Ma te r i a l  Qua1 i t y  (UT Flaw) c 

- 

100% 

1 00% 

100% . 

10 per l o t  

100% 

- .-. . . 
W t s :  $. 95% con'fidence t h a t  99% o f  a l l  l o c a t i o n s  on each tube s a t i s f y  

the  requ i  rements . 
b .  35% confidence thdl: 99% o f  a1 1 tubes i n  t he  l o t  s a t i s f y  the  

requ i  rements . 
c .  A permanent autographic record o f  t h i s  i nspec t i on  i s  requ i red  

f o r  each l e n g t h  o f  tube. 

d. Th is  a t t r i b u t e  was app l ied  a t  S e t t i s  a f t e r  c u t t i n g  the tube t o  
l e n g t h  f o r  f u e l  r o d  assembly. 



TABLE 2 

DESTRUCTIVE TESTING OF LWBR CORE TUBING 

(See Table A-2 i n  Appendix A f o r  Actual  Requirements) 

Minimum 
Test  Frequency S t a t i s t i c a l  

A t t r i b u t e  (pe r  1 o t )  Requi remen t 

1 . Tube Chemistry 

a. Gases: HZ, Nf, O2 
b. Metals:  N i ,  H 

None 
None 

2. Surface Chemistry : F l  uo r i ne  3( a)  None 

3. Corros ion Resi stance ( 750°F) 6 None 

4. Tens i le  Test 

a. Room Temperature 
b. 700°F 

5. B u r s t  Test  - 700°F 3 (b )  

6. Texture (CSR) 3 ( b )  

7. Hydr ide O r i e n t a t i o n  3 None 

8. Post Anneal Cold Work (RXA Only) 3 None 

9. Gra in  S ize 3 ( c )  None 

10. Metal 1 ographic Inspec t ion  

a. Eguiaxed Grains (SRA Only) 
b. Defects > 0.0040 i n c h  

10 None 
10(d)  None 

mt: a. Samples from each end and mid- length on one tube leng th .  
b. 95% conf idence t h a t  95% o f  the  TOQ* of each tube type  meets t h e  

requirement.  
c.  Samples o f  SRA (non-seed) tube were measured on RXA tube stock 

' p r i o r  t o  l a s t  reduc t ion .  Samples o f  RXA (seed) tubes were 
measured a f t e r  f i n a l  heat  treatment;. Three l o n g i t u d i n a l  and t h ree  
t ransverse sect ions.  

d. A1 1 specimens prepared f o r  any metal 1 ographic i nspec t i on  were a1 so 
inspected f o r  t h i s  a t t r i b u t e .  Reference i tems 7, 8, 9, and 10.a 
of t h i s  tab le ,  

*TOQ = To ta l  order  quan t i t y .  



APPENDIX A 

LWBR TUBING REQUIREMENTS 

AND MANUFACTURING PROCESS 

I. INTRODUCTION 

LWBR t u b i n g  was tube reduced a t  the  Dearborn Heights,  Michigan f a c i l i t y  

o f  Wolverine ~ u b e  D i v i s i o n  (WTD) o f  Union O i l  Products Corporat ion i n  t h e  1971 

t o  1973 per iod.  Every e f f o r t  was made t o  op t im ize  t h e ' q u a l  i t y  o f  the  tube, t o  

op t im ize  the  manufactur ing y i e l  ds i n  a1 1  f a b r i c a t i o n  opera t ions  from ' the  

i n i t i a l  i n g o t  through the  f i n a l  i nspec t i on  o f  the  f i n i s h e d  tube, and t o  meet 

the  p roduc t  requirements developed f o r  LWBR f u e l  r o d  c ladd ing  tubes. 

I I. INGOT REQUIREMENTS 

The ingo ts ,  produced by Teledyne Wah Chang (TWCA) o f  A1 bany, Oregon and 

by AMAX co rpo ra t i on  o f  Akron, New York, met the  requirements 1  i s t e d  i n  Table 

A-1. These requirements a re  t y p i c a l  o f  those s p e c i f i e d  f o r  l i g h t  water 

r eac to r  Z i rca loy -4 ,  b u t  were mod i f i ed  s l i g h t l y  f o r  LWBR tub ing  i n  the l owe r  

l i m i t  f o r  hafnium, The 35 ppm l i m i t  f o r  hafnium r e f l e c t s  the  25 ppm l i m i t  

imposed on the s e l e c t i o n  o f  sponge batches and an al lowance o f  10 ppm f o r  

a n a l y t i c a l  e r r o r .  As a  f u r t h e r  c o n t r o l  o f  i n g o t  q u a l i t y ,  the  s t a r t i n g  s tock 

f o r  the  i n g o t  was 1  i m i t e d  t o  ma te r i a l  o f  known chemical analyses ( s e l e c t e d  

sponge batches, so l i ds ,  and i n g o t  t u rn i ngs )  and i n  t h e  p ropo r t i ons  shown i n  

Table A-1 . 

I I I. TUBING REQUIREMENTS 

Product requirements f o r  LWBR tub ing  ordered i n  1971 and 1972, i nc l uded  

1  i m i t a t i o n s  on bow, oval  i t y ,  wa l l  e c c e n t r i c i t y ,  t i g h t  to1  erances on tube 

diameters and wa l l  th ickness,  and a  r e s t r i c t i o n  on t he  r o t a t i o n  o f  wa l l  

e c c e n t r i c i t y  ( 1  oca t ion  o f  maximum wa l l  th i ckness  i n  any cross sec t i on )  a1 ong 

t he  tube leng th .  I n  a d d i t i o n  t o  these s i z e  1  i m i  t a t i o n s ,  p roduc t  requirements 

were developed f o r  tex ture  ( a z  measured by hydr ide  o r i e n t a t i o n  and c o n t r a c t i  1  e  

NBI Log No. 0116-79A/0082L 
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s t r a i n  r a t i o )  and g r a i n  size, as we l l  as fo r  mechanical and physical 

p rope r t i es .  The requirements fo r  LWRR fuel rod  c l  adding tubes are summarized 

i n  Table A-2, i n  the  same sequence as the , inspect ion  and t e s t i n g  requirements 

a re  presented i n  Tables 1 and 2. Several o f  the technical  requirements were 

n o t  .imposed on WTD, b u t  were met by performing add i t i ona l  inspect ions a t  

B e t t i s .  The requirements which were met by such add i t i ona l  B e t t i s  e f f o r t  a re  

noted ' i n  Tab1 e A-2 w i t h  the  symbol ( # I .  The s i z e  o f  the  tubes purchases f o r  

LWBR i s  shown i n  Table A-3 together  w i th  the f i n a l  heat treatment, the  

q u a n t i t y  o f  tubes needed, the  f i n a l  s ize  of the  c ladding of the f i n i s h e d  fue l  

r o d  and the  number o f  d i f f e r e n t  f u e l  rod  types and the number f u e l  rods i n  

each tube s i z e  i n  the LWBR core, 

A comparison between the  s p e c i f i e d  LWBR tube requirements and the  

commercial s p e c i f i c a t i o n  ASTM Designat ion 8-353-1977 (Reference ( c ) )  f o r  

z i rcon ium a l l o y  tubes f o r  nuclear  serv ice,  i s  shown i n  the  f o l l o w i n g  tab le .  

Only those LWBR requirements o f  Table A-2 which are d i f f e r e n t  from, o r  n o t  
I 

i nc luded  i n ,  ASTM-B-353-1977 have been 1 i sted. The LWBR s p e c i f i c a t i o n  i s  more 

r e s t r i c t i v e  than present commercial p rac t ice ,  as represented by ASTM-B-353- 

1977, i n  terms o f  both process c a p a b i l i t y  and ove ra l l  y i e lds .  

Wall c c c c n t r i c i t y  and the wave1 e11y tlr ol: he1 lual  wal l  eccener' lci t y  

r e q u i r e  development o f  process cont ro ls ,  which, when solved, w i l l  have a small 

e f f e c t  on y i e l d s .  The process t h a t  produces good tex tu re  should meet post-  

anneal c o l d  work, the hydr ide  o r i e n t a t i o n  and the physical  t e s t s  when proper ly  

heat  t rea ted .  The u l t r a s o n i c  t e s t  f o r  mater ia l  qua1 i t y  requ i res  some 

soph is t i ca ted  inst rumentat ion on a p rec i s ion  tube tes te r ,  b u t  good commercial 

p r a c t i c e  and process con t ro l  should keep any losses t o  a few percent. 



SIGNIFICANT DIFFERENCES 
I N  LWBR AND ASTM DESIGNATION 8-353 SPECIFICATIONS 

FOR REACTOR GRADE SEAMLESS ZIRCALOY-4 TUBING 

I tem 
ASTM-B- 
353-1 977 

1 . Dimensional To1 erances 

a. I.D. Local (seed) N k. 0.0015 N + 0.0020 
b. Wall E c c e n t r i c i t y  (max) 0.07W - 
c. St ra ightness (def lect ion/span)(max)  111500 1/1200* o r  

1.5711 500* 
d. Wavelength o f  Wall E c c e n t r i c i t y  (min) R - 

2. I n te rna l  Free Path R - 
3. Mater ia l  Q u a l i t y  (U.T. Reject  Notch Size) 

a. Min Length Inches 
b. Nominal Length 
c. Nominal Depth 

4. Surface Chemistry ( fl u o r i  ne) R - 
5. Bu rs t  Test R M 

6. Texture (CSR) R - 
7. Hydride Or ien ta t i on  

8. Post-Anneal Cold Work 

9. Grain Size (ASTM No.) 

10. ~ e t a l l o g r a p h i c  Defects 

R m 

R - 

8 t o  12.5 7 o r  f i n e r  

R - 

- Not mentioned i n  t h i s  s p e c i f i c a t i o n  * Using a common rad ius  o f  curva ture  
.M L i s t e d  as an i tem f o r  mutual agreement 
m Mutual agreement i tem no t  expected t o  pose a problem 
R Required i n  LWBR s p e c i f i c a t i o n  
W Nominal wa l l  th ickness 



The t u b i n g  requirements a re  discussed below i n  t he  same sequence as 

1 i sted  i n  Tabl e A-2 and i n  Tabl es 1 and 2 o f  t h i s  repo r t .  

I I I. A. Non-Destructive Insoec t ion  

The to lerances on bo th  l o c a l  and average I.D. f o r  any cross 

sec t ion  r e l a t e  t o  t he  small design clearance between the  f u e l  

pe l le t 's  and tube I.D. which r e s u l t s  i n  improved f u e l  element 

performance c a p a b i l i t y ,  

The to lerances on O.D. are s p e c i f i e d  t o  be compatible w i t h  

f i n a l  f u e l  r od  dimensions and the f u e l  rod  p ick1  i n g  allowances. 

3. Minimum Wall 

Th is  1i111i-t; ensurbes t h a t  the  s t ress  l i m i t s  f o r  f u e l  r o d  c ladd ing  

a r e  s a t i s f i e d .  

4. Maximum Wall Eccent r i  c i  t v  

Th i s  requirement was appl i e d  t o  minimize bowing o f  the f u e l  r od  

i n  the core environment. This requirement was t i g h t e r  than YTD 

would guarantee. Tubes t h a t  d i d  no t  meet these l i m i t s  were 

c u l l e d  a t  R e t t i s .  

5. Minimum Wavelrnoth 0.F Wall  E c c e n t r i c i t v  

Special  process c o n t r o l s  were i n i t i a t e d  on the  tube reduc t ion  

operat ions t o  maximize the wavelength, s ince the long wave- 

leng ths  r e s u l t e d  i n  improved f u e l  r o d  performance. See 

Appendix B f o r  the development e f f o r t  and the process c o n t r o l s  

developed t o  produce tub ing  t h a t  met t h i s  requirement. 



6. Lenath .. . 

The vendor suppl i e d  ove r l eng th  tubes t o  a  1 oose t o l e rance  (-0,  

t0.5 i n c h )  s i nce  t h e  process ing o f  tubes i n t o  f u e l  ' rods r e -  

q u i r e d  machining a t  B e t t i s  t o  several  nominal l eng ths .  Thus, 

to le rances  on l e n g t h  and end c o n d i t i o n s  app l i ed  o n l y  t o  B e t t i s  

operat ions.  

7. ~ e r ~ e n d i c u l a r i  ty o f  ~ n d  Face 

(and) '  
. . 8. - Edge Squareness 

Bo th  o f  these l i m i t s  a p p l i e d  t o  'Be t t i s . ope ra t i o r i s  and d i r e c t l y  

a f f e c t e d  a l ignment  o f  tube and endcap and t h e  q u a l i t y  o f  t h e  
. .. , 

we1 d  j o i n i n g  t he  tube t o  t he  endcap. . . 

9. St ra ' ish tness 

Th i  s  requ i  rement i s  t i g h t e r  than commerci a1 to1  erances. See 

t he  t a b l e  i n  Sec t ion  I 1 1  above. 

10. I n t e r n a l  F ree  Pa th  

The passing o f  a  p lug,  which was s l i g h t l y  l a r g e r  i n  d iameter  

'and longer  than t he  l a r g e s t  p e l l e t ,  through t he  f u l l  l e n g t h  o f  

each tube as the '  f i n a l  i n spec t i on '  ope ra t i on '  p rov ided  assurance 

t h a t  t he  app rop r i a t e  p e l l e t  c o u l d  f r e e l y  through the  tube 

du r i ng  l oad ing  operat ions.  T h i s  i s  unique t o . B e t t i s  t u b i n g  

procurements, b u t  was n o t  r e s t r i c t i v e  i n  ac tua l  p r a c t i c e .  Th i s  

t e s t  i s  n o t  mentioned i n  ASTM-B-353-1977 Ref. ( c ) .  See Sec t i on  

I 1 1  above. 



11 . V i  sual Surface Inspect ion 

While a de fec t - f ree  tube was required, the implementation o f  

s p e c i f i c  process con t ro l  s  f a c i l  i ta ted  the product ion of tubes 

- which e a s i l y  met t h i s  requirement. A t  B e t t i s ,  the v isua l  

sur face inspect ion  inc luded a white l i g h t  borescopic inspect ion  

o f  the  f u l l  I .D. surface o f  the tubes. 

During des t ruc t i ve  eva lua t ion  of t e s t  rods, secl iuning o f  t he  

t u b i n g  fo r  v i sua l  examination o f  the  i n t e r n a l  surface revealed 

the  presence o f  l o c a l  depressions o r  p i t s  on the i n s i d e  tube 

surface. These defects were a t t v l  buted t o  1 ocal l ~ la le r i ' a l  

bu i l dup  on the  mandrel, dur ing  tube reduct ion.  Because they 

were areas o f  reduced wa l l  thickness and were too l o c a l  t o  

guarantee detec t ion  by u l t r a s o n i c  inspect ion,  the borescope 

inspec t i on  was incorporated i n t o  the process t o  de tec t  such 

cond i t i ons  v i sua l  l y  . The e n t i  r e  i n s i d e  surface was inspected 

t o  and detec t  i n d i c a t i o n s  o f  surface depressions. Depressions 

i n  excess o f  an establ  ished v isual  standard resu l ted  i n  

r e j e c t i o n  o f  the tube, 

The f a c i l i t y  f o r  borescope inspect ion  o f  tubes consis ted o f  a 

tube holder  and borescope guide mechanism, a TV viewing screen 

f o r  t he  inspector  and an in-process tube storage table.  During 

operat ion, t .he t . l~h~! t o  be inspected was placed on the tube , 

ho lder  and the  borescope, which views 360' o f  the tube i ns ide  

surface, was a1 igned w i t h  the tube end. The scope was dr iven 

i n t o  the  tube beyond the mid-1 eny 111, w l r i l  e the operatop 

observed the image on the  I 'V scveen. The c o ~ ~ l b i i ~ d t i o n  o f  image 

r e f l e c t i o n  and motion enabled the operator  t o  de tec t  

d i s c o n t i n u i t i e s  on the surface o f  the tube wa l l .  The borescope 

t r a v e l  could be stopped f o r  s ta t i ona ry  observat ion o f  an 

i n d i c a t i o n  us ing the TV screen o r  by d i r e c t  viewing through the  

eyepiece o f  the  borescope. There was a lso  a p rov i s ion  t o  

r o t a t e  the tube t o  a1 1 ow c i rcumferent ia l  indexing wh i l e  



viewing. A f t e r  v iewing one-half  the  tube length,  the tube was 

reversed end-for-end on the  stand and the  process repeated f o r  

t he  rem i in ing  he1 f: , 

12. Surface F i n i s h  

This  requirement was no t  r e s t r i c t i v e  t o  normal manufactur ing 

p r a c t i c e  a t  WTD. The b r i g h t  p i c k l e d  smooth sur face - aided the  

v i sua l  inspect ion.  

' 13. Mater ia l  Qua1 i t y  

The use o f  immersed pulse-echo u l t r a s o n i c  inspec t ion  t o  de tec t  

. . f l aws i n . t u b e s  i s  no t  new nor unique. However, the t e s t  

requ i red  by B e t t i s  i n te r roga ted  the qua1 i t y  o f  the f u l l  volume 

o f  the tube wal l  i n  an over lapping search he1 i x  us ing a 

c a l  i bra t i on1 , re jec t i  on standard t h a t  was app.roximately 10% o f  

the  standard used commercial ly. Close con t ro l  o f  t he  

manufactur ing operat ions and machin'i ng o f  the  SBT's reduced the  

losses due t o  t h i s  , t i g h t  i nspec t i on  t o  l e s s  than those 

experienced i n  normal commerci a1 p rac t i ce .  This  s t r i n g e n t  

i nspec t i on  improved conf idence i n  f u e l  r od  i n t e g r i t y  and 

r e l i a b i l i t y .  

0 .  Dest ruc t i ve  Tes t ing  

1. Chemistry 

The maximum oxygen l i m i t  o f  Table A-2 shows an increase i n  

oxygen content  compared t o  Table A-1 i n  recogn i t i on  o f  t he  

s l  l g h t  increase i n  oxygen associated w i t h  t he  mu1 t i p 1  e heat  

treatments used i n  processing o f  Z i rca loy-4  from i n g o t  through 

the  l a s t  heat  t reatment a f t e r  the  f i n a l  tube reduct ion. The 

s l i g h t  increase i n  oxygen r e s u l t s  i n  a small increase i n  t he  

u n i r r a d i a t e d  y i e l d  s t rength.  The hafnium 1 i m i t  f o r  tub ing  was 



r a i s e d  from the  35 ppm l i m i t  f o r  i ngo ts  t o  45 ppm maximum t o  

a1 low f o r  a n a l y t i c a l  e r r o r .  The Hf ana lys is  was used as a 

m a t e r i a l  s c o n t r o l  check t o  preclude the  acc identa l  s u b s t i t u t i o n  

o f  a Z i r ca loy -4  i n g o t  having a s i g n i f i c a n t l y  h igher  (>45  ppm) 

hafnium content.  The tube manufactur ing operat ions can no t  

a1 t e r  the h a f n i  um conten t  o f  the  tub ing  a1 1 oy . 

2. Sur f  ace Chemi s t r y  

F l u o r i n e  on the  i n s i d e  sur face o f  tho tube can lead t.o 

accelerated c l  adding co r ros ion  i n  a defected fue l  e l  ement. The 

acce le ra t i on  o f  co r ros ion  i s  p ropor t iona l  t o  the  amount o f  

excess f l  u o r i  ne present.  Whi 1 e f l  u o r i  ne bear ing res idue i s 

inhe ren t  i n  the  n i  t r i c - h y d r o f l  u o r i c  p i c k l  i n g  o f  z i rconium 

a l l o y s ,  good p i c k l  i n g  and r i n s i n g  techniques can minimize the  

amount o f  f l u o r i n e  residue. One tube was randomly se lected 

from each l o t  and analyzed a t  B e t t i s  a t  three l o c a t i o n s  (mid- 

l e n g t h  and near each end) f o r  f l u o r i n e  on the  i n s i d e  surface 

us ing  the py rohyd ro l y t i c  technique. This i s  a process c o n t r o l  

i nspect ion. The expected average f l  u o r i  ne content  o f  the th ree  

analyses i s  I n  the ranye uT 30 t o  40 microgrnms o f  f l u o r i n e  per  

square decimeter w i t h  values above 65 microgram per sq. dm. 

i n d i c a t i n g  a p o t e n t i  a1 l y  undesi r a b l e  pos t -p i  c k l  i ng r i n s i n g  

technique. The a c i d  p i c k l e  o f  t he  f i n i s h e d  tubes i s  discussed 

i n  Sect ion X I  o f  Attdchment A.  

3. Corrosion Resistance 

Th i s  t e s t  i s  commonly u t i l i z e d  i n  de tec t ion  o f  mater ia l  w i t h  

poor o v e r a l l  cor ros ion  res is tance o r  con ta in ing  l o c a l  areas o f  

poor cor ros ion  res is tance.  



4. Long i t ud ina l  Un iax ia l  Tens i l e  P rope r t i es  

These p r o p e r t i e s  have a  d i r e c t  bear ing  on f u e l  r o d  performance 

ana lys is .  A requirement, which i s  n o t  normal ly  spec i f i ed ,  i s  

t h e  minimum "U l t ima te  t o  0.2% O f f s e t  Y ie l d "  s t r eng th  r a t i o .  

The u l  t imate  s t r eng th  requirement, which i s  normal ly .  s p e c i f i e d ,  

was omit ted. The use o f  t he  "U/Y Ra t i o "  b e t t e r  def ines t h e  

t e n s i l e  p r o p e r t i e s  o f  s t r eng th  and d u c t i l  i t y  requ i red  i n  f u e l  

r o d  performance. These requirements were n o t  r e s t r i c t i v e  t o  

t he  tube manufactur ing opera t ions  and d i d  n o t  a f f e c t  process 

y i e l d s .  No tube l o t  was r e j e c t e d  f o r  any sample f a i l i n g  a  

requ i red  phys ica l  t e s t .  

5. C i  r cumferen t i  a1 Tensi 1  e  P rope r t i es  ( B u r s t  Test )  

The t e s t  was n o t .  r e s t r i c t i v e  i n  ac tua l  p r a c t i c e .  The 

a p p l i c a t i o n  o f  'a c o r r e c t i o n  f a c t o r  t o  a l l o w  f o r  w a l l  

e c c e n t r i c i t y  i n  t h e  t e s t  specimen produced t e s t  r e s u l t s  w e l l  

above the s p e c i f i e d  minimum 1  i m i  t. 

6. Texture ( C o n t r a c t i l e  S t r a i n  R a t i o  o r  CSR) 

CSR i s  t he  r a t i o  o f  the  c i r c u m f e r e n t i a l  s t r a i n  t o  r a d i a l  ( w a l l  

th i ckness)  s t r a i n  du r i ng  p l a s t i c  d e f o m a t i o n  o f  t he  tube under 

an a x i a l  load. Th i s  va lue i s  an index o f  t he  r e l a t i v e  movement 

o f  metal du r i ng  d e f o m a t i o n  and i s  another f a c t o r  used i n  f u e l ,  

r o d  performance ana lys is .  Se lec t i on  o f  r educ t i on  sequences and 

assoc ia ted process c o n t r o l s  r e s u l t e d  i n  a  p roduc t  which e a s i l y  

met t h i s  r equ i  rement s ta ted  as a  s t a t i s t i c a l  conf idence 

l i m i t .  CSR i s  n o t  discussed i n  ASTM-B-353-1977 (Ref. ( c ) ) .  

See Appendix C f o r  d e t a i l s  on t h e  t e s t  as we l l  as on the  

development e f f o r t  which r e s u l t e d  i n  a  reduc t i on  sequence which 

produced tubes meeting t h i s  requirement.  



7. Hydride O r i e n t a t i o n  

Hydr i  de o r i e n t a t i o n  i s  a  measure o f  c r y s t a l  1  ographic 

o r i e n t a t i o n  s ince  the  z i rconium hydr ide  p l a t e l e t s  p r e c i p i t a t e  

near t he  basal plane o f  the  hexagonal z irconium c r y s t a l  

l a t t i c e .  Th is  method o f  eva lua t ing  tex tu re  i s  i n  a d d i t i o n  t o  

t h e  c o n t r a c t i l e  s t r a i n  r a t i o  method. 

4. Post.-Anneal Cnl d  Work 

. . -  - I n t roduc ing  s t r a i n - i n  RXA tub ing  can r e s u l t  i n  a  change i n  

ma te r i a l  p rope r t i es ,  such t h a t  RXA t ub ing  behavei more 1 i k e  SRA 

tubing. Since RXA p rope r t i es  are desi red f o r  seed fue l  r od  

c ladding,  post -anneal ing s t r a i n s  can a f f e c t  f a t i g u e  l i f e ,  creep 

res is tance and o t h e r  performance aspects o f  seed f u e l  rods. 

Contro l  o f  the  s t ra igh ten ing  operat ion f o l l  owing f i n a l  heat  

t reatment  assured t h a t  induced s t r a i n s  were s u f f i c i e n t l y  low t o  

have an i n s i g n i f i c a n t  e f f e c t  on tube p rope r t i es  and on the  seed 

f u e l  r od  performance. This  requirement had no e f f e c t  on 

o v e r a l l  process y i e l  ds. 

9. Grain Size 

The g ra in  s i z e  l i m i t s  b racke t  the  normal g ra in  s i z e  which i s  

cha rnc te r i  st.ic n f  t he  h i g h l y  cold worked and r e c r y s t a l  1  i z e  

annealed Z i  r c a l  oy mater i  a1 s. 

10. Metal 1 0 a r a ~ h i c  I nsoec t i  on 

The inspec t ion  o f  meta l lographic  mounts f o r  equiaxed gra ins  and 

f o r  mater ia l  de fec ts  was no t  inc luded i n  ASTM-B-353 (Ref. 

( c ) ) .  These inspec t ions  d l d  n o t  r e s u l t  i n  arly reduc t ion  o f  

process y i e l d s .  Both sample inspec t ions  provided add i t i ona l  

assurance o f  t he  o v e r a l l  qua1 i t y  o f  the  tubes. 



A. Purpose 

 he purpose o f  t he  pr imary ma te r i a l  conversion operat ion was t o  

conver t  the 17" diameter Z i  r c a l  oy-4 i ngot i n t o  3.9 inch  diameter machi ned-and- 

d r i l l e d  b i l l e t s  (MDB's) i n  p repara t ion  for '  ex t rus ion .  

B . Process Descri   ti on 

Primary mater ia l  conversion consis ted o f  heat ing the  17 inch  i n g o t  

t o  1885"F, f o rg ing  above 1200°F, reheat ing  as needed t o  reduce the  i n g o t  t o  a 

6.5 i n c h  round, and, a f t e r  beta-quenching from 1885"F, r o l l i n g  to.  a  4 i n c h  

round by a mu1 t i p a s s  sequence i n  the range o f  1000 t o  1475°F. A machining and 

b o r i  ng ope ra t i  on completed the conversion t o  MDB'S.  These operat ions are 

d e t a i l e d  below. 

1 . Ingot  Inspect ion and Condi t i o n i n g  

Z i r ca loy -4  ingot*,  c e r t i f i e d  t o  t he  chemistry o f  Table A-1 was 

v i s u a l l y  inspected fo r  contami na t i dn  ( d i r t ,  grease, e t c .  1 and 

sur face defects,  i ricl ud i  ng 1 aps, seams, porosi ' ty,  sharp 

corners, and cracks. A l l  such.'noted defects  were removed by 

gr ind ing,  

2. I n i  ti a1 Breakdown 

a. The i n g o t  was heated t o  1885 * 25°F and maintained a t  

temperature f o r  f i f t c c n  minutes, m i  nimvm. 

* The 17 i nch  diameter i r rgots were manufactured by consumable e lect rode,  
double arc me1 t i n g ,  i n  vacuum. 



b. Using h o t  worked d i e  s tee l  ( A I S I  "H" ser ies)  f l a t  14" x 30" 

dies, the i n g o t  was forged t o  a 8 f 1 inch  square and c u t  

i n t o  th ree  equal lengths.  

c. Two o f  the th ree  lengths were reheated t o  1855 f 25°F wh i le  

t he  t h i r d  l eng th  was forged t o  a 6-112 t 114 inch  round. 

The two remaining pieces were then s i m i l a r l y  forged t o  

rounds. Minimum worki ng temperature was establ  ished a t  

l200"F, and t o t a l  furnace t ime f o r  the mater ia l  was n o t  t o  

exceed f i v e  hours. A l l  6-1/2 inch  rounds were a i r  cooled 

t o  room temperature a f t e r  forg ing.  

3. So lu t ion  Treatment 

a. The 6-1 12 i nch  rounds were heated t o  1885 25°F and 

maintained a t  temperature f o r  twenty t o  t h i r t y  minutes. 

b.  The rounds were quenched i n  ag i ta ted  water w i t h  the minimum 

temperature p r i  OP to quenchi ny be1 ng ma4 n ta l  ned a t  

1850°F. The rounds were kept  submerged i n  t.he water f o r  a 

minimum of twenty minutes o r  un ' t i l  t h e  s t u ~ k  wil5 coal 
enough t o  be touched w i th  the bare hand. Metal lographic 

inspect ion  was performed t o  v e r i f y  a 100% transformed beta 

(basket weave) mic ros t ruc ture .  

4, Round Condi t i o n i  ng 

a. The quenched rounds were shot ( s t e e l  ) b lasted t o  remove 

ox idc and sur face ground ( d l  u~l~lrra wheels O r  d iscs)  t o  

remove surface defects t o  prevent laps  dur ing subsequent 

working. Rounds w i t h  depressions i n  excess o f  1 inch  were 

re jec ted .  



b. The rounds were then p i c k l e d  i n  a 10 t o  40% HN03, 2 t o  4% 

HF, balance water s o l u t i o n  t o  remove smeared metal from t h e  

g r i nd ing  :operation. A tap water r i n s e  f o l  1 owed. 

5. F i n i s h  R o l l i n g  

a. The 6-1 /2 i nch  rounds were heated t o  1450 f 25OF and h e l d  

a t  temperature f o r  f i f t e e n  minutes minimum. 

b.  Using h igh  carbon low a l l o y  r o l l s ,  the rounds were r o l l e d  

t o  requ i red  s i ze  (4-1 18. i nch  diameter) us ing a r o l l  i n g  

sequence cons is ten t  w i t h  good r o l l i n g  p rac t i ce  (vendor 

p rop r ie ta ry  - approximately twenty passes). 

c. If reheats were necessary on any rounds (between passes), 

the reheat temperature was 1475OF maximum f o r  ten minutes 

m i  nimum. 

d. Minimum working ( r o l l  i n g )  temperature was 1000°F. 

e. Total  furnace t ime was fou r  hours inaximum. 

f .  The r o l l e d  rounds were a i r -coo led  t o  room temperature. 

6. Cleaning Fin ished Mater ia l  

a. Oxide. was removed from the r o l l e d  rounds by s tee l  shot 

b las t i ng .  

b. A clean surface f i n i s h  was obtained by pick1 i n g  i n  a 10 t o  

40% HN03, 2 t o  41 HF, balance water sol  u t i o n  fo l lowed by a 

tap water r i n s e  (two minutes minimum). 



7. B i l l e t  Machining and. Dril l  ing 

a. The 4-118 inch rol led  rounds were cu t  in to  10 inch long 

pieces. 

b.  The O.D. of each b i l l e t  was machined t o  3.915 k 0.005 inch 

concurrent with twis t  d r i l l  ing of the I.D. 

c.  The b i l l e t  I.D. f o r  the seed and both blanket s izes  of 

tubing were f inished t o  0.950 * 0.003 inch. The I.D. fo r  

the re f lec to r  b i l l e t s  was 1.075 f 0.003 inch. 

d. One end face was given a radius of 318 t o  112 inch a t  the 

I.D. edge t o  f a c i l i t a t e  the i n i t i a t i on  of the extrusion 

cycl e. 

e.  Each individual f inished b i l l e t  was inspected and actual 

measurements were recorded for :  

(1  ) Outside dl ameter 

( 2 )  I i ~ s i d ~  diameter 

( 3 )  Length , 

( 4 )  Eccentrici ty (maximum TIR = 0.005") 

f. A 114 inch t h i c k  s l i c e  was cu t  from one b i l l e t  of each 

ingot and chemically analyzed for a l l  elements c e r t i f i e d  i n  

the ingot. 

g. The MDB's were vlsually inspected Tor cracks, seam, 
sl ivers ,  . bl i s t e r s ,  burrs, and any other imperfections 

considered. injurious.  Rework was permitted 

(machi ni ng/bori ng) as 1 imi ted by dimensional t-ol erances. 



C. Process Controls 

Specific in-process a t t r ibute  checks were established which 
. provided a control 1 ed re1 ease of production. 

1 . Foll owing the forging and quenching operations, b u t  directly 
prior to the roll  i n g  reductions, a cross section of each round 
was polished, etched,. and inspected metallographically. Any 
round which d i d  not contain the beta-quenched structure 
throughout the cross section (one requench was permitted) was 
not re1 eased for further processing. 

2. WTD was required to inspect and t e s t  a1 1 MDB1s to specific 
product requirements (chemistry, dimensions, surface visual ) 
and to submit cer t i f ied results for approval prior to releasing 
the material for subsequent extrusion and tube reducing. In 
addition to  the preceding product control release points, a 
process control system was established for the forging, 
quenching, and roll  i ng operations 6y i nvoki ng detai 1 ed step-by- 
step manufacturing procedures. These procedures were 
established i n  the form of a specification supplement to the 
normal processing specification, which required careful control 
of a1 1 processing variables (e.g,. , temperature control via 
continuous monitoring, inspection and surface condition 
controls, etc. ), throughout the manufacturi ng sequence and a 
permanent .record of a l l  such controls for greater assurance of 
product qua1 i ty . 

V. EXTRUSION ( W i t h  Subsequent Machining) 

A .  Purpose 

Extrusion was performed to convert the machined-and-dri 1 led b i l l e t s  
( M D B '  s )  into tube hollows or extruded base tubes. (EBT1s) in preparation for  
subsequent tube reduction. The EBT1s were cleaned, pick1 ed, and conditioned 



t o  become s t a r t i n g  base tubes (SBT' s )  . The SBT' s were machined t o  become 

machined s t a r t i n g  base tubes (MSBT' s)  t o  improve the c o n c e n t r i c i t y  o f  the  

EBT' s. 

B. Process Descr ip t ion  

The MDB's were c l a d  i n  h i g h  p u r i t y  copper on a l l  surfaces t o  

p r o t e c t  the  b i l l e t  from ox ida t i on  o r  absorpt ion of gases dur ing heat ing and 

e x t r u s i o n  and t o  serve as a l u b r i c a n t  dur ing extrus ion.  The c lad  b i l l e t s  were 

heated i n  a batch-type, gas - f i r ed  m u f f l e  furnace f o r  a minimum o f  two hours a t  

1200 k 25°F and extruded i n  a 750 ton  Lowey Hor izonta l  Hydropress. The EBT 

was declad i n  a n i t r i c  a c i d  bath and machined t o  f i n a l  MSBT dimensions. 

C. Process Control  

1 . Tolerances on the  copper sleeves f o r  the  b i l  l e t  were commercial 

ASTM standard, wh i l e  the copper end d iscs  f o r  the b i l l e t  were 

0.025 i n c h  * 0.010 i nch  th i ck .  

2. B i l l e t  clean1 iness was na in ta ined by c leaning w i t h  acetone and 

wip ing u n t i l  no d i p t  was v i s i b l e  on a c lo th .  I h e  matif ig 

surfaces o f  the copper sleeves and end d iscs were s i m i l a r l y  

cleaned p r i o r  t o  assembly. 

3. Standardized t o o l  ( d i e  and mandrel) design was used throughout 

ex t rus ion  t o  minimize product v a r i  a b i l  i t y  (Vendor Propr ie ta ry )  . 

4. Extrus ion temperature was establ ished a t  l ess  than 1450°F t o  

preclude p a r t i a l  t ransformat ion o f  the a1 pha-phase Z i  r c a l  oy-4 

t o  the beta-phase. To ensure maintenance of the temperature o f  

t he  b i l l e t s ,  a contac t  pyrometer was used t o  check the f i r s t  

and l a s t  b i  l l e t  o f  each furnace charge. A ~ n i n i ~ ~ l u ~ ~ ~  furnace t ime 

o f  two hours was es tab l ished for  a l l  b i l l e t s  t o  assure a 

uniform temperature throughout the MDB cross sect ion. 



5. 60 seconds was es tab l i shed  as t he  maximum t ime a l lowed between 

the  removal o f  the  b i l l e t  from the  furnace t o  ex t rus ion .  I f  

t h a t  t ime l i m i t  was exceeded, the  b i l l e t  was reheated and 

checked w i t h  a con tac t  pyrometer t o  assure c o r r e c t  temperature 

was achieved p r i o r  t o  ex t rus ion .  

6. Dur ing ex t rus ion ,  ope ra t i ng  personnel were requ i red  t o  i n s p e c t  

each ext ruded base tube f o r  evidence o f  c l a d  t e a r i n g  (OD and 

ID) and f o r  any abnormal condi  t i .ons requ i  r i  ng c o r r e c t i v e  

ac t ion .  The d i e  and mandrel were a l s o  inspec ted  f o r  metal 

p ickup as another i n d i c a t i o n  of sur face q u a l i t y  'o f  t he  

ex t rus ion .  

7. On complet ion o f  each ex t rus ion ,  a l l  e x t r u s i o n  parameters (e.g., 

ex t rus ion  speed, ex t rus ion  1 oad, 1 ub r i can t ,  e t c  . ) were recorded. 

8. ' A b i l l e t  code i d e n t i t y  system was mainta ined t o  assure m a t e r i a l  

segregat ion by b i l l e t  and i n g o t  number. Dur ing the  copper 

c ' ladding operat ion,  t he  b i l l e t  i d e n t i t y  code was t r a n s f e r r e d  

from the  b i l l e t  t o  the  copper end d isc .  P r i o r  t o - e x t r u s i o n ,  a 

furnace l o a d  diagram was prepared l i s t i n g  the  p o s i t i o n  o f  each 

b i l l e t .  Dur ing ex t rus ion ,  the b i l l e t s  were removed from t h e  

furnace i n  a predetermindd sequence. A t  t he  complet ion o f  each 

ex t rus ion ,  the  copper c l a d  was ground away l o c a l l y  and t he  

proper  i d e n t i t y  code number was v i b r a - t o o l e d  onto t he  e x p o s ~ d  

Z i  r c a l  oy-4 sur face.  

9. Copper was removed from the  EBT by p i c k l i n g  a maximum o f  25 

EBT' s a t  a t ime i n  a 'non-agi t a t e d  a c i d  tank con ta in i ng  equal 

q u a n t i t i e s  o f  i n d u s t r i a l  grade 50 percen t  n i t r i c  a c i d  and c o l d  

tap  water. An e igh t -hour  l i m i t  f o r  c l a d  removal was estab- 

1 ished, a f t e r  which a f r e s h  p ick1  i n g  ba tch  was prepared. 

R ins ing  f o r  acid.remova1 was performed i n  a c o l d  water r i n s e  

tank f o r  a minimum o f  f i f t e e n  minutes. The EBT's w i t h  copper 

removed were the  s t a r t i n g  base tube (SET) f o r  commercial 

p rac t i ce .  



10. As f u r t h e r  p repara t ion  f o r  the s t a r t  o f  commercial tube reduc- 

t i o n ,  a minimum o f  1 i nch  was cropped from each end o f  the SBT 

t o  remove any tapered end e f fec ts .  I f  the cropped end exceeded 

the  15 percent  maximum wal l  e c c e n t r i c i t y  1 i m i t ,  the out-of- 

s p e c i f i c a t i o n  end o f  t he  SBT was trimmed back u n t i l  the 15% 

l i m i t  was met. I f  the l eng th  o f  the SBT was reduced by more 

than 12 inches, specia l  d i s p o s i t i o n  o f  the  SBT was required. 

11. The s t a r t i n g  mater ia l  f o r  the h igh  q u a l i t y  reac tor  grade LWBR 

Z i  r i c a l o y - 4  t ~ ~ b i n g  was required t o  be f r e e  o f  a1 1 v i s i b l e  f laws 

and imperfect ions.  It was necessary t o  conh i t i on  and inspect  

a l l  SBT f o r  such defects as surface oxides, gouges, inc' lusion, 

and tears. Condi t ion ing technjques i nc l  uded g r i t  b las t i ng ,  

f i l i n g ,  and hand g r i n d i n g  as needed, fo l lowed by p ick1 ing. 

The i n i t i a l  LWBR f u e l  rod  design requirements f o r  the f i n i s h e d  

tub ing  inc luded a maximum wal l  e c c e n t r i c i t y  l i m i t  o f  5 

percent. However, the process c a p a b i l i t y  f o r  ex t rus ion  had an 

upper 1 i m i t  o f  approximately 15 percent maximum wal l  

e c c e n t r i c i t y .  Since tube reducing uses a f r e e - f l  oa t i ng  

mandrel, t hc  as-extruded eccent r i  cl r.y was most 1 .I ke ly  t o  

cont inue i n t o  the  f i n i s h e d  tubing. Therefore machining o f  the  

SRT was added t o  normal commercial p r a c t i c e  t o  improve wal l  

un i f o rm i t y .  The 'machining had the  add i t i ona l  b e n e f i t  o f  

remnving both O,B, and I.D. surface imperfect ions from the SU'I, 

thus prov id ing  add i t i ona l  assurance t h a t  surface f laws i n  the  

f i n a l '  product were minimized. A 2 percent  maximum l i m i t  on 

wal l  e c c e n t r i c i t y  was establ  ished f o r  the machined s t a r t i n g  

base tube (MSBT). The 1.0. was a lso  honed t o  improve the 

surface q u a l i t y .  The nominal O.D. was maintained a t  a 

to le rance of t 0.005 inch, wh i le  the 1.0. was maintained a t  k 

0.003 inch. To assure 'maximurn 0.0. cleanaup and l e s s  than thc  

2 percent e c c e n t r i c i t y  1 i m i t  on the  p o i n t  end, the O.D. 

to lerance f o r  a d is tance o f  3 i nch  maximum ( f rom the p o i n t  end) 

was re laxed t o  + 0.005,' -0.015 inch. The MSBT surface 



condition wag mai'ntai ned as smooth as commercially possible to  
effect  a high quality finished t u b i n g  product. Maximum surface 

. . 
f inish 1 imi t s  of 200 micro-inch AA on the O.D. and 32 micro- 
inch AA on the I.D. were established for a l l  MSBT's. Prior t o  
the machining ope'ration, the material identity code was 
transferred from the O.D. surface to the face 'of the point end 
to  maintain identity during surface machining. Subsequent 
evaluation of the effect  of wall eccehtrici ty on fuel rod 
performance permi t ted the use of tubes w i t h  wall. eccentrici t i e s  
shown i n  Section A-4 of Table A-2, i .e . ,  wall eccentr ic i t ies  up  

t o  6.1% of nominal wall thickness. 

VI. TUBE REDUCING 

A. Purpose 

Tube reduction was performed to convert the machined starting base 
tubes (MSBT1s) to a near-finished tube size by means of a ser ies  of cold 
reduction operations. 

B .  Process Description 

The tube reducer decreases the diameter and.wal1 thickness of the 
" 

incoming tube hollow by advancing the hollow over a tapered mandrel and i n t o  a 
s e t  of rocking dies containing tapered grooves (see Figure A-1 1, With the die 
roll a t  the input (1  arge) end of the mandrel , the tube i s  advanced over the 
mandrel' into the die grooves. The dies are rolled over on the tube hollow and 
the tube i s  deformed into contact with the tapered mandrel. A t  the end of the 
forming stroke, the tube i s  rotated or indexed a predetermined amount 
(generally 50 to  75 degrees) and the die returns to .  i t s  i n i t i a l  position. The 
return stroke "rounds off" the' tube to  control both oval i ty and diameter. The 
specific tube' reducer parameters for LWBR tubing are 1 isted i n  Table A-5. For 
each tube reduction, the change in cross-section area ( i  .e.,  percent cold 
work) i s  reflected i n  a corresponding increase i n  length. For example, a 10- 
f o o t  lung tube cold worked 60 percent produces a smaller tube 25 fee t  long. 



See Table A-6 f o r  t h e  dimensions o f  t h e  products o f  each s i ze  change from MDB 

t o  f i n i s h e d  tubes. For maximum u t i l  i z a t i o n  o f  mater ia l ,  once the processing 

sequence i s  f i xed ,  the  c u t  1en.gths f o r  each reduc t ion  are ca lcu lated,  s t a r t i n g  

w i t h  t h e  f i n i shed  tube and working toward the f i r s t  reduct ion.  I n  each case, 

a1 1 owances are made f o r  cropping and pdocess con t ro l  samples. The l eng th  o f  

t he  un i fo rm h o t  zone i n  the  heat  t reatment  furnace f i x e s  the upper l i m i t  on 

any i nprocess 1 ength. 

Process Control  

1. Control  o f  the  Wavelenath o f  the  He1 i c a l  Wall Eccen t r i c i  t v  

A s e t  o f  tube feddcer con t ro l s  was developed fa r  the  purpose o f  

maximizing the  p i t c h  of the  s p i r a l  formed by the l o c a t i o n  o f  the t h i c k e s t  p a r t  o f  

t h e  tube cross sec t ion  along the  l eng th  of the  tube. This  p a t t e r n  o f  he1 i c a l  wa l l  

e c c e n t r i c i t y  i s  an i nhe ren t  r e s u l t  o f  the tube reducing opera t ion . .  No prev ious 

B e t t i s  t ub ing  procurement e f f o r t  had inc luded a requirement t o  con t ro l  the  p i t c h  

o r  wavelength o f  the  he1 i c a l  p a t t e r n  of wal l  e c c e n t r i c i t y .  A c o r r e l a t i o n  was 

observed i n  t h e  LWBR i r r a d i a t i o n s  t e s t  program between the  h e l i c a l  wal l  eccen- 

t r i c i t y  p a t t e r n  and s u s c e p t i b i l i t y  t o  rod  bowing. It i s  now recognized t h a t  h e l i -  

c a l  wa l l  e c c e n t r i c i t y  can c o n t r i b u t e  t o  f u e l  r od  bowing. It was necessary t o  de- 

velop specia l  manufactur ing and inspec t ion  techniques t o  assure compliance w i t h  

t h i s  requirement, which i s  no t  inc luded ( i n  commercial tube spec i f i ca t i ons .  

A devel opment program was conducted p r i o r  t o  i n i  ti a t i o n  o f  t ub ing  

manufacture, and the  resu l  t s  o f  t h a t  prdgpam are presented O r i  d e t d  r ' l  i n  Appcndi x 

B. Based on t h a t  development program, i t  was concluded t h a t  long  h e l i c a l  wa l l  

wavelengths were achievable by a technique i nc lud ing  con t ro l  o f  the  d i r e c t i o n  and 

magnitude o f  indexing dur ing  each tube reduct ion operat ion. Processing parameters 

were es tab l i shed  f o r  t ub lng  manufacture ( f o r  long wavelength c o n t r o l ) .  Product ion 

o f  LWBR tub ing  was i n i t i a t e d  based on the tube reducing parameters i d e n t i f i e d  i n  

Table A-5. Using these parameters, l ong  wavelengths were achieved i n  the  f i n a l  

product.  Overa l l  y i e l  ds f o r  product w i t h  1 ong wave1 engths ( i .e., a m i  nimum o f  80 

inches)  were approximately 92% f o r  both the  seed and power f l a t t e n i n g  b lanket  

t ub ing  and approximately 88% f o r  the  standard b lanket  tubing. 



Several i n t e r e s t i n g  aspects o f  wavelength c o n t r o l  a re  discussed 

be1 ow. 

a. E f f e c t  o f  Lub r i can t  

Dur i  ng t he  manufacture o f  r e f 1  e c t o r  tub ing ,  p roduc t ion  was 

i n i t i a t e d  .using Code A 1 u b r i c a n t  (Vendor P r o p r i e t a r y ) .  Long wavel engths were 

be ing  generated a t  an index r a t e  o f  f i v e  s t rokes  pe r  r e v o l u t i o n ,  b u t  d i f f i c u l t y  , ' 

was encountered w i t h  I.D. p ickup and poor 1.0. sur face cond i t i ons .  A sw i tch  t o  an 

a1 t e r n a t e  1 ub r i can t ,  i d e n t i f i e d  as Code B (again,  Vendor 'P rop r i e ta r y )  p rov ided  

b e t t e r  I .D.  l u b r i c a t i o n  than l u b r i c a n t  A, and the  1.0. sur face was improved 

cons iderably .  However, t h i s  improved l u b r i c a t i o n  apparent ly  a f f e c t e d  the  

i n t e r a c t i o n  ( i  .e., f r i c t i o n a l  f o r ces )  between the  mandrel and the  tube I.D., 

r e s u l t i n g  i n  a change i n  t he  amount o f  tube t w i s t  du r i ng  tube reducing. To 

overcome t h i s  e f f e c t ,  i t . w a s  necessary t o  r e v i s e  t he  index r a t e  f rom "5" t o  "7"  o r  

"9"  t o  o b t a i n  a l o n g  wavelength i n  t he  1 a s t  pass. 

It was a l s o  noted t h a t  i n s u f f i c i e n t  l u b r i c a t i o n  was another 

source o f  wavelength v a r i a t i o n .  Occas ional ly  l u b r i c a t i o n  t o  t he  1.0. surface was 

"pinched o f f  ," e i t h e r  by misal ignment o f  the  the mandrel o r  by normal equipment 

pe r t u rba t i ons ,  s ince t h e  tube reducer opera t ion  can generate a h i g h  l e v e l  of 

v i b r a t i o n .  These cond i t i ons  gene ra l l y  l e d  t o  1.0. pickup, o r  g a l l i n g  of the tube 

1.0. surface, which i n  t u r n  l e d  t o  g rea te r  t o r s i o n a l  deformat ion and sho r te r  

wavel engths. 

Another i.11 u s t r a t i o n  o f  the  e f f e c t  o f  f r i c t i o n  on wavel ength 

occurred du r i ng  the  f i r s t  pass reduc t i on  o f  b l anke t  tubes. . In  a s e r i e s  o f  

experiments t o  es tab l  i sh wavelength c o n t r o l ,  the  MSBT was reduced us ing  an .  i ndex 

o f  7CW. The r e s u l t i n g  0.84 i n c h  OD ou tpu t  tubes had wavelengths i n  excess o f  100 

inches ( a  t w i s t  angle o f  about one degree). However, two tubes i n  t h a t  se r i es  had 

wavelengths o f  60 and 80 inches ( t w i s t  angles o f  1.9 and 2.5 degrees 

r e s p e c t i v e l y ) .  I n  bo th  cases, ID g a l l i n g  and metal p ickup on t he  mandrel were 

found. The increased f r i c t i o n  between the  tube and the mandrel had s l g n i f i c a n t l y  

i ncreased the  t o r s i o n a l  de.formation o f  t he  tube. 



This interdependency of lubrication and wavelength control 

high1 i ghted the necessity for close i n-process survei 11 ance to assure a high 
yield of final product meeting the long wavelength requirement. The degree of 

lubrication that i s  achieved during a long production run may vary, not only 
due to  normal tooling wear, b u t  also due to  perturbations in equipment 

operation. Changes in the process such as a new equipment setup, the addition 
of new or different  tooling, or a change in lubrication will affect  wavelength 

control. 

The chart i n  Figl.!re A - 2  i!!i!stratr?s the wavelengths of 
he1 ical wall ' eccentricity. in tube reduced tubes. The traces are obtained by 
measuring and recording the variations i n  wall thickness along the length of a 
non-rotating tube. The traces are taken a t  90' increments around the tube to  
have mu1 t i p l e  measures of wavelength and to determine the direction of he1 ical 
t w i  s t  ( c l  ockwi se or countercl ockwi se)  . The wavel ength of he1 ical wall . 

eccentricity i s  easily seen in the axial offset  of the peaks of the traces on 
adjacent tracks. 

b. Effect of Tube Reducer Rack .And Pinion Rat io  

A development e f fo r t  identified the tube redueer .parameters 
which 'woul d produce the desired 1 ong wavel ength. A shorter wavel ength was 
intentionally produced in the f i r s t  pass for  untwisting during the second 
pass. During the in i t i a l  blanket production, the vendor was not successful i n  

obtaining a good tube reducer setup for the second tube reduction pass using 
parameters based on the resul ts  of the development phase. Principal problems 
encountered were lack of dimensional control and poor surface quality. A 
revised equipment setup., which involved a change in the rack and pinion gear 
ra t io  to  modify the rocking stroke of the tube reducer die carriage, resulted 
i n  ' a  high -qua1 i ty  product. The ef fec t  on the final wavelength was 
surprising. In development, a second pass indexing rate of 17  had effected 
too much untwisting of the f i r s t  pass wavel ength, resul t i  ng i n  a short 
wavelength in the opposite direction. With the change in the rack and pinion 
rat io ,  the index rate of 17 resulted in a retetlti'on of the short wavelength 
from the f i r s t  pass, indicating' that  insufficient untwisting had occurred. 



The un tw is t i ng  was subsequently increased by going t o  a h igher  index angle 

(i.e., lower index number) and long wavelengths were achieved a t  an index r a t e  

o f  5 or. 7. A1 1 b lanket  product ion was fabr ica ted  us ing t h i s  index se t t i ng .  ' 

The above experience i nd i ca tes  t h a t  tube reducer setup can 

p l a y  an important  r o l e  i n  determining the operat ional  parameters necessary f o r  

long wavelengths. Each setup change should requ i re  a s p e c i f i c  q u a l i f i c a t i o n  

run  t o  assure a cont inu ing  system cons is ten t  w i t h  t a r g e t  wavelength goal s. 

2. Control o f  Tubina Texture 

The LWBR tub ing  s p e c i f i c a t i o n  inc luded a requirement f o r  

tex ture ,  i n  the form o f  c o n t r a c t i l e  s t r a i n  r a t i o  (CSR) 1 im i t s .  This a t t r i b u t e  

was u n f a m i l i a r  t o  the  tub ing  vendor, and there  were no known tub ing  

manufacturing. parameters r e a d i l y  ava i l ab le  t h a t  could assure attainment o f  the 

requ i red  CSR l i m i t s .  It was necessary, therefore,  t o  e s t a b l i s h  a 

comprehensive development program aimed a t  determining the reduct ion sequence 

( i .e., number o f  passes) as we7 1 as the  area reduct ion and wal l  reduct ion 

r a t i o  (WRR o r  Q - r a t i o )  o f  each pass cons is ten t  w i t h  the tex tu re  goals, w h i l e  

a t  the same t ime mainta in ing good tube reducing prac t ice .  Appendix C 

describes the tex tu re  devel opment program, wh i le  Tab1 e A-5 1 i s t s  the s p e c i f i c  

product ion parameters used f o r  each reduct ion  pass f o r  LWBR Core tubes and 

Table A-6 shows the tube sizes assocYated w i t h  each reduct ion.  These I parameters were establ ished based. on the r e s u l t s  from the development program. 

The CSR requirements o f  1.2 t o  2.3 were met w i thout  

manufacturing d i f f  i c u l  t y .  The f a b r i c a t i o n  sequence selected met a1 1 of the  

LWBR tub ing  requirements i ncl  ud i  ng the def ined CSR 1 i m i  t s .  



3. In-Process Surve i l  1 ance 

An in-process s u r v e i l l a n c e  system was maintained throughout 

LWBR t u b i n g  manufacture t o  assure t h a t  h igh  qua1 i t y  tub ing,  meeting a1 1 

requirements f o r  LWBR f u e l  r o d  c ladd ing  tubes, was produced. Table A-7 

summarizes a l l  su rve i l l ance  requirements f o r  both new machine setup cond i t i ons  

as we l l  as f o r  normal p roduc t ion  operat ions.  

V I I .  FINAL HEAT TREATMENT 

A. Purpose 

A f t e r  t h e  l a s t  tube reduc t i on  pass, the  tub ing  was subjected t o  a 

f i n a l  thermal t reatment  t h a t  es tab l i shed the  m ic ros t ruc tu ra l  and mechanical . 
p r o p e r t i e s  o f  t he  f i n i s h e d  tub ing  and r e l i e v e d  res idua l  stresses. The 

requ i red  p r o p e r t i e s  f o r  each tube t y p e l s i z e  are 1 i s t e d  i n  Table A-2. 

B. Process Requirements 

The f o l l  owing heat  t reatment  requirements were establ  i shed f o r  LWBR 

t u b i  ng. 

Heat Treatment Descr ip t ion  
Minimum Condi t ions 

Tube Teiapbr'd t u r e  Time 
IYP~ -- Type ( O F )  -- (Hours) Atmosphere 

Seed RXA . 1200 2 Vacuum 

B lanket  & S RA 
Ref 1 ec t o r  

900 1 Vacuum 



C.  Process Control 

1. Heat Treat Furnace and Furnace Load Qualification 

Heat treatment following the l a s t  cold reduction pass played a 

s ign i f i can t  role i n  determining the propert ies of the finished tube and, 
therefore,  required careful control t o  assure tha t  finished tubes met the 
mechanical and microstructural requirements. 

Vacuum heat treatment of the LWBR t u b i n g  depended on radiant  
heat t ransfer  and on contact cooduction between tubes. Convection heat 
t r ans fe r  i s  negligible i n  vacuum furnaces. Therefore, the central tubes i n  

the furnace load reached the desired heat treatment temperature sometime l a t e r  
than the peripheral tubes. The larger  the array of tubes being heat t r ea ted ,  
the more the central tube temperature would lag  behind the temperature of the 
tubes a t  the periphery of the array. Thus, control was exercised on the s i z e  
of the furnace load t o  ensure t ha t  the most lagging central tube experienced 
the  m i n i m u m  heat treatment noted in Section VII.B, and t o  control furnace run 
times such tha t  peripheral tubes d i d  not receive excessive heat treatment. 

Furnace load depth was i n i t i a l l y  calculated on the basis of a 

cylindrical  array of tubes using a surface emissivity of 0.3 fo r  bright etched 
t u b i n g .  Since the load i n  the heat t r e a t  furnace had more of a slab 1 ike 

shape (see  Figure A-3)  a dimensional conversion factor  was used to  predict  
slab-1 ike performance from resu l t s  of the heat t ransfer  analysis  for  a 
cyl i n d r i  cal array. Depending on el  apsed time, the' cal cul ated factor  ranged 
from 0.82 a t  time zero t o  0.68 fo r  i n f i n i t e  time. 0.75 was used as the fac tor  
which approximates real time performance. 

For the recrystal  1 iza t ion anneal heat treatment, the cal cul ated 
load s ize  was s e t  on the basis t ha t  the centermost tube would experience a 
minimum temperature of 1100°F fo r  a m i n i m u m  of two-hours when the load was i n  

a furnace held a t  1225OF for  four hours. Complete recrys ta l l  iza t ion may be 

expected i n  two hours a t  temperatures above 1050°F. The cylindrical  array 
which met these assumptions was 6.6 inch i n  diameter. The use of 0.75 



conversion f a c t o r  ( c y l i n d e r  t o  s lab)  resu l ted  i n  a l o a d  depth o f  5.0 inch. 

This depth was exclus ive of any shroud tubes i n  the basket o f  the heat t r e a t  

furnace. The z i  rconium-al loy shroud tubes and the s ta in1  ess s tee l  basket were 

thoroughly oxidized, p r i o r  t o  t h e i r  use i n  the heat t r e a t i n g  o f  the Z i rca loy-4  

tubes fo r  LWBR, thus maximizing t h e i r  emiss iv i  t y .  

The s t ress  r e l i e f  heat  treatment of b lanket  and r e f l e c t o r  s i z e  

tub ing  posed a s i m i l a r  problem. Data i n  Reference ( d l  showed t h a t  two hours 

a t  850°F was s u f f i c i e n t  t o  achieve about 57 percent recovery o f  res idua l  

s t resses compared t o  a maximum recovery of .70 percent ava i l ab le  from two hours 

a t  950°F, w i t h  longer t imes a t  950°F 1 eading t o  r e c r y s t a l l  i z a t i o n  o f  the 

ma te r ia l .  Assuming four hours i n  a nominal 925°F furnace temperature, a l oad  

8.2 i nch  i n  diameter met the  above c r i t e r i o n  o f  a t  l e a s t  57 percent  

recovery. Use of the 0.75 fac to r  y i e l d e d  a ca l cu la ted  a l lowable load depth of 

6.1 inch. 

Furnace l o a d  depth mod i f i ca t i ons  were made t o  prov ide a degree 

of conservatism dur ing thermal treatment, i.e., reduce the load s i ze  (mass) 

per  run and thus reduce the  t ime between the outermost and innermost tube 

reachi  ng the requ i red  minimum temperature. Recrystal  1 i z a t i  on 1 oads were 

reduced t o  a 4 i n c h  maximum depth wh i l e  s t ress  ' re1 i e f  loads were reduced t o  a 

5-114 i nch  maximum depth. 

These furnace l o a d  depths were confirmed exper imenta l ly  dur ing  

a se r ies  o f  temperature-monitored heat  treatments (designated as furnace l oad  

qua1 i f i c a t i o n  heat  treatments) as presented i n  Appendix D. The r e s u l t s  . 

i nd i ca ted  t h a t  the  establ  i shed 1 oad 1 i m i  t s  o f  4 inches and 5-1 14 inches f o r  

r e c r y s t a l l i z a t i o n  heat treatments and s t ress  r e l i e f  heat treatments, 

respec t i ve l y ,  were acceptable f o r  f i n a l  heat treatment. 

The f o l l o w i n g  heat  treatment requirements were es tab l ished f o r  

the con t ro l  o f  the  spec i f i c  heat t r e a t i n g  furnace used dur ing the heat 

t reatment  o f  LWBR tubing. 



Furnace Operat ing Requirements 

Tubing Type Designat ion Temperature* Time* h r s  Atmosphere 

Seed Recrysta l  1  i zed 1200-1250°F 5 t o  6  Vacuum** 

B lanke t  and stress- el i e v e d  900-950°F 5.5 t o  6.5 Vacuum** 
Ref1 e c t o r  

* The s p e c i f i e d  ranges f o r  t ime  and temperature a re  abso lu te  and i nc l ude  a1 1 
a1 lowances f o r  e r r o r s  i n  measurement o r  i n  process c o n t r o l .  

. . 
** A t  an absolute pressure n o t  t o  exceed t h a t  represented by a column o f  

mercury one micron (0.001 m i l l  imete r )  h igh.  .Actual pressure l e v e l s  d u r i n g  
most o f  the  furnace runs were below the  1 i m i t  o f  de tec t ion ,  we l l  below the  
pressure 1 i m i  t. 

Note t ha t ,  f o r  t he  r e c r y s t a l l i z a t i o n  hea t . t rea tment ,  a  4  i n c h  

l oad  depth r e s u l t e d  i n  the cen te r  tube reaching 1200°F i n  approximately t h r e e  

hours, w h i l e  the  ou t s i de  tube reached 1200°F i n  1.5 hours. Furnace t ime f o r  

the  f i n a l  r e c r y s t a l l i z a t i o n  hea t  t reatment  was es tab l i shed  a t  f i v e  t o  s i x  

hours t o  assure a minimum o f  two hours a t  temperature f o r  t he  tube i n  t he  

cen te r  o f  the  l oad  wh i l e  the  l onges t  t ime a t  temperature would n o t  exceed 4.5 

hours. For  t he  s t r e s s - r e l i e f  heat  t reatment,  a  5 i n c h  l oad  depth r e s u l t e d  i n  

the  ou t s i de  tube reaching 900°F i n  one hour w i t h  the cen te r  tube reaching 

9 0 0 " ~  i n  approximately 4-1 12 hours. t h e  s t r e s s  re1 i e f  heat  t reatment  t ime  was 

es tab l i shed  a t  5.5 t o  6.5 hours, thereby assur ing  a minimum o f  one hour and a 

.maximum o f  5.5''hour a t  900°F. I n  bo th  heat  t reatments,  t he  maximum t imes a t  

temperature were we1 1 w i t h i n  the  a1 1 owabl e  heat  teatments compat ible w i t h  t h e  

desi 'red phys ica l  p rope r t i es .  

It was a l so  necessary t o  q u a l i f y  t he  furnace used t o  hea t  t r e a t  

LWBR tub ing  t o  assure t h a t  the  des i red  temperature and vacuum 1 i m i  t s  cou ld  be 

mainta ined throughout t he  e f f e c t i v e  h o t  zone o f  t he  furnace. Using a l o a d  o f  

tubes o f  the  s p e c i f i e d  depth, a x i a l  temperature p r o f i l e s  were taken w i t h i n  t h e  

1 oad o f  tubes a t  950°F and a t  1250°F. These resu l  t s ,  a1 so presented i n  

Appendix D, i n d i c a t e d  t h a t  the  furnace was q u a l i f i e d  t o  hea t  t r e a t  LWBR t u b i n g  

a t  bo th  temperatures by ma in ta i n i ng  a 12°F range a long the  e n t i r e  l e n g t h  o f  

the  e f f e c t i v e  h o t  zone versus a f 25°F to le rance  pe rm i t t ed  around the nominal 

hea t  t reatment  temperature. 



2. Process Control  Reaui rements 

a. The furnace a x i a l  p r o f i l e  stu-dy and the furnace load depth 

qua1 i f i c a t i o n  study c o n f i  rmed 1 i m i  t s  r e s t r i c t i n g  the size, geometry, and 

packing dens i ty  f o r  both tub ing  f i n a l  heat treatments. The temperature i n  

each product ion  f i n a l  heat treatment furnace 1 oad was monitored b3/ three 
thermocouples placed i n  t he  1 oad t o  check the temperature a t  the ends and - a t  

the  middle o f  the load. The th ree  thermocouples were pos i t ioned as described 

below and as i l l u s t r a t e d  i n  F igure  A-3. 

Transverse P o s l  t i o r P  Ax ia l  Pos i t i on  With in Load* 

A,  Top Layer, uu ts lde  ~ o c a t l o n  East Side 4-6 irs~lies Fi-om North End 

B, Center o f  Load Cross Sect ion Axia l  Center 

C, Bottom Layer, Outside Locat ion West Side 4-6 inches from South End 

*Cold zone i s  a t  t he  nor th  end o f ' t h e  furnace. Thermocouple leads e x i t  a t  the 
south end o f  the furance. 

b. The furnace vacuum was cont inuously  monitored dur ing pump 

down and throughout the heat treatment cycle. The ho t  and co ld  zones were 

equipped w i t h  independent vacuum instruments which inc luded a maxfmum pressure 

audio-alarm preset  a t  an absolute pressure o f  1 micron Hg. Normally the  

vacuum i n  the  furnace was maintained a t  l e s s  than 0.03 micron Hg throughout 

the furnace run and coo'l i n g  CyCle. Regular b lank-o f f  checks wer'e inade t o  

measure the  apparent leak r a t e  o f  the  vacuum chamber. 

c. Before and dur ing  1 oading o f  the tubes i n t o  the basket, 

tube surfaces were inspected f o r  c lean l iness  and f o r  evidence o f  moisture o r  

s ta in ing .  



d. A l l  t ub ing  was loaded c e n t r a l l y  w i t h i n  t he  furnace basket  

and t h e r e f o r e  w i t h i n  the furnace h o t  zone, Each tube was p laced i n  the  

n a t u r a l  channel formed by t he  preceding 1,evel (no c ross ing  o f  t ub ing  was 

permi t ted)  and the  top l a y e r  was mainta ined l e v e l  and para1 l e l  t o  the bot tom 

tubes i n  t he  load. The l o a d  depth f o r  each furance charge was measured and 

recorded. 

e. As an a d d i t i o n a l  p r o t e c t i o n  aga ins t  minor sur face 

contaminat ion from minor l eaks  o r  furnace outgassing, t h e , l o a d  was covered 

w i t h  z i rconium o r  t i t a n i u m  f o i l  t o  g e t t e r  any atmospheric contamination be fo re  

i t  reached the tubes. 

f. F ina l  heat  t reatment  furnace loads were l i m i t e d  t o  B e t t i s  

Z i  r c a l  oy-4 t ub ing  t o  e l  im ina te  the p o s s i b i l  i t y  o f  ma te r i a l  m ix ing  o r  p o t e n t i a l  

contaminat ion.  

g. The t ime the  1 oad was k e p t  i n  the  c o l d  zone wh i l e  the  . 

vacuum r e t o r t  was evacuated depended on pumping capac i t y  and c o n d i t i o n  o f  t he  

load.  T y p i c a l l y ,  approximately t h i r t y  minutes elapsed be fo re  t he  l oad  o f  

tubes was moved i n t o  the h o t  zone o f  the  furnace. Cool i n g  t ime i n  the c o l  d  . 

zone was es tab l i shed  a t  f o u r  hours minimum. A i r  c o o l i n g  was n o t  permi t ted ,  

b u t  the use o f  h i gh  p u r i t y  he l ium o r  argon f o r  r a p i d  c o o l i n g  was pe rm i t t ed  i n  

case of pump f a i l u r e ,  e l e c t r i c a l  f a i l u r e ,  o r  sudden l eaks  du r i ng  the  heat  . 

t reatment  cyc le .  Th is  emergency technique was never used du r i ng  p roduc t ion  o f  

LWBR tubes. 

h. A f t e r  t h e  l oad  was removed from the  furnace, v i sua l  

i nspec t i on  f o r  d i s c o l o r a t i o n  was made w i t h  spec ia l  a t t e n t i o n  g iven t o  the  end 

neares t  the  thermocouple e x i t s  a t  t he  south end o f  the  furnace. A straw o r  

l i g h t  b l ue  c o l o r  on the ou t s i de  sur face was acceptable.  A l i g h t  b l ue  t i n g e  

was pe rm i t t ed  on ly  on the  end t r i m  p o r t i o n  o f  the  i n s i d e  surface. A b l ue  

t i n g e  i n  the  i n s i d e  beyond the t r i m  o r  any dark gray d i s c o l o r a t i o n  was 

unacceptable. The v i sua l  check f o r  d i s c o l o r a t i o n  i s  very  s e n s i t i v e  t o  low 

1 evel atmospheric contaminat ion. Physical  t e s t s  de tec t  on ly  h i gh  1 evel  s, o f  

contaminat ion. Corros ion t e s t s  and chemical t e s t s  a1 so guard aga ins t  



de t r imen ta l  l e v e l s  o f  gaseous contaminat ion. The t h i n  l i g h t  l a y e r  o f  

contaminat ion t h a t  i s  pe rm i t t ed  i s  e a s i l y  removed du r i ng .  normal p i c k l  i n g -  

opera t ions .  The heav ie r  oxides are e a s i l y  removed i f  l i g h t l y  abraded before 

p i c k l  i rig. 

i . On t h e  f i r s t  and every four th  f i n a l  heat t reatment charge, 

one' f u l l - 1  ength (approximately 30 f o o t )  sample was selected from P o s i t i o n  B 

(see F igu re  A-3). f o r  each i n g o t  i n  t h e  load. These samples were reserved f o r  

speci a1 ( i .e., over-and-above normal ) mechanical t e s t i  ng t o  assure t h a t  

u n i  fopm .anneal i ng had been achieved. 

V I I I. INTERMEDIATE HEAT TREATMENT 

. . .A vacuum r e c r y s t a l  1  i z a t i o n  ' anneal heat t reatment was performed a f t e r  

each in te rmed ia te  tube reduc t ion  operat ion ( i  .e., a f t e r  both the f i r s t  and 

second passes f o r  seed and a f t e r  t he  f i r s t  pass f o r  t he  b lanket  and r e f l e c t o r  

tubes) .  The tubes were p laced i n . t h e  ho t  zone o f  a  vacuum anneal ing furnace, 

which .was c o n t r o l  l e d  a t  1300 t 25"F, f o r  th ree  t o  f o u r  hours. The purpose o f  

the  in te rmed ia te  heat t reatment  was t o  "ssf ter i "  the tube-reduced h o l 1 . 0 ~  ( i  .e., 

re1  i eve s t resses .  induced ' by c o l  d  working by r e c r y s t a l  1  i z i  ng the  metal t o  form 

e q ~ i ~ a x e d  gra ins  i n  the .tube m ic ro -s t ruc tu re )  ,. in .preparat ion f o r  the nex t  

reduc t i on  operat ion.  'Moni tor ing thermocouples were no t  used i n  these heat 

treatments. Except f o r  the  h igher  s e t  temperature and shor te r  t ime i n  the  h o t  

zone, these in te rmed ia te  r e c r y s t a l l i z a t i o n  anneals were performed w i t h  same 

process c o n t r o l s  as descr ibed f o r  the  f i n a l  r e c r y s t a l l i z a t i o n  heat treatment.  

I X .  STRAIGHTENING 

A .  Puroose 

A f t e r  f i 'nal heat  t reatment  ,. a1 1. t u b i  ng i tems were s t ra igh tened t o  

meet t he  s p e c i f i e d  s t ra igh tness  requirements. This operat ion i s  necessary t6 

c o r r e c t  any bowing and/or t w i s t i n g  t h a t  may occur due t o  the  r e l i e f  o f  

s t resses d u r i  ng the f imal heat  t reatment.  



B. Procedure 

St ra igh ten ing  o f  mu1 t i p l e  l eng th  tubes was performed i n  a  

mechanical f i v e  r o l l  o f f s e t  s t ra igh tene r  (see F igure  A-4). A l l  f i v e  r o l l s  a r e  

d r iven9 and are o f f s e t  t o  t he  1  ongi t u d i  na l  ax i s  o f  the.  tube. These r o l l  s  g r i p  

the  f l exed  tube and simultaneously r o t a t e  the  tube and d r i v e  i t  a x i a l l y  

through the  s t ra igh tener .  The heat - t rea ted  tube en ters  the  m i l  1  through the  

entrance guide, passes between the  f i r s t  p a i r  o f  opposed r o l l s  and i s  d r i v e n  

a x i a l l y  across the  center  o f f s e t  r o l l  and through the second s e t  o f  d r i v e  and 

backup r o l l s ,  and f i n a l l y  through the  e x i t  guide. s t ra igh tness  i s  p r i m a r i l y  

es tab l i shed by c o n t r o l l i n g  the  amount o f  o f f s e t  o f  the center  r o l l .  

During the LWBR tube s t ra igh ten ing  operat ion,  the parameters f o r  

r o l l  o f f s e t  tube s t ra igh ten ing  were s e t  and c o n t r o l l e d  (on the bas is  0.f a  

s t ress  ana lys is  ca l  cu l  a t i  on) t o  minimize post-anneal c o l d  work and p o t e n t i  a1 

f a t i g u e  damage. A machine setup capable o f  meeting the  f i n a l  tube 

s t ra igh tness  requirements was achieved, and c lose con t ro l  o f  a1 1  s t ra igh tene r  

parameters was maintained dur ing  each product ion run. 

C. Process Control 

Only one pass through the s t ra igh tene r  was permi t ted  under t he  

cond i t ions  1  i s t e d  below. The maximum permiss ib le  center  r o l l  o f f s e t  ( w i t h  

respect  t o  th'e two p inch  r o l l s  on the  same s ide  o f  the  tube) and the  requ i red  

s t ra igh tener  s i ze  are given i n  the f o l l o w i n g  t a b l e  f o r  each tube type: 



Maxi mum 
Su t t o n  O f f se t  

Tube Type Stra ightener  ( inches) 

Seed 26" M i l l  0.35 

Std Blanket  26" M i l l  0.27 

Ref1 e c t o r  60" M i l l  0.80 

I, 

To assure minimal e f f e c t  07 the p inch r o l l s  on the tube, other  lhdrr 

p r o v i d i n g  a x i a l  t rans1 at ion;  the v e r t i c a l  distance between the contact '  po l  n t s  
on t h e  p inch r o l l  and the  backup r o l l  was s e t  a t  1.1 times the outs ide 

diameter o f  the tube being st ra ightened.  The ax i s  o f  the d r i v e  r o l l  on bo th  

s t ra igh tene rs  i s  s e t  a t  36 k 3 degrees t o  the  tube a x i s  wh i le  the backup r o l l  

spacing i s  11 * 0.5 inch from the center  r o l l  on the 26 inch  m i l l  and s e t  a t  

23.5 i nch  on the  60 i nch  m i l l .  Pinch r o l l s  were loca ted a x i a l l y  a t  a  greater  

d is tance from the ,center r o l l  than the backup r o l l s .  The greater  the a x i a l  

d is tance between the  p inch r o l l  and the backup r o l l ,  the small e r  the pinch 

l o a d  requ i red  t o  d r i v e  the  tube through the s t ra igh tener .    he pinch r o l l s  are 

on the  same s ide  o f  the tube as the  o f f s e t  r o l l  whi le  the backup r o l l s  are on 

the  opposi te s ide  from the  o f f s e t  ( c e n t r a l )  ro l l e rb .  

P r i o r  t o  s t ra igh ten ing  a  tub ing  l o t ,  q u a l i f i c a t i o n  o f  each 

s t ra igh tene r  setup was requ i red  by s t ra igh ten ing  f i v e  tubes from t h a t  l o t  and 

comparing the  be fore  and a f t e r  dimensions (O.D., I.D., and o v a l i t y )  as wel l  as 

eval ua t i ng  f i n a l  tub ing st ra ightness.  During the straightening operat ion, 

cont inua l  i n-process checks o f  s t ra ightness were made, i n i  ti a1 l y  by r o l l  i ng 

the tubes on a  f l a t  surface; i f  a  dev ia t ion  cond i t i on  was suspected, 

a d d i t i o n a l  s t ra igh tness  measurements were performed using a  st ra ightness 

gage. I f  an ou t -o f - spec i f i ca t i on  cond i t i on  was confirmed, a  new setup was 

made and another qua1 i f i c a t i o n  was performed using a  new se t  o f  heat- t reated 

tubes, 



A1 1  LWBR tubes were machine s t r a i gh tened  us ing the  5 r o l l  m i l  1  . . 

Hand s t r a i g h t e n i n g  was n o t  permi t ted .  To p rov ide  assurance t h a t  the  induced 

c o l d  work l e v e l  s  ( f rom the  s t r a i g h t e n i n g  opera t ion)  f o r  r e c r y s t a l l  i z e d  

annealed seed t ub ing  d i d  n o t  exceed the  es tab l i shed  3  percen t  maximum l i m i t ,  a  

spec ia l  PACW (post-anneal c o l d  work) t e s t  was devised. Th is  t e s t  was n o t  

app l i ed  t o  e i t h e r  b l anke t  o r  r e f l e c t o r  t ub ing  which were s t r e s s  r e l i e v e d  a f t e r  

t h e  f i n a l  c o l d  reduc t i on  operat ion.  The PACW t e s t  i s  discussed i n  Appendix E. 

A. ' Purpose 

Fo l l ow ing  mechanical s t r a i gh ten ing ,  t he  0.0. o f  each tube was be1 t- 

po l i shed  t o  un i f o rm ly  remove 0.0001 t o  0.0002 i nch  from the  tube surface. The 

two-stand be1 t p o l i s h i n g  opera t ion  prepared the 0.0. sur face o f  t he  tube f o r  

the f i n a l  b r i g h t  p i ck1  i n g  opera t ion .  

B. Procedure 

Two Murray-Way p lane ta ry  p o l i s h e r s  were used. These p o l i s h e r s  

cons is ted  o f :  ( 1 )  p inch r o l l s  f o r  feeding the tube through the  po l  i she r ;  ( 2 )  

guide bushings t o  a l i g n  t h e  tube i n t o  and o u t  o f  the, p o l i s h e r ;  and ( 3 )  a  

p l ane ta ry  po l  i s h i n g  head. A r o t a t i n g  face p l a t e  i n  the  po l  i s h i n g  head suppor ts  

two abras ive  b e l t s  t h a t  abrade t he  sur face as t he  tube i s  f e d  across the  

b e l t s .  Two ad jus tab le  a i r - ac tua ted  back-up r o l l s  keep the  t u b e , i n  con tac t  

.w i t h  t he  abras ive  be1 t s .  

C. Process Control  

Proper a1 ignment was conf  i rmed du r i ng  setup by v i s u a l  examinat ion 

o f  the  ground tube surface. I f  no s p i r a l  gooves o r  marks were observed, 

re lease  was g iven  f o r  p roduet ion  processing. Pr imary c o n t r o l  o f  the  b e l t  

p o l i s h i n g  opera t ion  was achieved by measuring the  tube.O.D., bo th  befoi-e and 

a f t e r  po l i sh i ng .  



X I .  FINISH TUBE A C I D  PICKLE 

-A1 1 tubes were p i c k l e d  as the  l a s t  processing operat ion t o  achieve 

f i n a l  dimensional and sur face f i n i s h  requirements. 

B. Procedure 

' P r i o r  t o  f i n a l  p i c k l  e, c l  eaninq was performed us1 ng d prop r l  etary 

water-sol ub l  e, f l  uor ide- f ree,  a c i d  (approximately 4 pH) cleaner, f o l l  owed by a 

c o l d  water r inse .  Two c lean ing  cyc les  were ' requi red;  the  f i r s t  removed the 

bu l k  o f  t he  " d i r t "  and the  second was a f i n i s h  wash fo l lowed by a f i n a l  r inse .  

, F i n a l  a c i d  e t ch  ( b r i g h t  p i c k l  i ng )  was performed i n  an a c i d  s o l u t i o n  

con ta in ing  60% by volume c lean tap water, 38.2% by volume o f  i n d u s t r i a l  grade 

(70%) n i t r i c  acid, and 1.8% by volume o f  i n d u s t r i a l  grade (70%) hyd ro f l uo r i c  

ac id.  Fo l lowing p i c k l  ing,  the tubes were r i nsed  i n  f ree- f low ing tap water and 

then a i r  d r i e d  i n  a rack wh i l e  i n  a nea r -ve r t i ca l  pos i t i on .  It should be 

noted t h a t  these tubes were detergent  cleaned again a t  B e t t i s  j u s t  p r i o r  t o  

we1 d ing  the  i n i t i a l  endcap i n t o  the tube. 

C. Process Control  

The p i c k l  i n g  r a t e  f o r  the  ac id  bath was determined by select ing,  a t  

random, a minimum o f  three tube lengths  and c a r e f u l l y  measuring and record ing 

t h e  I.D., O.D., and wal l  a t  several loca t ions .  A f t e r  immersion i n  the  a c i d  

s o l u t i o n  f o r  a prescr ibed time, the selected tubes were remeasured t o  

I determine the  r a t e  o f  surface metal removal. 

During f i n a l  p i c k l e  o f  f i n i s h e d  tub ing  lengths, a r e s t r i c t i o n  o f .  

twenty tubes maximum was establ  I shed f o r  each p i c k l  iny  1 o t .  Pi  c k l  i n g  was 

performed as a hand operat ion, and-twenty tubes was the l a r g e s t  quan t i t y  t h a t  

cou ld  be reasonably handled by the  operator and s t i l l  mainta in a uni form 

b r i g h t  p i c k l  i n g  operat ion. A l l  tubes were immersed i n  the  ac id  bath a t  a 10" 



t o  30" angle f rom . t h e  h o r i z o n t a l  t o  pe rm i t  purg ing  o f  a i r  f rom the  I.D. o f  t h e  

tube. As soon as a l l  the  a i r  had escaped from the  tubes, the tubes were 1 a i d  

f l a t  on t h e  bottom o f  t h e  tank and r o l l e d  i n  a smooth cons tan t  mot ion f rom 

s ide- to -s ide  f o r  about f i f t e e n  seconds t o  a l l o w  un i fo rm p i c k l i n g  over t h e  

ent' ire tube surface. .The tubes were then l i f t e d  o u t  of  t h e  ac id ,  f lushed,  and 

reimmersed i n  t he  a c i d  a t  an angle t o  repurge w i t h  f r e s h  ac id .  To ta l  t ime i n  

t h e  a c i d  was dependent on t he  p i c k l  i n g  r a t e  exper ienced by t he  1 a s t  tube l o t  

i n  t he  a c i d  s o l u t i o n  s ince the  a c i d  ge ts  weaker as p i c k l i n g  cont inues, thus  

i nc reas ing  t he  t ime.needed t o  p i c k l e  t h e  tube t o  f i n a l  s ize.  

A f t e r  the  p i c k l  i ng had been completed, the  tubes were q u i c k l y  

r a i s e d  above t he  tank a t  an approximate angle o f  ' 30 degrees t o  a1 1 ow the  a c i d  

t o  r un  out .  As soon as, o r  j u s t  be fo re  the bulk '  o f  a c i d  had d ra ined  from the  

tubes, t he  tubes were q u i c k l y  submerged ( a t  an angle o f  about 30 degrees) i n  

the c o l d  f low ing .  r i n s e  water so t h a t  t he  "drag over" a c i d  was 'removed as 

q u i c k l y  as poss ib le .  

For  b l anke t  and r e f l e c t o r  tubing,'  a 10 second maximum elapsed t ime 

requirement was es tab l  ished from the  t ime the  tubes were complete ly  o u t  o f  t h e  

a c i d  tank u n t i l  they were complete ly  submerged i n  t he  r i n s e  tank. Once t h e  

tubes were purged w i t h  water, they were re f l ushed  a t o t a l  o f  t h ree  a d d i t i o n a l  

t imes by'removi'ng"them ( a t  an angle)  f rom the  r i n s e  tank, and then 

resubmerged. 

For  seed tubing, t h e  r e l a t i v e l y  small 1.0. presented a p a r t i c u l a r  

problem ' i n  ach iev ing .a  thorough r i n s e  of the  I .D.  surface. A spec ia l  f o r ced  

f l u s h  f i x t u r e . w a s  devised and a 12 second maximum t ime 1 i m i t  was es tab l i shed  

f o r  the  t r a n s f e r  o f  the tubes from the  a c i d  tank i n t o  the  r i n s e  f i x t u r e .  As 

t he  t ub ing  bundle was submerged i n  t h e  c o l d  f l o w i n g  water r i n s e  tank, t he  end 

o f  the  bundle was i n s e r t e d  i n t o  the  c o l l a r  o f  the fo rced  f l ush ing  f i x t u r e  and 

t he  I.D. ' s  o f  the  tubes were f l ushed  f o r  a minimum o f  one minute.  



The purpose of es tabl ishing a time l im i t  fo r  tube t rans fe r s  out  of 
the acid bath was t o  help prevent acid from drying on the tube 1.0. surface. 

All t u b i n g ,  a f t e r  i n i t i a l  r insing described above, was l a i d  f l a t  on 
the tank bottom and rinsed fo r  an additional t h i r t y  minutes minimum,  i n  

flowing cold water. Then the tubes were removed by hand and stood ver t i ca l ly  
(approximately 80 degrees from horizontal ) a t  the drying rack. To keep the 
tubes clean and i n  pa r t i cu la r  t o  prevent acid fume s ta in ing,  a i r  exhaust 
systems were u t i l i z e d  i n  the drying area and i n  the nearby acid pickl i n g  

faci ' l  i t y .  

Pr ior  t o  t r ans fe r  of the dried tubing t o  the f inal  inspection area,  
an in-process inspection of the 0.0. and 1.0. surfaces was performed. When 
acid  s ta in ing  was observed, the tube was reconditioned e i t he r  mechanically by 

s i l i con  carbide gr i t  b las t ing of the 1.0. or chemically by re-pickling t o  
remove additional metal from the 0.0. and/or 1.0. surface. 

As an additional process control on the effectiveness of the post- 
pickl i n g  r ins ing operation, the amount of f luor ine  residue on the 1.0. surface 
of one tube per l o t  was analyzed for  f luorine by the pyrohydrolytic technique 
using samples taken from each end and  from the middle of the tube. The sa~nple 
was heated in a muffle furnace t o  500°C (932 '~ )  and 1 ive steam'was passed 
through the ins ide  of the tube, where I t  e f f ec t s  a breakdown of the complex 
zirconium oxyfl uoride deposited as a pickl i n g  residue. The f luorine i s  
ent.rained i n  the steam which i s  then condensed and anaiyzed for i t s  f luorine 
content. This technique removes a l l  f luorine from the tube surface. An 
average residual f luorine deposit  of approximately 35 t o  40 micrograms per 
square decimeter i s  charac te r i s t i c  of good pickling practice.  

The r e su l t s  of this overinspection, performed a t  Ret t i s  are shown 
i n  Table A-9. 



X I  I. MANUFACTURING YIELDS 

The manufactur ing y i e l d s  l i s t e d  i n  Table A-8 show t h a t  t ub ing  f o r  LWBR 

was manufactured w i t h  o v e r a l l  y i e l d s  comparable t o  the  50 percen t  va lue used 

i n  es t ima t i ng  the  weight  o f  i n g o t  needed t o  f u l f i l l  a commercial o rder  f o r  

tub ing .  The t i g h t  LWBR requirements were o f f s e t  by the  i nnova t i ve  p r a c t i c e s  

and good process c o n t r o l  as discussed i n  t he  t e x t  o f .  t he  r e p o r t  and i n  t h e  

preceding sec t ions  o f  Appendix A. Note t h a t  t he  processing y i e l d s  ( i tems 0, E 

and F o f  Table A-8) decrease w i t h  tube s i z e  (and i nc reas ing  ma'nufacturing 

d i f f i c u l t y  w i t h  the  two b lanke t  s i zes  exper ienc ing nea r l y  i d e n t i c a l  y i e l  ds. 

The process ing y i e l d s  o f  Table A-8 which r e l a t e  d i r e c t l y  t o  t he  process ing o f  

LWBR tubes a re  repeated here f o r  convenience. 

Seed PFB - Std.0. R e f l .  

a. Tube Reducing Operat ions 82.5% 91.3% 90.3% 97.0% 

b. F i n a l  Processing and Inspect ion,  75.0% 77.9% 78.1% 80.2% 

c. MSBT To Accepted Tubes ( a  x b )  61.9% 71.0% 70.5% 77.8% 



TABLE A - 1  

I ngo t  Requirements f o r  LWRR Low Hafnium 

Z i  r c a l  oy-4 ~ u b i  ng 

Element 

T i n  

. . .  It-an 
c t i ' r a m i  lm 
Oxygen 
I r o n  + Chromium 
Zirconium . . 

11, Group A Impur i ty  L i m i t s  

. Element 

A1 umi num 
Boron 
Cadmi urn 
Carbon 
Cobal t  
Copper 
Haf n i  urn 
Hydrogen 
Magnesi urn 
Manganese 
~1 cke l  
Nf obi  urn 
N i t rogen 
S i l  i con  
Tanta l  urn 
T i  t a n i  urn 
Turiys ten 
Urani um 
Uranium Isotope 

Symbol % Min. 

Sn 1.20 
Fe n.18 
C r  a 0.83 I 

0 .  0.09 
- 0.28 

Z r '. Rema1 nder 

Symbol 

A1 
B 
Cd 
C 

Co 
Cu 
H f 
H 
Ms 
Mn 
Ni 
Nb 
N 

S i 
Ta 
T i  
W 
U 

U-235 

ppm Max. 

7 5 
0.5 
0.5 

27 0 
20 

5 0 
3 5 
2 5 
15 

5 0 
7 0 

100 
60 

110 
200 
40 
80 
3 
0.025 

% Max. 

1.70 

ASTM 
B'-353-1977 

ppm Max. + 



Element 

Ch lo r ine  
F l  u o r i  ne 
Gad01 i n i  um 
Lead 
Molybdenum 
Phosphorus 
Samari um 
Thor i  um 
Vanadium 
Zinc , ,  

Symbol ppm Max. 

ASTM 
B-353-1977 

ppm Max. + 

I V .  Ingo t  composit ion - Ma te r i a l s  Source and L i m i t s  

Source L imi  t s  

Sponge 50% min. 
. . Sol i d  Scrap 40% max. 

Ingot  Turnings 15% max. 

' V .  Ingo t  Hardness - ~ r i n e l l  Hardness Number (BHN) 

Test 10 nun b a l l  , 3000 kg 1 oad 
L i m i t s  200 BHN max. i n d i v i d u a l  

187 BHN max. average o f  10 a t  room 
temperature 

V I. M i  scel 1 aneous Tests 

U l  t r ason i c  Inspect ion 
Surface F i n i s h  
V i  sual I nspec t i  on 
Magnetic I nspec t i  on 

* For . in format ion only.  
# I d e n t i c a l  t o  ASTM 8-353-1977 (Ref. ( c ) ) .  except as noted. 
t Only s p e c i f i e d  i n  ASTM 8-353-1977 as noted. 



TABLE A-2 

REQUIREMENTS FOR LWBR TUBING 

(See Tab1 es 1 and 2 f o r  Sampling 
Plans and S t a t i s t i c a l  L i m i t s )  

A. Nondestruct ive I n s ~ e c t i o n s  

1 . I n s i d e  Di ameter 

a. Local 

Type - Nominal * 

Seed 0.262 
PFB 0.475 
sI;J;-,B; - 
Re f l  . 

b. Average ( A l l  ) Nominal 

2. Outside Di ameter-Local 

TY pe - Nomi na l *  

Seed 0.31 05 
PFB 0.531 0 
Std. B. 0.5760 
Ref1 . 0.8350 

3. Wal l  Thickness 

TY pe - Nomi na l *  

Seed 0.0243 
PFB 0.0280 
s t d . ~ .  0.03n0 
Ref1 . 0.0435 

To1 erance ---_ - -  

Tolerance* 

Minimum* 

4. Wall E c c e n t r i c i  ty-Maximum* 
L i m i t s  Per Purchase Order 

Tnitial Remaining F ina l  LWBR ~ i m i t #  
Lo ts  Lo ts  Target % o t  ~ o m i r i i ?  

TY pe - 'No. L i m i t s  - 'No. L i m i t  L i m i t  -- Max Wall Thickness 

Seed- 8 .0024 18 .0016 .0010 .0013 5.36 
PFR 3 '.0028 18 .0021. .0015 .0017 6.07 
Std.0. 8 .0030 15 .0022 .001.5. .0017 5.67 
Ref1 . A1 1 .0035 - - .0022 .0022 5.06 

3 A l l  dimensions are s ta ted  i n  inches. 
#L im i t s  achieved by add i t i ona l  inspec t ion  and/or s o r t i n g  performed a t  B e t t i s .  



TABLE A-2 ( c o n t i  nued') 

5. Wavelength o f  He1 i c a l  Wall E c c e n t r i c i  t y  

TY pe M i  nimum* 
Sees. 
PFB 80 
Std. B. 

Ref1 . 70 

6. Length . 

Nominal * To1 erance* 
719 +0.5, - 0.0 

PFB 117 +0.5, -0.0 
Std.B. 117 +0.5, -0.0 
Ref1 . 110.5 +0.5, -0.0 

A t  B e t t i s  Fuel Rod Nominal f0.015 

7. Perpend icu la r i t y  o f  End Face ( a t  B e t t i s  on l y )  

A1 1  The dev ia t i on  from pe rpend icu la r i t y  t o  t h e  OD surface o f  t he  
end two inches s h a l l  be 1  i m i  ted  t o  0.006 i n / i  n. 

8. Edae Sauareness ( a t  B e t t i s  on ly )  

A1 1  The maximum dev ia t i on  from square edges as chamfer o r  
rounding o f  the  I D  o r  OD edge o f  the end face sha l l  n o t  
reduce the l o c a l  wa l l  th ickness a t  the  end face by more than 
0.003 inch. 

9. Stra iqhtness 

A1 1  0.010 inch  maximum de f l ec t i on  (bow) o f  t he  tube f.rom the  
center  of a 15 i nch  chord (gage 1  ength) . 

* A l l  dimensions are s ta ted  i n  inches. 
# L i m i t s  achieved by add i t i ona l  inspec t ion  and/or s o r t i n g  performed a t  

B e t t i  s, 



TABLE A-2 (cont inued) 

10. I n t e r n a l  Free Path 

A r i g h t  c y l i n d r i c a l  p lug  ( s t a i n l e s s  s t e e l )  w i t h  an OD surface f i n i s h  
o f  16 micro- inch AA o r  f i n e r  'must pass f r e e l y  through the f u l l  l eng th  
o f  each f i n i shed  tube as a l a s t  i nspec t i on  p r i o r  t o  packing f o r  
shipment. The f o l l  owing p l  ug s izes apply:  

Tube Type Seed* PFB* - Std.B .* 
Nominal Tube I D  0.262 0.475 0.516 
Plug OU 

M i  n 0.2585 0.471 0 0.51 20 
Ma x "0.2590 0.471 5 0.51 25 

Length o f  Pl ug (exc lud ing  end taper,  to le rance i s  + 0.005) 
Nominal . - -1 .048 - 1.900 - 2.064, 

Nominal Fuel P'el'l e t  0.0. ( t o 1  erance i s  f0.0005) 
UO i n  Tho2 0.2520 0.4695 0.5105 
~ h 8 2  o n l y  0.2555 0.4695 0.51 05 

Nominal Fuel Pel 1 e t  Length (Reference) 
UO i n  Tho2 0.615 0.870 0.875 
~ h 8 2  on ly  0.530 0.445 0.615 

11 . V i  sual Surface Inspec t ion  

The tub ing  OD and I D  sur faces must be f r e e  o f  unacceptable surface 
cond i t i ons  as determined by v isua l  inspect ion.  These unacceptable 
c o n d i t i o n s  inc lude,  b u t  are no t  l i m i t e d  to,  scratches, abrasions, 
n icks,  dents, p i t s ,  holes, f o r e i g n  ma te r i a l ,  and ma tc r i a l  defects  
(cracks,  laps, seams, Jaminat ion, ctc.  ) . 

12. Surface F i n i s h  

CONDITION: BRIGHT PICKLED 
MAXIMUM SURFACE ROUGHNESS ( MICROINCH A. A) 

Tube Type O.D. I .D. - -  
Seed 
Power F l  a t t e n i  ng Bl anket 32 3 2 
Standard Blanket  

Ref 1 ec t o r  3 2 125 

* A l l  dimensions are s ta ted  i n  inches. 

A42 



TABLE A-2 (cont inued) 

13. Mater ia l  .Qua1 i t y  

The tub ing  must be f r e e  o f  mater ia l  and f a b r i c a t i o n  de fec ts  which 
e x h i b i t  a  stronger response t o  the u l t r a s o n i c  search beam than 80% of  
t h e  response e x h i b i t e d  by the  standard notches contained i n  t he  t e s t  
c a l i b r a t i o n  tube. The dimensions of the  standard notch are shown 
below. Test  s e n s i t i v i t y  notches, h a l f  the depth o f  t he  standard 
notches must be reproduc ib ly  detected. A l l  dimensions are i n  inches. 

' Standard ~ e f e c t  ' Notch (Max) 
Tube Type Nom.Wal1 eP - p 
Seed 0.0242 0.0020 0.0200 0.003 
PF.. 81 anket 0.0280 0.0021 0.0210 0.003 
Standard Blanket  0.0300 0.0022 0.0225 0.003 
Ref1 e c t o r  0.0435. 0.0032 0.0326 0.003 

B. Des t ruc t i ve  Test ing 

Chemistry 

Compl i ance w i t h  the  requirement fo r  i n g o t  composit ion (Tab1 e A-1 ) 
s a t i s f i e s  the  basic  chemistry requirements o f  the f i n i s h e d  tubing.  
Samples from each l o t  o f  f i n i s h e d ' t u b i n g  must meet the l i m i t s  noted 
f o r  the f i v e  elements l i s t e d  below. 

El ements ppm Max. ppm Min. 

Hydrogen 2 5 0 
Ni t rogen 8 0 0 
Oxygen 

Ind i v i dua l  Analys is  1800 900 
Average from one ingot** 

Seed . 1700 900 
Blanket  & Re f l ec to r  1600 900 

Nickel  70 0 
Hafni  um 4 5 0 

2. Surface Chemistrv 

F luo r i ne  on I D  surface i n  micrograms per square decimeter 

Target 30 t o  40 
A l e r t  65 

**Average o f  a l l  f i n i s h  tub ing  analyses from one i ngo t .  



TABLE A-2 ( c o n t i  nued) 

3. Corrosion Resistance 

Test  Cond i t ion  Mix. Weight Gain 

a. 14 days i n  750°F 38 mg/dm2 
steam a t  1500 p s i g  

b.  14 days i n  680°F 28 mg/d$ (preproduct ion on ly )  
' water a t  2705 p s i g  

The co r ros ion  t e s t e d  tub ing  must e x h i b i t  a  continuous' 1  ustrous, black, 
adherent, cor ros ion  f i l m  cons i s ten t  w i t h  es tab l  i shed v i sua l  standards. 

~ o n ~ i  t u d i n a l  Uniaxi  a1   ensile p rope r t i es  

0.2% O f f s e t  
-Y ie ld  5trerlgt.h % T o t a l  . .  

(U/Y R t ' o )  ( p s i )  E l  ongat ion 
Tube Type (M in l f a \  - Min. . Max. (b )  

a. Room Temperature 

Seed 1.20 35,000 - 20.0 

PF 'Blanket 
Standard Bl anket  1 .15 55,570 ' - 8.1 
Re f l ec to r  

b. 700°F 

Seed 1.5 15,500 30.000 , 20.0 

PF Blanket  
Standard Bl anket 1.1 5 43,500 69,500 8.1 
Ref1 e c t o r  

5. C i  r cumferen t ia l  Tensi 1  e P r o ~ e r t i e s  (Bu rs t  Test)  

Tube Type Minimum 7, D u c t i l i t y  a t  ~ O O O F ( C )  

Seed 2 0 

PF Blanket  
Standard Blanket  
Re f l ec to r  

l a )  R a t i o  o f  U l t imate  Tens i le  Strength t o  0.2% Of f se t  Y i e l d  Strength 
( b )  Minimum i n  2 inch  gage length '  
( c )  Percent increase i n  circumference o f  metal1 i c  p o r t i o n  o f  the  bulge 

measured from f r a c t u r e  edge t o  f r a c t u r e  edge around the  maximum 
circumference o f  t he  rup tured  specimen. 



. . . . 
TABLE A-2 (cont inued)  - 

. . 

6. Texture ( ~ o i t r a c t i l e  S t r a i n  Ra t i o  o r  CSR) 

% L i m i t s  
. Tube Type M i  n. Max. - 

Seed 
PF B lanke t  
Std.01 anket 

R e f l e c t o r  . 1.2 ' 2.3 . . . . 
, . 7. Hydr ide O r i e n t a t i o n  . . 

The o r i e n t a t i o n  o f  t he  z i rcon ium hydr ide  p l a t e l e t s .  (needles)  i n  t h e  
f i n i s h e d  t ub ing  must be such t h a t  no more than the  s p e c i f i e d  percen t  
o f  t he  c l a s s i f i a b l e  hydr ide  needles are a1 igned w i t h i n  30' o f  t he  
r a d i a l  d i r e c t i o n  ( i  .e., p a r a l l e l  t o  the tube rad ius ) .  

Max. I n d i v i d u a l  Wall Segment 
Reading O.D., Middle, o r  1.0. Max. Avg. o f  Three Segments 

T h i r d  o f  Wall Thickness For  Each Sample 

Seed 50% 
B l  anket  & Ref1 e c t o r  30% 

45% . 
Not Appl i c a b l  e  

8. Post-Anneal Cold Work 

Seed (RXA) 3.0% Maximum. . . 

B lanke t  & R e f l e c t o r  (SRA) Not App l i cab le  

9. Gra in  Size 

Seed ASTM 9-12.5 ( i n  t h e  f i n i s h e d  tub ing)  . . 
B l a n k e t & R e f l e c t o r  . ASTM8-12.0 ( a t c o m p l e t i o n o f  t h e a l p h a  

r e c r y s t a l  1 i z a t i o n  ' anneal p r i o r  t o  t he .  1  a s t  
r educ t i on )  

10. Metal 1  ographic Inspec t ion  f o r  Equi axed Gra ins 

Seed (RXA) No d i  s  t o r t e d  o r  non-equi axed ( non- 
r e c r y s t a l  1  i zed) g ra i ns  permi t ted .  

B lanke t  & R e f l e c t o r  (SRA) There must be no ev idence .o f  
r e c r y s t a l l i z a t i o n ;  i.e., t h e r e  must be no 
equiaxed g ra ins .  



TABLE A-2 (cont inued) 

11 . Metal 1  ographic Defects  

A l l  Tube Types ' A1 1 meta l lographic  inspect ions f o r  hydr ide 
o r i e n t a t i o n ,  post  anneal, c o l d  work, g r a i n  
s ize ,  and 'equi axed gra ins  s h a l l  inc lude an 
i nspec t i on  f o r  the presence o f  any de fec ts  
exceeding 0.0040 i n c h . i n  any dimension. 

' Defects i n  excess o f  0.0040 inch  are n o t  
permi t ted.  

C. Cold Work i n  F i n a l  Reduction 

The amount o f  c o l d  work  or the reduc t ion  i n  cross-sect ion area, i n  
t he  l a s t  tube reduc t ion  s h a l l  be w i t h i n  the  f o l l o w l n g  ranges f o r  t he  
s p e c i f i e d  f i n a l  heat t reatment.  

T u ~ c .  . . . F i  nel . Ileat, 
:Type. . - F.i nal  Reduction f reatment- ( d l  

. ' . .  . . 

Seed. . 50 to' 70% RXA 

PFB 
Std.0.  . 
Ref l  . 

D. F i n a l  Heat Treatment 

A1 1 t u b e s  s h a l l  have a t i n a l  heat  treatmewt w i  Lhin the spec i f red  1 i m i  t s  
f o r  t he  tube type. The s i z e  and placement o f  the load  w i t h i n  the furnace, 
t he  mass i n  t h e  furpnce, and the  furnace operat ing c h a r a c t e r i s t i c s  must be 
balanced such t h a t  the i n n t e n ~ ~ o s l  (51 owest Reating) tubc in ,  the 1 oad 
rece ives  the  minimum heat  t reatment  wh i le  the  outermost ( f a s t e s t  heat ing)  
tube does n o t  rece ive  an excessive heat treatment.  The prescr ibed heat  
t rea tment  parameters f o r  a l l  LWBR tubes are shown i n  the  f o l l o w i n g  table.  

F i n a l  
Heat Tube Temperature Hours Above 

~ r e a t r n e n t ( ~ )  . . TY pe ( O F )  Min. Temp. 
. . . M i  n  ; - M a x .  

'- 
Tiin. - Max. - 

RXA Seed 

SRA - . . .  .PF Blank.et .. 

. Standard Blanket  900 950 1 5.5 
Ref l  e c t o r  

( * I   h he c a l c u l a t i o n  . i s  

A-a x  100 where: % C W = T  A = cross-sect ion area before reduc t ion  
a = cross-sect ion area a f t e r  reduc t ion  

( RXA i s  r e c r y s t a l  1  i z a t i o n  anneal and SRA i s  s t ress  re1 i e f  anneal . 



TABLE A - 3  

Tube Type 

Seed 
PF B lanke t  
Std.Bl anket  
R e f l  e c t o r  

Fuel  Rod Type 

Seed 
PF B lanke t  
Std. B lanke t  
R e f l  e c t o r  

LWBR ZIRCALOY-4 TUBING DIMENSIONS 
CONDITIONS AND QUANTITIES 

Number 
of Tubes 

Tube Size ( i nches ) (a )  Heat Trea Del i v e r e d  . . . . - Length Cond i t ion  

Nominal Tube S i r e  I n  No. o f  No. o f  
F i n i shed  Fuel Rod ( c )  Rod R,ods i n  
O.D. I.D. Wall Types , LWBR - 

( a )  D e t a i l e d  requr iements f o r  t h e  tubes, as purchased, a re  s t a t e d  i n  Table A - 2 .  

( b )  RXA = R e c r y s t a l l i z e  annealed. 
SRA = St ress re1  i e f  annealed. 
See Table A - 2  I tem D f o r  d e t a i l  s 

( c )  The f i n a l  tube l e n g t h  v a r i e d  w i t h  fue l  r o d  type (and f u e l  l o a d i n g  
arrangement) i n  the  23 d i f f e r e n t  types o f  fuel rods used t o  assemble t h e  
LWBR Core. 



TABLE A-4 

CONVERSION OF INGOT TO TUBING 
. . 

Heat Treatment 
Minutes a t  Product 

Operat ion 
Temperature Temperature 

Product* M i  n Max M i  n Ma x 
7 -  - -  

17 i n c h  diam. i n g o t  
1 . Surface Cond i t ion  
2. Heat Treatment 
3. Forge, Cut t o  Length 

8 i n c h  square 
4. Heat Treatment 
5. Fur-ye 

6-1 12 i nch  round 
6. Ileat Trentment 
7. Beta Quench 
8. Surface Condi ti on 
9. Heat Treatment 

10. R o l l  (approx. 24 passes) 
1 1 . Heat Treatment as needed 
12. F i n i s h  Ro l l  i n g  as needed 

4-1 /8  inch  round 
13. Cut t o  Length 

Machine OD and D r i l l  I D  
3.9 i n ,  OD MDB 

14. Clad i n  Copper 
15. Heat Treatment 
16. Extrude 
17. Declad i n  N i t r i c  Ac id 

EBT 
18. Surface Condi t ion 

SBT 
19. Machine OD & I D  Concentr ic ( a )  

MSB T 
20. Tube Reduce ( b )  
21 . Clean & P i c k l e  
22. Heat Treatment 
23. Cut t o  Length 

I . P .  
24. Tube Reduce ( b ) ( c l  
25. Clean and P i c k l e  
26. Heat Treatment 
27. Cut t o  Length 

I .P.  
28, F i n a l  Tube Reduce ( b )  
29. Clean and P i c k l e  



TABLE A-3 

Tube Type 

Seed 
PF Blanket 
Std.Bl anket 
Ref 1 ec to r  

Fuel Rod Type 

Seed 
PF Blanket 
Std. Blanket 
Ref 1 ec t o r  

LWBR ZIRCALOY-4 TUBING DIMENSIONS 
CONDITIONS AND QUANTITIES 

Number 
o f  Tubes 

Tube Size ( inches)(a)  Heat Trea Del i ve red  . . - . . - Length Condi tJ on 

Nominal Tube Size I n  
F in ished Fuel Rod ( c )  
O.D. I. D. Wall - 

R X ~ '  
SR! 
SRq 
SRA 

N o . o f  N o . o f ,  
Rod R,ods i n  

Types , LWBR 

( a )  Deta i led  requriements f o r  the  tubes, as purchased, are s ta ted  i n  Table 8-2. 

(b )  RXA = Rec rys ta l l i ze  annealed. 
SRA = Stress r e l i e f  annealed. 
See Table A-2 Item D f o r  d e t a i l s  

( c )  The f i n a l  tube length  var ied  w i th  fue l  rod  type (and fuel load ing  
arrangement) i n  the 23 d i f f e r e n t  types o f  fue l  rods used t o  assemble the  
LWBR Core. 



TABLE A-4 

CONVERSION OF INGOT TO TUBING 

Heat Treatment 
Minutes a t  Product 
Tcmpcraturc Tempera t.11t-e 

Operat ion .Product* Min . Max M i  n Ma x - -  - - 
17 inch  diam. i n g o t  

1. Surface Condi t ion 
2. Heat Treatment 15 1860 191.0 
3, Forge, Cut t o  Length 1200 1910 

8 i n c h  square 
4. l leat  Treatment 1 6  1860 1910 
5. Fur-ye I200 1310 

6-112 inch  round 
6. I-lent Treatment - 20' - .30 1860 - 1910 
7. Beta Quench RT . 1910 
8. Surface Condi t ion 
9. Heat Treatment 15 . 1425 1475 . 

10. Ro l l  (approx.. 24 passes) 10110 1475 
1 1 . Heat Treatment as needed 10 1475 
12. F i n i s h  R o l l i n g  as needed 1000 1475 

4-1 /8 i nch  round 
13. Cut t o  Length 

Machine OD and D r i l l  I D  
3.9 i n .  OD MDB 

14 .  Clad i n  Copper 
15. Heat Treatment 
16. Extrude 
17. Declad i n  N i t r i c  Acid 

EBT 
18. Surface Condi t ion 

SBT 
19. Machine OD & I D  Concentr ic ( a )  

MSB T 
20. Tube Reduce ( b )  
21 . Clean & P i c k l e  
22. Heat Treatment 6 0 150 1275 1325. 
23. Cut t o  Length 

I . P .  
24. Tube Reduce ( b )  ( c )  
25. Clean and P i c k l e  
26. Heat Treatment 6 0 150 1275 1325 
27. Cut t o  Length 

I .P.  
28. F i n a l  Tube Reduce ( b )  
29. Clean and P i c k l e  



TABLE A-4 (cont inued)  

Heat Treatment 
k o u r s  a t  Product  
Temperature Temperature 

Product* - -  M i  n Max M i  n  Ma x - -  
( d l  RX A 2 4.5 1200 1250 

S RA 1 5.5 900 950 
( e l  

30. F i n a l  Heat Treatment 

31. S t ra i gh ten  
32. B e l t  P o l i s h  OD 
33. Cut t o  Length 
34. B r i g h t  P i c k l e  . t o  S ize 

F in i shed  Tubing 
35. F i n a l  I nspec t i on  ( f )  

*See Table A-6 f o r  the  s i z e  o f  these i tems f o r  each tube type. 

MDB = Machined d r i l l e d  b i l l e t  
EBT = Extruded base tube 
SBT = S t a r t i n g  base tube 

MSBT = Machined s t a r t i n g  base tube 
I P  = In te rmed ia te  p roduc t  

( a )  Machining f o r  c o n c e n t r i c i t y  was a B e t t i s  i nnova t i on  s p e c i f i e d  t o  reduce 
wa l l  e c c e n t r i c i t y  i n  the f i n a l  product.  

( b )  S p e c i f i c  c o n t r o l  s  'were developed t o  assure t h a t >  t h e  f i n i s h e d  tub ing  had 
the  c o r r e c t  t e x t u r e  and acceptable wave1 ength o f  wa l l  e c c e n t r i c i t y  . 

( c )  O m i t  opera t ions  24 t h r u  27 from the  PFB, Std. B.' and R e f l e c t o r  tube 
f a b r i c a t i o n  sequences which are produced w i t h  a  two  tube reduc t i on  
operat ions.  

( d )  The hea t  t reatment  parameters were developed v i a  ca lcu ' la t ions,  supported by 
exper imentat ion t o  assure t h a t  a l l  tubes i n  the l o a d  had a sa : t i s f ac to r y  
hea t  t reatment.  

( e )  L i m i t s  were developed t o  min imize res idua l  stress'  i n  t he  f i n i s h e d  tube t o  
minimize the reduc t i on  i n  f a t i g u e  1 i f e .  

( f )  Th is  inc luded:  a  r i go rous  u l t r a s o n i c  i nspec t i on  f o r  ma te r i a l  s  defects ;  
measurements f o r  CSR; phys ica l  and metal 1  ographic t e s t i  ng; dimensional 
inspec t ion ;  and v i sua l  inspec t ion .  



' TABLE A-5 

LWBR TUBE REDUCING PARAMETERS 

Seed'  be ~ e d u c t i  ons (TR) 
. . 

1 s t .  TR 2nd TR 3rd  TR 

Tube Reducer #23 
Feed Rate (Strokes/ In. )  20 f 5 
111dex ( Steps/360° )*  5 o r  7 
Ro ta t i on  Clockwise 
Gr. i p p i  ng Inpu t  o r  Output 
F in ished 0. D. ( Inches) .750 
F in i shed  Va l  1 ( inches)  . I00 
~ a m l n a l  % Reduction 76,8 - 
Nominal WRR 1.32 

#26 #24 
20 f 5 33 * 3 
5 to17 7 t o  17 
C l  ockwi se Countercl ockwi se 
I npu t  o r  Output I n  u t  OP Output 
,500 . 3  i) 1 
.050 w.025 
65.4 67.8 - 
1.50 1.31 

Power F l a t t e n i n g  Blanket  Tube Reductions 

Tube Reducer 
Feed Rate (S t rokes / In  . ) 
Index ( Steps/360° )* 
Ro ta t i on  
G r i  p p i  ng 
F in i shed  0. D. ( inches)  
F i n  i shed U a l l  ( i nchcs) 
Nominal % Reduction 
Nomi nal WRR 

#25 
20 f 5 '  
5 o r  7 
C1 ockwi se 
Input  o r  Output 
.840 '. 065 
82.0 
1.40 

Standard Blanket  Tube Reductions 

1 s t  TR. 
-,- 

Tube Reducer 
Feed Rate ( Strokes/ In.  ) 
111de~  (Sttps/360° )* 
Rota t ion  
Gr ipp ing  
F in ished 0.0.. ( inches) 
F in i shed  Wall ( inches) 
Nominal % Reduction 
Nomi nal  WRR 

#25 
20 * 5 
5 o r  7 
Clockwise 
Input  o r  Output 
.840. 
.065 
82.0 
1.90 

#28 
25 f 2 
5 t o  17 
Courlterbcl ockwi se 
Input  o r  Output 
,532 

#27 
2 5 * 2  . . ,  
5 t o  17 
Counterclockwise 
Input  o r  Output 
,577 
,031. 
66.2 
1.66 

* See nex t  page. 



TABLE A-5 (cont inued) 

Re f l ec to r  Tube Reductions 

Tube 'Reducer 
Feed Rate' (St rokes/ In.  ) 
Index ( Steps/360° )* 
Rota t ion  
Gr ipping 
F in ished O.D. ( inches)  
F in ished Wall ( inches) 
Nominal % Reduction 
Nominal WRR 

D e f i n i t i o n  o f  Terms 

Tube Reducer 

Feed Rate 

Index 

Rotat ion 

~ r i  pping 

Inpu t  Gr ipp ing 

Output Gr ipp lng 

% Reduction 

W RR 

#23 
14 f 5 
5 o r  7 
C1 ockwi se 
Input  o r  Output 
1 . I25 
. I15 
69.5 
1.99 

#2 2 
28 .* 5 
7 o r  9 
Countercl ockwi se 
. Input  o r  Output 
.836 
.0445 
69.7 
2.39 

Refers t o  t he  s p e c i f i c  tube reducing machine used. 

Number o f  tube reducer s t rokes o r  rocks per i n c h  o f  
i n p u t  ma te r i a l  . 
Number o f  tube r o t a t i o n s  o r  steps per  360" (e.g., an 
index o f  5 equals a tube r o t a t i o n  o f  360'15 o r  72"). 

Index d i r e c t i o n  o f  tube hol low when f a c i n g  the ou tpu t  
end. 

I d e n t i f i e s  the  end o f  the tube t h a t  i s  he ld  wh i l e  the  
tube i s  r o t a t e d  and advanced through the  tube reducer 
( see Figure A-1 ) 

Tube mov.ement i s  co .n t ro l led  by the  crosshead on the  
i n p u t  s ide o f  tube reducer. 

Tube movement i s  c o n t r o l l e d  by the  indexer on t h e  
ou tpu t  s ide o f  the tube reducer. 

% Reduction i n  cross sec t ion  area = % c o l d  work 

Wall reduc t ion  r a t i o  = % change i n  wa l l  th ickness 
d i v i ded  by the  % change i n  ou ts ide  diameter i n  each 
reduc ti on. 

* Nominal t o r  each l o t  was es tab l i shed dur ing  tube reduc t ion  w i t h  a to le rance 
o f  f 112. Nominal i s  s ta ted  as,an'odd number only .  



TABLE A-6 

YOMINAL SIZES* AT EACH TUBE MANUFACTUPING STEP 

Tube Type 
Seed - 

MDB* 3.915 0.950 
MSBT* 1.375 0.875 
1 s t  TR** 

% CW 76.8 
WRR 1.32 

0.75C Oi550 ' 

2nd TR** 
% cw 
WRR 

z 
N 

3rd  TR** 
% CW 
WRR 

F i n a l  Size* 

Power 
F l a t t e n i n g  Standard 

B lanke t  0' anket Ref 1 e c t o r  - - - - - - - - - - - - 

* A l l  dimensions i n ,  inc'les,. MDB = Machined and d r i l l e d  b i l l e t ,  MSBT = Machined s t a r t i n g  base tube 

TR = Tube Reduction . . a 

** % CW = % c o l d  work = X change i n  c ross  sec t i on  area . . , 

WRR = wa l l  reduc t ions  r a t i o  = % change i n  wa l l  th ickness t % change i n  ou ts ide  diameter 

N/A = Not appl i cab le ,  on ly  two tube reduc t ions  were used; I 



TABLE A-7 

LWBR TUBE REDUCING: PROCESS CONTROL 

A. Process Contro l  Fo l low ina  a New Setuo 

A new setup i s  de f ined  as anytime a d i e  was e i t h e r  rep laced o r  removed and 

subsequently remounted on the tube reducer. 

1. On t h e  f i r s t  6 inches o f  o u t p u t  tube, t he  tube dimensions (O.D., I.D., 

and wa l l  ) were measured and recorded. 

2. I f  dimensions were acceptable,  t he  f o l  1 owing tube reducer parameters 

were recorded: 

a. Actual  feed r a t e  

b. Actual index r a t e  

c.  D i r e c t i o n  o f  r o t a t i o n  

d. Mandrel p o s i t i o n  (coded). 

3 .  A 6- inch l e n g t h  sample o f  ou tpu t  tube was cleaned and sect ioned 

l o n g i t u d i n a l l y .  The ou t s i de  and i n s i d e  surfaces were inspected f o r  

su r face  de fec ts  and then bo th  6- inch ha lves were f l a t t e n e d  on an a rbor  

press and v i s u a l l y  inspected f o r  cracks. I f  unacceptable, the  

f l a t t e n e d  ha1 ves were ae id  etched, rSnsed, wiped dry, and 

r e i  nspected. I f  s t i  11 unacceptable, c o r r e c t i v e  a c t i o n  ( tube reducer 

adjustment)  was taken and t he  preceding i nspec t i on  opera t ions  were 

repeated. 

4. Samples f o r  wavelength o f  the  h e l i c a l  wa l l  e c c e n t r i c i t y  were requ i red  

f o r  the e n t i r e  ou tpu t  l e n g t h  o f  the  f i r s t  two i n p u t  tubes f o l l o w i n g  

each t o o l  setup and from the  ou tpu t  p o i n t  and t a i l  o f  one i n p u t  tube 

midway through the remainder o f  the  s h i f t  i n  which setup samples were 

taken. The sampl i ng f o r  wave1 ength appl i e d  t o  t he  f o l  1 owing tube 

reducer passes: 



TABLE A-7 ( c o n t i  nued) 

Seed Tubing Second and t h i r d  passes 

B l  anket  Tubing (bo th)  F i r s t  and second passes 

~ e f l  e c t o r  Tubing Second pass 

, . 

5. A 4- inch minimum l e n g t h  sample f o r  I.D. roughness and v isua l  surface 

i nspec t i on  was taken from the  f i r s t  two ou tpu t  tubes. 

B. Process Control  Dur-i 11y Normal h c h i  ne Operation 

A. normal. mac.hine opera t ion  i s  de f ined  as a product ion run o f  tube reduel ng 
t h a t  d i d  n o t  requ i re  new machine setups. 

1 . Dimensional Control  

a. Wall 

The minimum and maximum wal l  o f  t he  p o i n t  and t a i l  ends o f  one 

ou tpu t  l eng th  was meas~!re.d ,and recorded t o  the nearest .0001" a t  

. the beginning o f  the sh l  f 1 drld a t  l e a s t  two add i t i ona l  liii~ws, 

equa l ly  spaced dur ing  each e ight-hour  s h i f t .  

b. Length 

Or1 d l  1 i nt t rmed i  a t c  pacs mate r i a l ,  the  tube h o l l  ow l eng th  o r  

weight was recorded. On a l l  f i n i s h  pass ma te r i a l ,  the l eng th  o f  

each p i ~ c e  was recorded. 

c. O.D. 

. . . .: The f i r s t  ou tpu t  tube .on each s h i f t  and a rnlnlmum uf  two 

.: . add i t i ona l  tubes, equa l l y  spaced dur ing  the s h i f t ,  were checked 

f o r  minimum and maximum O.D. a t  18 inches from both ends and a t  

mid- length and recorded t o  the nearest 0.0001". 



TABLE A-7 (cont inued) 

d. I.D. - 

A f t e r  the  f i n a l  tube reduct ion  pass, one f i n i s h e d  tube length  was 

c u t  from the t a i l  end o f  every t h i r d  i n p u t  tube length  and the  I D  

was measured us ing an a i r  gage. Out o f  s p e c i f i c a t i o n  I.D. s i z e  

requ i red  ,adjustments o f  the tube reducer se t t i ngs  by the tube 

reducer operator. 

2. Wave1 ength o f  He1 i c a l  Wall E c c e n t r i c i t y  

a. Four t rack  he1 i c a l  wal l  wavelength t races were requ i red  f o r  tube 

samples selected from the product o f  the fo l l ow ing  tube reduct ion  

passes : 

Seed Tubing Second and Th i rd  Passes 

Blanket Tubing F i r s t  and Second Passes 

Ref1 e c t o r  Tubing Second Pass 

b. Samples . f o r  wave1 ength inspect ion  were taken a t  the f o l l  owing 

times: (each sample was v ib ra too led  w i t h  an i d e n t i f y  code by the  

operator) .  . . 

( 1 )  The e n t i r e  output  l eng th  o f  the f i r s t  two i n p u t  tubes 

fo l l ow ing  a change t o  a d i f f e r e n t  l u b r i c a n t .  

(2) The p o i n t  and t a i l  sec t ion  from the output  of one i n p u t  tube 

midway through the remainder o f  the s h i f t  i n  which the 

change-of-1 ub r i can t  samples were taken. 

( 3 )  The p o i n t  and t a i l  sec t ion  from the output  o f  one i n p u t  tube 

a t  the  middle o f  each s h i f t  o f  tube reducing. 



TABLE A-7 (cont inued)  

3. Sur face Qua1 i t y  

a. ' The ou t s i de  sur face  o f  t h e  tube be ing produced was cont i 'nuously 

-checked by the  tube reducer operator .  

h. The i n s i d e  s ~ r r f a c e  f o l l o w i n g  each in te rmed ia te  pass was inspected 

by c u t t i n g  a 2 - inch  p i ece  from the  p o i n t  o r  t a i l  o f  the  p roduc t  o f  

a t  l e a s t  every second seed and b lanke t  i n p u t  tube, the11 c l e u ~ l i n g  

and v i  s u a l l  y exsmi n i  ng t he  i n s i  de surface. 

c. On t h e  f i n i s h  pass, t h e  I .D.  roughness samples (d iscussed i n  the  

f o l l  owing sec t i on )  were a1 so examined,, 0. D and I. D., f o r  surface 

d e f e c t  i n d i c a t i o n s  such as p i t s ,  p ick-up, s c u f f i n g ,  s i de  re1 i e f  

marking, e t c .  

4. I.D. Roughness - -.... ...,., .... % .,-- 

A 4 - inch  minimum l e n g t h  sample was taken f o r  I.D. roughness 

measurement f f o m  t h e  p o i n t  end o f  ou tpu t  tubes a t  the f o l l o w i n q  t imes: 

a. The f i r s t  two i n p u t  tubes o f  each l o t .  

b. The f i r s t  two i n p u t  tubes a f t e r  a mandrel change. 

c. '!he f l  r s t  twu i n p u t  tubes a f t e r  changing 111hr icants .  

d. Every o t h e r  i n p u t  tube i f  i n i t i a l  samples ( a  through c )  were 

s a t i s f a c t o r y .  

P When the I.D. roughness o f  any. tube sample was h ighe r  than 32 

m ic ro i nch  (AA), a sample was taken from the  p r i o r  ou tpu t  tube dnd 

a sample was taken f rom each subsequent i n p u t  tube u n t i l  the 

sampl es from two successive i n p u t .  tubes were acceptabl  e. 



TABLE A-7 (cont inued) 

5. Tool ing Inspec t ion  

a. The mandrel p o s i t i o n  was measured and recorded a t  the  beginning 

and middle o f  each s h i f t .  

b. Whenever a mandrel problem was suspected, v isua l  and dimensional 

inspec t ions  o f  the  mandrel were performed. 

c. A t  the  beginning o f  each s h i f t ,  and whenever d i e  problems were 

suspected, the d i e  groove was inspected f o r  v isua l  defects.  A l l  

i nspec t i on  r e s u l t s  were recorded. 

6. Machine Operat ion 

a. When dimensional. con t ro l  problems were encountered, o r  a 

d e t e r i o r a t i o n  i n  tube i n t e g r i t y  was suspected, the tube reducer 

setup was rechecked. 

b. During a l l  tube reduct ions,  the  f o l  lowing in fo rmat ion  was measured 

and recorded: 

( 1 )  Index r a t e  a t  t he  cross-head clamps a t  l e a s t  once fn r  each 

i n p u t  tube. 

( 2 )  Feed r a t e  and the  d i r e c t i o n  o f  tube r o t a t i o n  a t  the feed 

clamps a t  the beginning o f  the s h i f t  and a t  i n t e r v a l s  n o t  t o  

exceed two hours. 

7. I d e n t i f i c a t i o n  

A tube i d e n t f  t y  code was v ib ra too led  on the  t a i l  end o f  each ou tpu t  

l eng th  and on a l l  c u t  samples. 



TABLE A-8 

TUBE FABR ICAT ION PROCESS Y IELDS 

Processing Steps 

Tube Type 

Seed PFQ. Std.Rlkt. - Ref1 . 

A. Ingo t  t o  4-1 /8" Diameter  ~ o u n d ( ~ ) .  Y 5% 95% 95% 96% 

B. 4-1/8" Round t o  MOB (3.915" o . D . ) ( ~ )  
. . . . 

80% 80% 80% 7 8% 
. . 

c. MDB through Ex t rus ion  t o  ' M S B T ( ~ ) ( ~ ) .  98% 98% 98% 9 8% 

D. M5DT through F i n a l  ~ ~ d l i c t i o n (  b, 82.5% 91.3% 90.3% 97.0% 

E. F i n a l  Processing & 75.0% 77.8% 78.1% 80.2% 

F. Processing a t  WTD, MSBT t o  F i n a l  61.9% 71.0% 70.5% 77.8% 

Acceptance (D x E) 
. . 

G. 0 v c r a l i  ~ i e l  d,' - Ingo t  t o  Accepted ' 46.1% 52.9% 52.5% 56.5% 

Tube (A x B x C x D x E )  

( a )  Normal machining losses, based on weight losses a t  each operat ion, 

produced a combined y i e l d  o f  .74.5% (72.6% f o r  r e f l e c t o r '  due t o  the  l a r g e r  

I .D.  o f  t he  MDB). (A x B x C) 

( b )  A p iece  count eva lua t i on  based on the  maximum number o f  tubes t h a t  could 

be produced from the number o f  MSBT's used. 

( c )  A p iece  count eva lua t ion  based on the  number of tubes produced and the 

number o f  tubes accepted. 

Most o f  t h i s  l o s s  was unique t o  the  LWBR operat ion since the  machining o f  

the  s t a r t i n g  base tube f o r  c o n c e n t r i c i t y  was no t  normal commercial 

p r a c t i c e  p r i o r  t o  1973. 



TABLE A-9 

SURFACE CHEMISTRY-FLUORINE ON INSIDE SURFACE OF PICKLED TUBES 
(MICROGRAM PER SQ. DECIMETER) 

Tube Locat ion Tube 
Po in t  M i  ddl e Tai 1 - Average 

Seed 
Average 38.30 42.38 38.44 39.71 
Std.Deviat ion 1.2.11 9.31 13.48 6.72 
No .o f  Anal . 26 26 . . 26 26 - 
M i  nimum 16 2 7 11 23.3 
Maxi mum 63 66 . 62 49.3 

One-Si ded 
95/95 

A1 1 Confidence 
Data L i m i t  

P.F.Bl k t .  
Average 34.14 35.57 34.43 34.71 34.71 
Std.Deviat ion 6.34 7.99 9.20 6.70 7.83 
No. o f  Anal . 21 2 1 2 1 2 1 63 
M i  nimum 2 4 2 2 24 26.7 22 
Maximum 5 0 58 5 4 54.0 58 50.5 

Std.Bl k t .  
Average 29.46 36.04 34.42 33.31 33.31. 
Std.Devidation 6.37 7.36 8.17 5.88 7.76 
No. o f  Anal . 24 2 4 2 4 2 4 7 2 
M i  nimun 18 18 19 19.7. 18 
Maximum 46 . 51 4 9 44.7 51 48.7 

Ref1 e c t o r  
Average 37.83 37.56 41.28 38.89 38.89 
Std.Deviation 11.81 7.73 12.01 9.08 10.64 
No. o f  Anal . 18 18 18 18 54 
Minimum 12 14 ' 12 12.7 12 
Max i~num 6 3 46 58 50.0 6 3 60.9 

P r i o r  Experiments Using 0.216 Inch I.D. x 0.253 inch  O.D. Tubing 
Average 42.83 
Std. Deviat ion 16.72 
No. o f  Anal . 26 
M i  nimum 19 - 
Maximum 7 6 80.9 



TAPERED GROOVE D IE  

INPUT T U 8 E  GRIPPER OUTPUT SIDE 
(TUBE REDUCED) 

- - -  
- .  

INPUT TUBE S IZE  

REDUCING STROKE 
I .  TUBE GRIPPER AXIALLY ADVANCES THE TUBE HOLLOW ( N O  ROTATION) 
2. THE DlES ARE ROCKED I N  OUTPUT DIRECTION OVER THE 

TAPERED MANDREL. REDUCING DIAMETER AND WALL 

. . 

ZONE 
. , 

RETURN / SIZING STROKE 
I .  TUBE GRIPPERS ROTATE THE TUBE HOLLOW ( N O  AX IAL  MOTION) 
2 .  THE DlES ARE ROCKED TOWARD INPUT END, ROUNDING 

T U B E  PND IMPROVING W A L L  THICKNESS UNIFORMITY 

SCHEMATIC TUBE REDUCTION SEQUENCE 

FIGURE A-I  



IENGTH OF TUBE WITH (BE PREDOMINANT WAVElENCPH At> SHORTER SUPERIMPOSED WAVEIENGl'HS 

A* = Predominant Wavelength between &admums ( A* - 
A* - Pndominant Wavelength between m w  ( A* - 

a Short Superimpdaed Wavelengths found between a Haldmum and a Minimum of a Predominant Wavelength. 

b Thir, Point does not follow Normal Wave Form Contour; therefore, it i s  & 
considered a Maximum. 

hngth ScaUng Factor - 1.5 1nche &Of-Tube/Mvision-Of-Chart-paper. 

FIGURE A-2. 



LOAD THERMOCOUPLE 
GUIDE TUBES FOR 
POSITIONS A, B. AND C 

ANNEALING BASKET 

LWBR TUBES 

SHROUD TUBES. BASE LAYER ONLY 
TO PREVENT TUBES BE1 NG SCRATCHED 
IN CONTACT WITH BASE PLATE 

PLATE 

SKETCH OF LOADED ANNEALING BASKET 
FOR VACUUM HEAT TREATMENT FURNACE 

FIGURE A - 3  



FLANGE PLATE 
ADJUSTABLE f 1 / 2 "  
VERTICALLY AND 
HORIZONTALLY 

LOCKING SETSCREW 

P L A S T I C  TUBE 

ROLL DRIVE SHAFT 

DIAMETERS.  E N T E R  ROLL CONTROLS D E F L E C T I O N .  

SCALE - 3/8 

SUTTON STRAIGHTENER 

FIGURE A - 4  



APPENDIX B 

CONTROL OF THE WAVE PATTERN OF THE HELICAL WALL ECCENTRICITY 
I N  TUBE-REDUCED LWBR ZIRCALOY-4 TUBING 

I. In t roduc t i on  

Analysis o f  wal l  thickness va r ia t i ons  on tube-reduced tubes revealed 

the existence o f  a s p i r a l  p a t t e r n  o f  wal l  e c c e n t r i c i t y  i n  the tube. Th is  

cond i t i on  i s  introduced dur ing the tube reducing operat ion s ince the extruded 

product showed no such pat te rn .  

The h e l i c a l  pa t te rn  o f  wal l  thickness e c c e n t r i c i t y  i s  the  r e s u l t  o f  the 

d ie  design and the s p i r a l  motion o f  the tube as i t  i s  both ro ta ted  and 

advanced through the d i e  and over the  mandrel. The mandrel i s  c i r c u l a r  i n  a1 1 

cross sect ions whi 1 e the tube reducer d ies are designed w i  t h  a s ide re1 i ef t o  

t r a p  and deform the tube w i thout  producing " f l ash ing "  i n  the  p a r t i n g  l i n e  

between d ies (See Figure 0-1). The amount o f  the s ide re1 i e f  var ies  

throughout the tapered tube reduct ion zone and i s  minimal i n  t he  runout 

( s i z i n g )  p o r t i o n  o f  the d ie.  As a r e s u l t ,  the tube i s  deformed i n t o  a 

s l i g h t l y  oval O.D. shape over a subs tant ia l  p o r t i o n  o f  the  reduct ion zone. I n  

the reduct ion zone, t h i s  o v a l i t y  i s  erased i n  deforming incremental ly  i n t o  

successively small e r  cross sect ions. When the tube emerges i n t o  the s i z i n g  

reg ion  o f  the die, the s i z i n g  deformation i s  no t  enough t o  erase the oval i t y  

present a t  the l a s t  reduct ion increment. The residue of t h i s  o v a l i t y  appears 

as the h e l i c a l  wal l  e c c e n t r i c i t y  i n  the tube. I dea l l y ,  t h i s  i s  a double h e l i x  

of wal l  thickness occur r ing  180" apar t  on the tube, r e f l e c t i n g  the s ide r e l i e f  

on each side o f  the die, wh i le  i n  p r a c t i c e  i t i s  s ing le  h e l i x  observable on ly  

when a detectable amount o f  e c c e n t r i c i t y  occurs i n  the tube. 



In operation, the tube is  moved (some 0.03 t o  0.07 inch) in to  the die  

and the d ie  r o l l s  toward the output side squeezing the tube incrementally in to  
a smaller s i z e  and in to  the s ide  rel.ief of the die. A t  the end of the 

reducing stroke of the d ie ,  toward the output side of 'the tube reducer, the 
tube i s  rota ted (some 20 t o  75') and the dies ro l l  back over the tube in a 

s i z ing  operation. (The tube reducer parameters are 1 i s ted  i n '  Table A-5.) Now 
the  oval tube, a t  the beginning of the sizing stroke,  has the bulge in a 
thinner pa r t  of the die opening. On the sizing stroke,  the die makes i n i t i a l  
contact  w i t h  the  bulges i n  each cross  section. T h i s  asymmetrical load on the 

tube ' 1 eads t o  "shape deformation .". Some torsional yielding occurs local ly  , ' 

and the tube ahead of the  moving die  ro ta tes  some amount, -moving the "bulge" 
toward the nearest  s ide r e l i e f  cavity.  Since the mandrel i s  f ree  f loat ing and 
follows the  ID, wall eccen t r i c i ty  i n  the i n p u t  stock i s  not s ignif icant ly  
a f fec ted  by tube reduction. 

In addition t o  such f a c t 0 r s . a ~  feed r a t e ,  index r a t e  and di rect ion,  die 
design, and' asymmetrical 1 oadi ng during s iz ing,  the output wave1 ength i s  a1 so 

affected by the wavelength and di rect ion of rotat ion i n  the intermediate tube 
holl ow, the to ta l  reduction ( percent cold work), grippi nglrotation mechani sm, 
the l u b r i c i t y  of the lubr ican t ,  and the loads exerted by the dies.. T h u s  a 
d i r e c t  ca lcula t ion of the expected wavelength was not possible given the tube 
reduction parameters l i s t e d  i n  Table A-5 of Appendix A. 

11. OLD-PRODUCT EVALUATION 
. . 

Since control of wall eccen t r i c i ty  wavelength had not been developed 
pr io r  t o  LWBR, four types of LWBR development tubing, manufactured without 
wavelength control ,  were evaluated to  determine not only the wavelength 
pat tern  i n  the f inished product, b u t  also the development of t ha t  wavelength 

during the  intermediate tube reductions. The resu l t s  of t ha t  evaluation a re  
presented i n  Table 0-1 and c lea r ly  demonstrate that :  

(1  ) Twisting d i d  not occur during extrusion; the wavelength, i f  

present, i s  very 1 ong. 



( 2 )  The then-exi s t i n g  manufacturing parameters f o r  seed and b lanket  

tub ing  were n o t  conducive t o  l ong  ( >  80 inches) wavelengths. 

( 3 )  The d i r e c t i o n  o f  t w i s t . i n  the  product o f  the  f i r s t  tube reduct ion  

was opposite t o  the d i r e c t i o n  o f  index r o t a t i o n .  

( 4 )  Repeat passes w i t h  the same r o t a t i o n  produced successively sho r te r  

wavelengths i n  the tubes produced. 

( 5 . )  Changing the d i r e c t i o n  o f  tube r o t a t i o n  on successive passes tended 

t o  produce tubes w i t h  l ong  wavel engths. 

Thus., t o  ob ta in  a l ong  wavelength i n  the  product of the f i n a l  

reduct ion, the nex t - to - l as t  tube reduct ion  had t o  be c o n t r o l l e d  t o  ob ta in  a 

sho r t  wavelength. The ob jec t  o f  the  l a s t  reduc t ion  was t o  un tw is t  t h a t  sho r t  

wavelength and e f f e c t  a f i n a l  product w i t h  a long he1 i c a l  wal l  e c c e n t r i c i t y  

wavel ength, i .e., approaching zero t w i s t  and an i n f i n i t e  wavel ength. 

111. DEVELOPMENT PROGRAM 

Indexing Magnitude and Di r e c t i o n  

A wa l l  e c c e n t r i c i t y  wavelength development program was i n i t i a t e d  

f o r  seed and b lanket  tubing. Re f l ec to r  wavelengths were considered s a t i  s- 

fac tory ,  based on the  f a b r i c a t i o n  sequence presented i n  Table B-1 and Table A- 

5 o f  Appendix A. A three-pass sequence was selected f o r  the seed and a two- 

pass sequence was chosen f o r  both b lanket  items. For seed tubing, the p lan  

was t o  tube reduce the f i r s t  two passes i n  the same d i rec t i on ,  us ing standard 

tube reducer parameters t o  achieve a sho r t  wavelength, and then reverse 

d i r e c t i o n  i n  the 1 a s t  pass, thereby un tw is i t ng  the sho r t  wavelength t o  a l ong  

one. For the  b lanket  items, the p lan  was s i m i l a r  t o  t h a t  f o r  r e f l e c t o r ,  i .e., 

tube reduce the f i r s t  pass i n  one d i r e c t i o n  and tube reduce the second pass i n  

the  opposite d i rec t i on .  It was assumed t h a t  the process parameters generated 

dur ing the development phase would n o t  be d i r e c t l y  app l icab le  t o  a tube 

manufactur i  ng system empl o y i  ng d i  f f e r e n t  t o o l  desi gns and/or tube reducers. 



Summaries o f  the  development programs are presented i n  Tables B-2, 

8-3, and 8-4, showing the  f a b r i c a t i o n  routes t h e t  were i nves t i ga ted  p r i o r  t o  

s e l e c t i n g  the bas ic  c o n t r o l s  f o r  ob ta in ing  l ong  wavelength dur ing  the manu- 

f a c t u r e  o f  LWBR seed and b lanke t  tubing.  To understand the r e s u l t s  of the  

study', a d iscuss ion  o f  the  tube reducer g r i pp ing  mechanism i s  necessary. 

I n i t i a l l y ,  as a tube ho l low i s  loaded on a tube reducer, one end i s  

i n s e r t e d  i n  the  p o s i t i v e  g r i p s  o f  t he  crosshead mechanism ( ~ i g u r e  8-2). 

During tube reduct ion,  the crosshead advances the tube-hollow through the d ies  

i n  small incremental . .. moves each t ime . the . d ies  are over the  i n p u t  tube, i .e., 

closest t o  the crosshead. The r a t e  o f  tube hol low advancement i s  described i n  

terms o f  the  " feed rate," de f ined as the number o f  reducing strokes received 

by the  tube ho l low per i nch  o f  advancement o f  the input-tube. During LWBR 

t u b i n g  manufacture, nominal feed ra tes  ranged from 14 t o  33 advances per i nch  

o f  i n p u t  tube. The crosshead has the  add i t iona l  f unc t i on  o f  indexing o r  

r o t a t i n g  the  tube hol low when the  d ies  are f a r t h e s t  from the crosshead. No 

ax i  a1 d i  sp l  acement ( feed)  occurs dur ing  t h i s  r o t a t i  on, since the pr imary 

purpose o f  t he  tube r o t a t f o n  i s  f o r  the r e t u r n  o r  s i z i n g  st roke t o  round-of f  

the o v a l i t y  created by the s i d e - r e l i e f  p o r t i o n  o f  the d ies  dur ing the 

red~r r r t ion  st roke.  The magnitude o f  the r o t a t i o n  i s  described by the index 

number, def ined as the number o f  indexing steps per  360 degree r o t a t i o n .  For 
example, an index o f  5 equals a tube r o t a t i o n  o f  72 degrees. ' During LWBR 

tub ing  manufacture, the nominal r o t a t i o n  index ranged'between 5 arid 17 (72" 

and 21 " respe'c t ive ly)  . No even numbers were used. For example, an index o f  

10 i s  the  same as 5 s ince the s i x t h  s t r i k e  i s  a m i r r o r  image o f  the f i r s t  

s t roke  i n  the  cycle'. I n  re t rospect ,  index values o f  12 and 16 could have 

helped i n  f i n e  tun ing  the process as equivalent  i nd i ces  b f  6 and 8. 

A f t e r  apprqxirnately 75 percent o f  the tube hol low i s  f ed  through 

the d ies  by the crosshead mechanism, the' tube hol low ' is  released from the 
. . 

crosshead gr ippers.  The crosshead i s  returned t o '  i t s  o r i g i n a l  s t a r t i n g  

pos i t i on '  where i t  i s  connected t o  a new tube. hollow. The tube reduc t i v r~  i s  

r e s t a r t e d  such t h a t  the  o l d  ( p a r t i a l l y  reduced) tube hol low i s  pushed through 



the dies by the new tube hollow, which i s  being advanced by the crosshead 
mechanism. The indexing or rotational function for the "01 d" hollow i s  
assumed by the output indexer ( f r ic t ion  grip) which i s  synchronized w i t h  the 

crosshead indexer. 

The significance of the indexing mode i s  that  the tube i s  i n  a 
cl amped-end configuration while the tube hol 1 ow i s  control 1 ed by the crosshead 
indexer; whereas, the tube i s  in a free-end configuration while the rotation 
i s  controlled by the o u t p u t  indexer. The twist rate i s  different for the two 

condi tions, and thi s  i s  confi rmed by the resul t s  of the development program 
(Tables B-2, 8-3, and B-4). Note that the wavelength data i s  presented as a 
function of both gripping modes. 

The basic purpose of the development program was to establish a se t  
of tube reducer control s capable of converting the variable wave1 ength 
characteristic of the product of the next-to-the-last tube reduction to a long 
wavelength during l a s t  tube reduction for both input (crosshead) and output 
indexing. 

The results of the seed development program, as summarized in Table 
B-2, demonstrated that a 1 ong ( >  80 inches) wall eccentricity wavelength 
pattern was achievable in the finished tube by control of the indexing 
direction and magnitude in each of the three passes. I t  was noted during the 
second pass that:  

1 .  The resultant wall twist i s  opposite i n  direction to the 
indexing di rection. 

2. ,The higher angular rotation (index = 5 or 72 degrees) resulted 
in greater twisting than the lower rotation (index = 7 or 51.4 
degrees). 

3. 'Control 1 i n g  the tube motion w i t h  the crosshead ( i n p u t )  gripper 
resulted in more twisting than when the o u t p u t  indexer was 
used. 



The t h i r d  pass da ta  conf i rmed t h e  second pass observa t ions  t h a t :  

1. The r e s u l t a n t  tube  t w i s t  was oppos i te  i n  d i ' r e c t i o n  t o  t h e  

i ndex ing  d i r e c t i o n .  The s i n g l e  excep t ion  i n  Tab le  B-2, t h i r d  

pass c o n d i t i o n  (21, shows t he  ou tpu t  g r ipped  p iece  was t w i s t e d  

p a s t  s t r a i g h t  ( t h e  wavelength approaches i n f i n i t y  w i t h  a t w i s t  

ang le  o f  zero degrees) i n t o  coun te rc lockw ise  t w i s t  w h i l e  t he  . . 

c o n d i t i o n  ( 3 )  tubes  had wavelengths t o o  l ong  t o  determine ' 

d i r e c t i o n '  o f  tw; s t .  
. .. 

2. The h i g h e r  r o t a t i o n  ( l owe r  index number) r e s u l t e d  i n  g r e a t e r  

t w i s t i n g  than  t h e  1,ower ancu la r  r o t a t ~ o n  ~ n l g t i e k  index number). 

Most s i g n i f i c a n t l y ,  t h e  r e s u l t s  demonstrated t h a t  seed s i ze  t u b i n g  

c o u l d  be manufactured by c o n t r o l  ' o f  tube reducer parameters ( p r i m a r i l y  index 

magni tude and d i  r e c t i o n )  t o  meet t h e  w a l l  e c c e n t r i c i  ty wavel ength requ i  r e -  ' 

ment: The r e s u l t s  o f  t h e  power f l a t t e n i n g  b l a n k e t  and s tandard b l a n k e t  

development programs a r e  presented i n  Tables B-3'and 8-4.  The f i r s t  r e d u c t i o n  

pass was common t o  bo th  b l a n k e t  Slnes. An Index r a t e  ul: 7 r;esulted i n  r a t h e r  

1  ong ( >  100 inches)  wavel engths.  Dur ing  the  second pass, t he  l owes t  p o s s i b l e  

index  r a t e  o f  17 ( i .e . ,  l owes t  p o s s i b l e  w h i l e  s t i l l  r e t a i n i n g  a h i gh  q u a l i t y  

and d imens iona l l y  accep tab le  p roduc t )  was used, b u t  r e s u l t e d  i n  t oo  much t w i s t  

us i ng  o u t p u t  g r i ppe rs .  It would be poss ib l e  t o  employ crosshead g r i p p i n g  o n l y  

d u r i n g  t he  i n i t i a l  p o r t i o n  o f  tube r e d u c t i o n  of a  tube ho l low,  and then sw i tch  
- .  

t o  t h e  o u t p u t  g r i ppe rs  as soon as poss ib le .  Th is  method would r e s u l t '  i n  

sc ragp inq  t h a t  p o r t i o n  o f  t h e  tube c o n t r o l l e d  by t h e  crosshead, es,timated t o  

be 10 t o  20 percen t  o f  t h e  ou tpu t  product .  

As an a l t e r n a t e  s o l u t i o n  t o  t he  wavelength problem, t h e  f i r s t  pass tube 

reducer  index  was changed t o  5, a im i  ng f o r  a  s h o r t e r  wavelength a f t e r  t he  

f i r s t  pass which cou ld  be un tw i s ted  dur ing  t h e  second pass. T h i s  method 

produced l o n g  wavelengths us i ng  b o t h  i n p u t  and ou tpu t  g r i pp i ng .  



B. Feed Rate and Mandrel Pos i t i on  

Several experiments were run t o  measure the  e f fec t  of tub ing  feed 

r a t e  and mandrel p o s i t i o n  on the r e s u l t a n t  wavelength. It was. concluded tha t ,  

a t  a given index ra te ,  the mandrel p o s i t i o n  and feed r a t e  could n o t  be g r e a t l y  

var ied  w i thout  a f f e c t i n g  surface q u a l i t y  o r  dimensional con t ro l .  Mandrel 

p o s i t i o n  i s  c lose l y  r e l a t e d  t o  the groove dimensions i n  the d i e  r o l l  and thus 

only  minor ax ia l  adjustments can be to le ra ted .  Therefore, w i t h i n  the range 

es tab l ished f o r  good tube reduct ion  prac t ice ,  wavelength was no t  a f fec ted  by 

the minor va r i a t i ons  i n  e i t h e r  feed r a t e  o r  mandrel pos i t i on .  The to lerance.  

on feed r a t e  i s  l i s t e d  i n  Table A-5 f o r  a l l  o f  the  tube reduct ions used t o  

produce the LWBR core tubing. 

E f f e c t  of Lubr icant  on Wavelength 

An i n t e r a c t i o n  e x i s t s  among the mechanical motions o f  the 

equipment, the mandrel and d i e  design, the mater ia l  feed and index r a t e  and 

the  f r i c t i o n a l  forces generated dur ing the actual  deformation of the  tubes, 

w i th  the l u b r i c a n t  moderating the. f r l c t i o n  load and prov id ing '  a separat ing 

f i l m  between tube and too l ing .  

I n  several instances o f  1 u b r i c a t i o n  f a i l u r e ,  i n t ima te  contact  

between tube and mandrel resu l ted  i n  pickup on the  mandrel, g a l l i n g  of the  

I.D. surface o f  thc tube, and higher8 Fr>Sction fo rces  on the  tube. Subst i-  

t u t i o n  o f  a second l u b r i c a n t  cor rec ted  the  mandrel pickup and g a l l i n g  problem, 

reduced the f r i c t i o n a l  forces and a f fec ted  the wavelength o f  the he1 i c a l  wa l l  

e c c e n t r i c i t y .  An adjustment i n  the index r a t e  t o  a smal ler indexing angle 

( l a r g e r  index number) resu l ted  i n  the  r e t u r n  o f  the  wavelength o f  wa l l  

e c c e n t r i c i t y  t o  the desi red l ong  lengths. Discussion o f  the e f f e c t  o f  

l u b r i c a n t  i s  a lso  presented i n  Sect ion VI.C.1.a of Appendix A. 



I V .  OBSERVATIONS 

A.. Wall th ickness.  e c c e n t r i c i t y  i s  an unavoidable c h a r a c t e r i s t i c  o f  

tubes. manufactured by tube reduct ion.  The p i t c h  o f  the s p i r a l  o f  the l o c a t i o n  

of. ' t h e '  maximum wa l l  th ickness along the tube i s  described as the wavelength o f  

wa l l  e c c e n t r i c i t y .  

B. The p i t c h  o f  the s p i r a l  . i s  determined by, measuring the wal l  

th ickness a long a . s ing le  ax ia l  path ,w i thout  tube r o t a t i o n .  The d i r e c t i o n  o f  

r o t a t i o n  i s  shown by the  progression o f  peaks on adjacent paths. (0'; go", 

e t c  . 

C. For a given tube reduct ion  operat ion, the wavelength o f  wal l  

e c c e n t r i c i t y  o f  the  ou tput  tube i s  a f fec ted  by the ,  f o l  l'owing: 

1. ' The wavelength, ( t w i s t )  o f  i n p u t  stock; 

2. Angle and d i r e c t i o n  o f  the r o t a t i o n  o f  the tube i n  the t.11he 

reducer between incremental a x i a l  advances i n t o  the d ie;  

3. Tool design; 

'4. Percent reduc t ion  o f  cross sect ion; 

5. Lubr icant ;  

6. Mode o f  r o t a t i o n  ( g r i p p i n g  o f  the tube on the  i n p u t  o r  output  

s ide o f  the tube reducer) ; 

7. Gearing r a t i o  o f  the  rack and p in ion  d r i v e  o f  the tube reducer. 



V . DISCUSSION 

The extruded tube has. no wavelength. The f i r s t  tube reduct ion imparts  

a t w i s t  t o  the tube which i s  seen as wavelength i f  s u f f i c i e n t  e c c e n t r i c i t y  

e x i s t s  t o  show thickness o s c i l l a t i o n  along the length.  The t w i s t  angle i s  

re1 ated t o  wavelength and diameter by the formula: 

Tangent o f  t d i s t  angle = ? r x  0.0. I Wavelength. 

The wavelength produced by the second tube reduct ion i s  the product o f  

two fac tors .  The wavelength o f  the  i n p u t  tube i s  lengthened by the  tube 

reduct ion fac to r ,  t h a t  i s ,  a 60% reduct ion increases the i n p u t  wavelength by a 

f a c t o r  o f  2.5, reducing the t w i s t  angle w i thout  changing the d i r e c t i o n  o f  

r o t a t i o n .  As i n  the f i r s t  reduct ion, the deformation mechanics imparts a 

t w i s t  t o  the tube. When the d i r e c t i o n  i s  changed on the second reduct ion, the  

t w i s t  i s  f u r t h e r  reduced toward 0' i n  conjunct ion w i t h  the reduct ion  f a c t o r .  

I dea l l y ,  the two f a c t o r s  would r e s u l t  i n  zero t w i s t  ( i n f i n i t e  wavelength). 

The measuring system could no t  de f ine  the l eng th  nor the d i r e c t i o n  o f  r o t a t i o n  

o f  very long wavelengths approaching zero degree tw is t .  

The d i f fe rences i n  the wavelength d i s t r i b u t i o n  o f  the product o f  the 

f i r s t  and second b lanket  reduct ions i s  shown i n  the  fo l l ow ing  tab le  developed 

from the  700 pieces o f  data presented i n  Table 8-5 and from the core average 

data f o r  'both b lanket  s izes presented i n  Table V of Reference ( a ) .  

D i s t r i b u t i o n  Mode 

1 s t  2nd 3rd Grand Average - 7 - 
F i r s t  Tube Reduction 

. Average wave1 ength ( inch)  42 84 >I20 >54 

Maximum val ue 6 5 110 - 
% o f  populat ion 79 11 10 

Type o f  d i s t r i b u t i o n  Normal F l a t  - ' 



D i s t r i b u t i o n  Mode 
---- - --- 

1 s t  2nd 3rd Grand Average - - - 
Second Tube Reduction ' 

Average wave1 ength. ( i nch) 60 97 >I20 > 108' 

Maximum value 80 120 - 
% o f  popul a t i  on 10 25 6 5 

Type o f  d i  s t r i b u t i o r i  Normal Normal - 

Continuous mon i to r ing  o f  ' t h e  wave'l ength O f  the product o f  each tube 

reduc t i on  was rnainta.ined throughout product ion. The index ra te ,  feed r a t e  and 

o the r  va r i ab les  prev ious ly  discussed were adjusted, as needed, t o  ob ta in  the 

des i red  wave l e n g t h .  wh i l e  the m a j o r i t y  o f  the tubes were w i t h i n  the desi red 

range o f  wavel engths, t he  wavel ength var ied  eppreci ably. See Reference ( a ) '  

f o r  d iscuss ion  o f  the t r i -model  ' d i s t r i b u t i o n  o f  wavel ength found i n  f i n i s h e d  

tub1 ng. 

V I .  CONCLUSION 

The wavelength o f  wa l l  e c c e n t r i c i t y  can be c o n t r o l l e d  by the use o f  the  

proper combination o f  the v a r i  ables noted i n  sec t ion  1V.D above on each 

successive tube reduct ion  f o r  the  selected manufacturing sequence '(mu1 t i p l e  

tube reduct ions)  and ' by regu la r  mon i to r ing  the wavel ength o f  the tubes as they 

a re  produced. 



TABLE 0-1 

I tem No.* 

62 
3-Pass 
Seed 

49 
4-Pass 
Seed 

m 
C1 
w 5 4 

3-pass 
Power 
F l a t t e n i n g  
Bl  anket 

Wavel ength o f  the He1 i c a l  Wall E c c e n t r i c i t y  i n  LWBR Development Tubing 

Typica l  
Process Nominal D i rec t i on  o f  Wall E c c e n t r i c i t y  

Descr ip t ion  % Red. WRP* Tube Rotation*** Wave1 ength 

As extruded 
A f t e r  1 TR 
A f t e r  2 TR 
A f t e r  3 TR 

As Extruded 
A f t e r  1 TR 
ATter 2 TR 
A f t e r  3 TR 
A f t e r  4 TR 

79.9 1.46 C W 
74.0 1.28 CCW 
50.8 1.18 CCW 

60.9 1.40 CW 
50.0 1.41 CCW 
76.6 1.40 CCW 
56.2 1.49 CCW 

As Extruded 
A f t e r  1 TR 70.0 1.86 C W 
A f t e r  2 TR 57.8 1.83 CCW 
A f t e r  3 TR 67.0 1.87 CCW 

#60 As Extruded 
Ref 1 ec t o r  Af ter  1 TR 69.5 1.99 CW 

A f t e r  2 TR 69.7 2.39 CCW 

CCW 
CW 
CW 

CCW 
c w 
CW 
C W 

Undetermined 
100"-130" CW 

x I tem no. r e f e r s  t o  the  f a b r i c a t i o n  sequence number i n  Table C-14 of Attachment C. ** WRR o r  Wall Reduction Rat io  i s  a l so  r e f e r r e d  t o  as the Q-value and i s  t he  % change i n  wal l  th ickness 
d i v i ded  by % change i n  ou ts ide  diameter. 

*** Feed r a t e  and index r a t e  are undef ined p rop r i e ta ry  in format ion.  The actual  values were those t h a t  
produced good surfaces and good dimensional con t ro l  i n  keeping w i t h  good commercial p rac t i ce .  

**** No t w i s t  observed, t he re fo re  wave1 ength approaches i n f i n i t y  . 



1 s t  Pass 
(16.8% Red, 
1  .32 WRR) 

2nd .Pass 
165.4% Red, 
1 . 5  WRR) 

3rd Pass 
m e d ,  
1.31 WRR) 

TABLE 8-2 

SUMMARY OF SEED WALV- ECCENTRICITY WAVELENGTH DE1iELOPMEtJT PROGRAM 
FOR ITEM #53 TABLE C-14 

Input  
Tube Reducer O u t ~ u t  - Twist* 

Stock Twist* Index** 81 D i  rectior,*** I npu t  G r i  p ~ i  ng Output Gr ipp ing Comment 

5 CW > 120" CCW > 1 2 0 M  CCN ' None - AE - 

37" t o  42" CCW 77" C U '  " Chance the  index t o  5  t o  
ob ta in  a shor te r  wavel ength 
and t o  prov ide more 
f l e x i b i l i t y  dur ing  the  
t h i r c  tube reducing pass. 

(2 )  > 1201 CCW 5 CW . 25" t o  35" CCW 71'' CCW A change o f  index t o  5  
( f ror i  7) has produced 
shor ter  wavel engths. 

( 1  ) 40" CC.W 13 CCW 81 " t o  100" CW > 100 ZC; A t  ar index o f  13 CCW, t he  
40" CCW i n p u t  wavel ength i s  
unwound pas t  s t r a i g h t  and 
i n t o  a CW t w i s t .  Longer 
wavellegths shoul d be 
attai ined by us ing  a l e s s e r  
t w i s t ,  i.e., a h igher  index 
number. 



TABLE 8-2 (cont inued) 

Input  
Tube Reducer Output - Twist* 

Operation Stock Twist* Index** & Direct ion*** Input  Gripping Output Gripping Comment 

3rd Pass ( 2 )  40" CCW 
m e d  ) 

17 CCW 

(3 )  70" CCW 17 CCW 

> 120" CW 150" t o  160" CCW Long wavelengths are  
produced i n  the l a s t  
reduct ion by both i n p u t  and 
output  g r ipp ing  when the  
40" CCW i n p u t  wavel ength 
( f rom the second pass) i s  
used. Determine i f  l o n g  
wavel engths are possib l  e 
us ing 70" CCW i n p u t  
wavel engths . 

Long ( >  80") wavel ength 
f i n a l  p,roduct i s  achievable 
us ing i n p u t  and output  
g r ipp ing  dur ing 3rd Pass 
from both i n p u t  and output  
indexed 2nd pass product.  

* Wave1 ength o f  he1 i c a l  wal l  e c c e n t r i c i t y  i n  inches and d i r e c t i o n  ro ta t i on .  
** An ilndex number i s  def ined as the number o f  indexes requi red t o  t u r n  the tube 360". For example, an 

index number o f  5 i s  a r o t a t i o n  o f  360'15 o r  72" on .each movement, The index number i s  always an odd 
number. 

**k D i rec t i on  o f  r o t a t i o n  i s  def ined wh i le  look ing  i n t o  the output  s ide o f  the tube reducer. 
Symbol s 

> greater  than 
C W clockwise 

CCW countercl  ockwi se 
AE As extruded w i th  wavelength approaching i n f i n i t e  length. 



TABLE 8-3 

SUMMARY OF POWER FLPTTENING BLANKET WALL ECCENTRICITY WAVELENGTH DEVELOPMENT PROGRAM 
Fop I tem #56 o f  Table C-14 

- , r - -  

Tube Reducer Output - Twist*  
Operat ion Stock Twis t*  Index** €i D i r e c t i c r * * *  I n p u t  Gr ipp ing  Output Gr ipp ing  Comme n  t 

1 s t  Pass 
T82.0%ed9 ( a )  None - A'E 7 CW 
1.90 WRR) 

( b )  None - AE. 5, CW 

> 100" %CW > 100" CCY ( a )  I n i t i a l  e f f o r t .  

20" t o  50" CCW 50" t o  103" CCW ( b )  Add i t i ona l  f i r s t  pass 
t e s t i n g  based on . t h e  
observat ions made on 
second pass t e s t i n g .  

2nd Pass 
(10.8% Red, ( a )  > l o o "  SCU 17 CCW 49" t o  55" CW 90" t o  92" CW ( a )  These r e s u l t s  a re  
1.50WRR) 

P cons i s ten t  w i t h  Standard 
Bl  anket devel opment u s i  ng- - 
the same i n p u t  
cond i t ions .  Add i t i ona l  
work i s  r equ i red  t o  
achieve a  sho r te r  i n p u t  
wavelength f o r  the  seond 
pass. 

( b )  50" CCW E t o  11 CCW $0" t o  > 120" Ck' ( b  ) Acceptabl e  
:> 100" CW . . 

* See Notes and Symbols on Table 8-2 ** 



TABLE B-4 

SUMMARY OF STANDARD BALNKET WALL ECCENTRICITY WAVELENGTH DEVELOPMENT PROGRAM 
For  I tem #59 o f  Table C-14 

- r - -  

Tube Reducer Output - Twist* 
Operat ion Stock Twi s t *  Index*" & Di rect ion***  I npu t  Gr ipp i  ng Output Gr ipp ing Comment 
1 s t  Pass 
( 8 2 . 0 X e d d ,  ( 1 )  None - AE 7 CW 
1.90WRR) ( 2 ) N o n e - A E  5 CW 

2nd Pass 
(65.2%edd, ( l a 3  > loo"  CCW 7 CCW 
1.66 WRR) 

> 100" CCW > 100" CCW See comments on 1 s t  pass 
20 t o  50" CCW 50" t o  100" CCW seduct ion i n  Table B-3. 

20" CW Not Measured Too much t w i  s t  has 
occurred. A 1 ower index r a t e  
( h igher  index number) w i  t h  
at tendant  1 ower t w i s t  fo rces  
i s  requi red.  

( lb3  > loo"  CCW 11 CCW 25" t o  35" CW Not Measured There i s  s t i l l .  too much 
t w i s t .  A lower index r a t e  i s  
requ i  red. 

(1cD >10O" CCW 17 CCW 58" t o  61" CW 86" t o  100" CW Long wavelengths a re  
achievable us ing output  
g r ips .  Add i t iona l  work i s  
requ i red  us ing an index o f  5 
dur ing  the f i r s t  pass t o  
achieve a shor te r  wave1 ength 
f o r  i n p u t  t o  second 
reduct ion.  

(2 )  50 CCW 17 CCW 30" t o  60" CW 50" t o  100" CW 
15 CCW 60" t o 8 0 " C W  70" t o>120"CW 
11 & 13 CCW 30" t o  50" CW 60" t o  > loo "  CW 
7 CCW 80 t o  >120" CW 80" t o  >120" CW 
5 CCW >I20 > I20  Used f o r  most o f  LWBR 

Production. 

* See Notes and Symbols on Table B-2 ** 



TABLE 8-5 

VARIABILITY OF WALL ECCENTRICITY WAVELENGTH FOLLOWING THE FIRST 
TUBE REDUCTION FOR BLANKET TUBES AT INDEX OF 7 (51') FOR 700 

MEASUREMENTS ON 175 TUBES 

Class 
M i  dpoi  n t  
( *  2) 

15 
2 0 
25 
3 0 
3 5 
4 0 
4 5 
50 
55 
6 0 
6 5 
7 0 
7 5 
8 0 
8 5 
90 
9 5 

100 
105 
110 
115 
120 

> I 2 0  

Frequency 
N - % - 

2 .3 
12 1.7 
30 4.3 
71 i n ,  I 
12 10.3 

128 18.3 
54 7.7 

104 14.9 
21 3.0 
6 2 8.9 
7 1 .o 

11 1.6 
10 1.4 

7 1 .o 
10 1.4 
8 1.1 
3 0.4 

17 2.4 
2 0.3 - - 
1 0.1 
8 1 .I 

6 0 8.6 

1 s t  Mode 
Frequency 
n - - 

2nd Mode 
Frequency 
N - - 

3rd Mode 
Frequency 
n - - 

Average 57.53 41.99 84.00 > I20  

Standard 
Dev ia t i on  36.39 

Q u a n t i t y  700 

X o f  700 100 
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FIGURE 8-2.  SCHEhlATIC OF TUBE REDUCER 



APPENDIX C 

TEXTURE DEVELOPMENT I N  ZIRCALOY TUBING 

I. INTRODUCTION 

P re fe r red  c r y s t a l  1  ographic o r i e n t a t i o n  occurs du r i ng  the  manufacture 

o f  Z i  r ca loy  t ub ing  because o f  t he  a n i s o t r o p i c  deformat ion behav io r  o f  t h e  

hexagonal c l  osed-packed c r y s t a l  s t r uc tu re .  The s p e c i f i c  na tu re  o f  t he  

o r i e n t a t i o n  i s  c o n t r o l l e d  by t h e  d i r e c t i o n  and magnitude of major s t r a i n s  

du r i ng  the var ious  c o l d  reduc t i on  operat ions.  Dur ing c i r c u m f e r e n t i a l  

reduc t ion  t h e  major s t r a i n  i s  c i r c u m f e r e n t i a l  compression which tends t o  a1 i g n  

the  basal 'po les i n  the c i r c u m f e r e n t i a l  d i r e c t i o n ,  wh i l  e  dur ing  w a l l  th i ckness  

reduc t i on  t h e  major  s t r a i n  i s  r a d i a l  compression which tends t o  produce t u b i n g  

w i t h  basal poles a1 igned i n  the des i red  r a d i a l  d i r e c t i o n .  Since most tube 

f a b r i c a t i o n  operat ions c o n s i s t  o f  bo th  c i r c u m f e r e n t i a l  and wa l l  th i ckness  

reduct ions,  t he  d i r e c t i o n  and magnitude o f  major  compressive s t r a i n  depend on 

the  r e l a t i v e  amount o f  each type o f  r educ t i on  ( c i r c u m f e r e n t i a l  versus r a d i a l  ) 

t ak i ng  p lace.  

I n  normal tube reduc t i on  operat ions the  f i n i s h e d  tube con ta ins  very  

few g ra ins  w i t h  basal po les  a1 igned i n  the  a x i a l .  d i r e c t i o n .  Essent i ,a l  l y  a1 1  

o f  the basal po les a re  a1 igned w i t h i n  a  few degrees o f  the  d iametra l  p lane and 
are essen t l  a1 l y  perpendi c u l  a r  t o  t h e  ax i  a1 d i  r e c t i  on. It i s t h e r e f o r e  

poss ib le  t o  ob ta i n  a  numerical index o f  t e x t u r e  as the  r a t i o  o f  t he  

concent ra t ion  o f  basal  po les i n  the  r a d i a l  d i r e c t i o n  t o  t he  concent ra t ion  o f  

basal pol  cs i n  the c i r cumfe ren t i a l  J i  rectiors. 

Basal po le  i n t e n s i t y  determined by x-ray d i f f r a c t i o n  i s  t he  

re fe rence  measurement technique, b u t  i t  i s  n o t  s u i t a b l e  f o r  o b t a i n i n g  the  

hundreds o f  eva lua t ions  requ i red  f o r  t he  c e r t i f i c a t i o n  o f  LWBR tub ing .  A 

mechanical measure o f  the r e l a t i v e  concen t ra t ion  o f  basal po le  al ignments can 

be determined by t he  deformat ion o f  a  specimen under u n i a x i a l  tens ion,  s i nce  

t e x t u r e  v a r i a t i o n s  i n f l  uence the.  deformat ion behavior  o f  the  tub ing .  For 



t u b i n g  w i t h  basal po les o r i e n t e d  predominant ly i n  the  r a d i a l  d i r e c t i o n ,  

de fo rmat ion  d u r i  ng a x i a l  1  engtheni  ng occurs p r i m a r i l y  through c i r c u m f e r e n t i a l  

r e d u c t i o n  v i  a  s l  i p .  The propensi  t y  f o r  wa l l  th i ckness  reduc ti on i s  re1 a t i  v e l y  

low, s i nce  t h i s  deformat ion mode would r e q u i r e  twinn ing,  which i n  t u r n  

r e q u i r e s  a  h i ghe r  s t r e s s  1  eve1 . on the  o the r  hand, t u b i n g  w i t h  basal po le  

o r i e n t a t i o n  predominant ly  i n  t h e  c i  r cu ln fe ren t ia l  d i r e c t i o n  deforms du r i ng  

a x i a l  l eng then ing  p r i m a r i l y  through wa l l  r educ t i on  v i a  s l  i p, s ince  

c i r c u m f e r e n t i a l  r educ t i on  would r e q u i r e  tw inn ing  t o  occur. For  t u b i n g  w i t h  

t h e  basal po les  randomly o r i e n t e d  i n  the d iametra l  p lane the  a x i a l  s t r a i n  

( 1  engthening)  r e s u l t s  i n  approxi lnately equal s t r a i n s  i n  the  c i r c u m f e r e n t i a l  

and r a d i a l  d i r e c t i o n s  through r e d u c t i o n  of the  diameter and w a l l  th ickness, 

r e s p e c t i v e l y .  

The ,measure o f  t he  re1 a t i v e  s t r a i n s  and t h e i  r comparison produces a 

numerical  i ndex o f  t e x t u r e  c a l l  ed " C o n t r a c t i l  e. S t r a i n  Ra t i o "  (CSR) . A CSR 

va lue  g rea te r  than- 1.0 i s  i n d i c a t i v e  o f  tube deformat ion p r i m a r i l y  i n  the 

c i r c u m f e r e n t i a l  d i r e c t i o n  w i t h  t he  basal po le  o r i e n t a t i o n  be ing  mos t l y  

r a d i a l .  ' A  CSR va lue  l e s s  than 1.0 c o r r e l a t e s  w i t h  deformat ion p r i m a r i l y  by 

wa l l  r e d u c t i o n  and w i t h  most o f  t h e  resol 'ved f r a c t i o n  o f  a l l  t he  basal po les 

be ing  c i  r cumfe ren t i  a1 l y  o r i en ted .  

I I. TEXTURE MEASURING 'TECHNIQUE ' 

The technique f o r  de te rmin ing  t e x t u r e  c o n s i s t s  o f  measuring s t r a i n s  

i n  t he  t h r e e  mutual1.y perpend icu la r  d i r e c t i o n s .  The r a t i o  o f  s t r a i n  i n  t he  
r a d i a l  d i r e c t i o n  (Ew) t o  s t r a i n  i n  t he  c i r c u m f e r e n t i a l  d i r e c t i o n  (Em) i s  a  

f u n c t i o n  o f  t e x t u r e  and i s  de f i ned  as Con tyac t i l e  s t r a i n  R a t i o  ( C S R ) .  Table 

C-1 shows the  d e r i v a t i o n  o f  t he  use o f  the  mid-wal l  diameter as one o f  the  

t h r e e  dlrnensl ons. 

I n  -p rac t i ce ,  t h e  wa l l  th i ckness  and mid-wal l  d iameter i n  the 

s t r a i n e d  t e s t  specimen a r e  d i f f i c u l t  t o  mealsure. For  LWBR, th'e. e a s i l y  

o b t a i  ned dimensions o f  1  ength and . ou t s i de  dli ameter were used t o  ca l  cu l  a t e  

CSR. A l l  o f  t h e  CSR data used i n  t h i s  r e p o r t  were developed us ing  t he  

exper imenta l  procedure descr ibed  i n  Table C.2. 



The use o f  c i r c u m f e r e n t i a l  s t r a i n  based on O.D. and a x i a l  s t r a i n  t o  

- ca l  cu l  a t e  CSR in t roduced an. e r r o r ,  sli nce t r u e  s t r a i n  i s  based on changes i n  

mid-wal l  diameter and wa l l   thickness^. As shown i n  Table C-3, t h e  s t r a i n  based 

on 0.0. i s  used tw i ce  i n  de te rmin ing  the  LWBR CSR data, once i n  p lace  o f  E m  

and again i n  rep1 ac ing Ew w i t h  (-EL r ED). The magnitude o f  t h e  d i f f e r e n c e  

between CSR based on Em and Ew and t h e  LWBR CSR values v a r i e s  w i t h  tube 

geometry (0.D.-to-wall r a t i o )  and w i  Fh t he  c a l c u l a t e d  CSR value. Table C-4 

l i s t s  t h e  c o r r e c t i o n s  f o r  LWBR values o f  CSR f o r  a  range o f  0.D.-to-wall 

r a t i o s  encompassed by the  tubes t es ted  and inc luded  i n  t h i s  r epo r t .  

1n subsequent d iscuss ions a1 1  CSR values w i l l  r e f e r  t o  CSR resu l  t i n g  

from the  LWBR "convenience" ca lcu la t i ,on .  A l l  o ther  CSR da ta  w i l l  be s u i t a b l y  

noted as f o r  example, CSR,. 

The 0.D.-to-wall th i ckness  r a t i o  (OD/W) f o r  the  32 tube  s izes  t e s t e d  

f o r  the LWBR program ranged from 11.5 t o  20.5 w i t h  one a t  36.4. For LWBR, t h e  

seed tube had an 0.D.-to-wall th i ckness  r a t i o  o f  12.8, t h e  power f l a t t e n i n g  

b l anke t  (PFB) had a  r a t i o '  o f  19.0, and' bo th  t he  standard b l a n k e t  (Std.B.1 and 

r e f l e c t o r  tubes had a  19.2 r a t i o . .  As f u e l  rods, t h e  O.D./W r a t i o s  were 13.9, 

20.1, 20.3, and 19.7 respec t i ve l y .  

I 1 1  .' CORRELATION OF CSR AND X - R A ~  TEXTURE 

X-ray t e x t u r e  i s  de f ined  as t he  r a t i o  o f  t h e  Basal Pole I n t e n s i t y  

(BPI) i n  the t angen t i a l  ( c i r c u m f e r e n t i a l )  d i r e c t i o n  t o  the  BPI i n  the  r a d i a l  

d i r e c t i o n  as determined from the  i nve rse  po le  f i g u r e s  developed from sample 

. sur faces para l  1  e l  t o  and perpend icu la r  t o  the  tube rad ius,  r espec t i ve l y .  Both 

surfaces a re  a1 so para l  l e l  t o  the  l o n g i t u d i n a l  a x i s  o f  the  tube. 

Samples from var ious  t ub ing  l o t s  were t es ted  t o  develop bo th  the  

inverse  po le  f i y u r e s  and CSR values to)  show t h e  c o r r e l a t i o n  between x-ray 

t e x t u r e  and the mechanical measure n f  t e x t u r e  us ing t he  CSR technique 

discussed above. While t he  bas ic  c o r r e l  a t i o n  was made w i t h  s t r e s s  re1 i e f  

annealed (SRA) tub ing,  samples o f  some4 1  o t s  were a1 so g iven  a  

r e c r y s t a l l  i z a t i o n  anneal (RXA) p r i o r  t o  measuring CSR value. Since t he  

a1 ignrnent o f  basal po les i s  n o t  a f f e c t e d  by hea t  t reatment,  t he  comparison o f  

x-ray t e x t u r e  t o  CSR values f o r  bo th  S$A and RXA t u b i n g  i s  v a l i d .  



The x- ray t e x t u r e  data and . . t he  corresponding average CSR data a r e  

shown i n  Tabl e C-5. The LWBR da ta  were cor rec ted ,  as descr ibed i n  Sect ion I I, 

t o  o b t a i n  t h e  t r u e  s t r a i n  (CSR,) va lues  which a re  a l so  l i s t e d  i n  Table C-5. 

L i n e a r  r eg ress ion  a n a l y s i s  o f  t h e  x- ray t e x t u r e  versus t he  corresponding 

average CSR va lues  shown i n  Tab le  C-5 produced f o r  f ou r  s t r a i g h t  1  i n e  
. . 

equa t ions  shown a t  t he  bot tom o f  Tabl e  C-5. Note t h a t  t he  c o r r e l a t i o n  

c o e f f i c i e n t s  o f  t he  f o u r  equat ions exceed 0.96. ~ h e s e  data a re  a1 so p l o t t e d  
- .  . . 

i n F igu res  C-1 (CSR LWBR) and C-2 ( CSR,) . 

IV. REPRODUCIBILITY n~ THE CSR TEST MEASUREMENTS 

Over 450 CSR measurements were made du r i ng  the  t e s t i n g  and' 

c e r t i f i c a t i o n  o f  t h e  f o u r  s i zes  o f  t ub ing  produced f o r  LWBR Core. The 
v a r i a b i l i t y  o f  t h e  t e s t  r e s u l t s  w i t h i n  any one s i z e  and heat  t r e a t e d  c o n d i t i o n  

i s  a  good i n d t c a t i o n  of t he  r e p r o d u c i b i l i t y  of  the  CSR t e s t .  Th i s  v a r i a b i l i t y  

i n c l u d e s  measurement e r r o r ,  c a l c u l a t i o n  e r r o r ,  t e s t  v a r i a t i o n ,  and Ina te r ia l  

v a r i a b i l  i ty. The CSK data,  summarized i n  Table C-6, i n d i c a t e  a  standard 

d e v i a t i o n  o f  about 0.24 f o r  r e c r y s t a l  1  i r e  annealed seed and about '0.12 f o r  t he  

s t r e s s  re1 i eved  non-seed s izes.  It i s  suggested t h a t  rneasure~~~ent  e r r o r  ( a 

cons tan t )  has a g rea te r  e f f e c t  on t h e  smal ler  s i z e  changes assoc ia ted  w i t h  

t e s t s  o f  t he  seed s i ze  t u b i n g  (0.3105 i n c h  O.D.) and' .is p r i m a r i l y  respons ib le  

f o r  t h e  2-to-1 r a t i o  i n  s tandard dev ia t ions .  

V .  EFFECT OF HEAT TREATMENT ON CSR 

The s t r e s s  r e l i e f  hea t  t rea tment  o f  t u b i n g  produces no changes i n  

c r y s t a l  s t r u c t u r e  and should have no e f f e c t  on the  t e x t u r e  o f  no;-heat-treated 

t ub ing .  Th i  s  i s  supported by comparison o f  t h e  t h ree  se ts  o f  data i n  Tabl e  C-  

7. The v a r i a t i o n s  a re  comparable t o  the  r e p r o d u c i b i l  i ty v a r i a t i u r l ~  ~ i o t e d  i n  

Sec t ion  I V .  These data were combined and t h e  average va lue was used as i n p u t  , 

f o r  CSR as s t r e s s  re1 i eved  i n  Table C-8. 



While r e c r y s t a l  l i z a t i o n  does n o t  a f f e c t  the  a1 ignment o f  the  basal 

poles,a r o t a t i o n  o f  the  p r i sm planes does occur. Th i s  r e a l  igninent w i t h  

respect  to the p r i n c i p a l  s t r ess  d i r e c t i o n s  a f f e c t s  the  node o f  deformat ion, 

and t h i s  change i s  r e f 1  ected i n  t he  change i n  CSR va l  ues, as shown i n  Table 

C-8, where the  average CSR va lue f o r  each s e t  o f  t e s t s  i s  recorded bo th  as 

s t r ess  re1  ieved  and a f t e r  a  r e c r y s t a l  1  i z a t i o n  anneal. A 1 i n e a r  regress ion  

ana l ys i s  o f  the  21 p a i r s  o f  averages p l o t t e d  i n  F igu re  C-3 produced the  

f o l l  owing t r e n d  1 i n e  equat ion w i t h  a  c o r r e l a t i o n  c o e f f i c i e n t  o f  0.977: 

The v a r i a t i o n  o f  t h e  data around t h i s  tlrend l i n e  i s  due t o  f a c t o r s  p rev ious l y  

mentioned and t o  v a r i a t i o n s  i n  the f ina i l  heat  t reatment  used as re fe rence  

dur ing  t he  tube development program. The e f f e c t  o f  f i n a l  heat  t rea tment  

cond i t i ons  i n  RXA t ub ing  i s  i l l u s t r a t e d  i n  Table C-9 where samples from two 

1 o t s  o f  tubes were subjected t o  two d i  f f e r e n t  r e c r y s t a l l  i z a t i  on heat-  

t reatments :  5  hours a t  1235°F (equ i va len t  t o  1  hour a t  1300°F) and 4 hours a t  

1300°F. These data i n d i c a t e  t h a t ,  wh i l e  r e c r y s t a l l  i z a t i o n  i s  ev i den t  

metal 1  ographica l  l y  as  shown by the  equiaxed g r a i n  s t r uc tu re ,  r e c r y s t a l  1  i z a t i o n  

i s  no t  complete i n  tenns o f  t he  r o t a t i o n  o f  t h e  pr ism planes a f t e r  5  hours a t  

1235°F o r  1  hour a t  1300°F. 

V I .  CSR VERSUS AXIAL STRAIN 

The es tab l  i shment o f  parameters f o r  CSR t e s t i n g  requ i red  sel e c t i  on 

o f  an a x i a l  s t r a i n  range t h a t  would r e s u l t  i n  accurate and c o n s i s t e n t  CSR . 

values. Very low s t r a i n  l e v e l s  a re  undes i rab le  s'ince, w i t h  the  inherent1.y 

small dimensional changes accompanyi ng lbw s t r a i n s ,  dimensional measurement 
I inaccurac ies  can c o n t r i b u t e  heav i l y  t o  v a r i a t i o n s  i n  s t r a i n  de te rmina t ion  and, 

therefore,  i n  de te rmina t ion  o f  CSR. Highi s t r a i n  l e v e l s  t h a t  cause l o c a l i z e d  

necking a re  a1 so undesi rab le  from the  s tandpoint  o f  determin ing a p rope r l y  

weighted average diameter t o  accomrnodatel t he  e f f e c t  o f  any h i g h l y  l o c a l i z e d  

a x i a l  s t r a i n s  on the  o v e r a l l  e l  ongat ion o f  t he  gage leng th .  The CSR technique 

descr ibed i n  Sect ion I 1  assumes a un i f onn  s t r a i n  over the  3 - inch  gage. I n  

determin ing an operat ional  s t r a i n  range f o r  t e s t i n g ,  a  se r i es  o f  seed and 



b l a n k e t  t u b i n g  specimens, r e p r e s e n t i n g  bo th  t he  s t r e s s  re1 i e f  anneal ed (SRA) 

and t h e  r e c r y s t a l  1  i ze annealed (RXA) f i n a l  h e a t - t r e a t  cond i t i ons ,  were a x i a l  l y  

s t r a i n e d  a t  l ow s t r a i n  l e v e l s  ( l e s s  than, 1% e longa t i on ) ,  measured and 

eva lua ted  f o r  CSR, and then  r e s t r a i n e d  a t  h i ghe r  s t r a i n  l e v e l s  and remeasured 

f o r  C S ~  de te rm ina t i on .  Some specimens were r e s t r a i n e d  several  tirnes i n  o rder  

t o  c h a r a c t e r i z e  t h e  t ub ing  t e x t u r e  (CSK) over t he  e n t i r e  un i f o rm  s t r a i n  

range. Tables C-10 and C - 1 1  show t h e  CS2 va lue determined a t  each s t r a i n  

inc rement  f o r  seed and b l a n k e t  s i z e  t u b i n g  r e s p e c t i v e l y .  The data i n  Tables 

C-10 and C-11 a re  p l o t t e d  i n  F i gu res  C-4, C-5, and C-6 t o  b e t t e r  i l l u s t r a t e  

t h e  e f f e c t  o f  e l onga t i on  nn t h e  u n i f o r ~ n i t . ~  o f  t he  t e s t  r e s u l t s .  

F i g u r e  C-4 i s  a  p l o t  o f  t h e  data f o r  seed SRA tubes l i s t e d  i n  Table  

C-10. ' S t r a i g h t  1  i n e s  connect sequen t ia l  eva lua t i ons  o f  t h e  saliie t e s t  

specimen. T h i s  p l o t  ill u s t r a t e s  t he  convergence o f  the  da ta  toward the  

c h a r a c t e i i  i t i c  CSR val  ue w i t h  i n c r e a s i n g  a x i a l  s t r a i n .   ome el oca l  i z e d  necking 

was observed a t  about 7 pe r cen t  a x i a l  e longa t ion .  F i gu re  C-5 i s  a  p l o t  o f  t he  

CSR versus pe rcen t  e l onga t i on  f o r  ' tubes w i t h  t h e  same f a b r i c a t i o n  h i s t o r y  as 

those p l o t t e d  i n  F i gu re  C-4 except  t h a t  the  f i n a l  heat  t rea tment  was a 

r e c r y s t a l  1  i z a t i o n  anneal. It appears t h a t  some l o c a l  neckir iy dues n o t  a f f e c t  

the CSR va l  ue. 

F i g u r e  C-6 i s  a  p l o t  o f  t h e  data f o r  b l a n k e t  s'ize tubes 1  i s t e d  i n  

Tab1 e  C-11 . T h i s  data a1 so ill u s t r a t e s  t h e  convergence o f  t h e  t e s t  r e s u l t s  t o  

a  c h a r a c t e r i s t i c  CSR va lue  w i  tli i nc reas ing  l e v e l s  o f  a x i a l  s t r a i n .  As noted 

f o r  t h e  seed t u b i n g  i n  ~ ' i g u r e  C-4, t h e  occurrent? o f  some loca' l  necklng does 

n o t  a f f e c t  t h e  CSR va lue  a t t a i ned .  I-lowever, t o  e l i m i n a t e  the  problems o f  

measur i  ng and i n t e r p r e t i n g  da ta  posed by 1  ocal necking, t h e  1  i m i t  on 

e l o n g a t i o n  was s e t  nomina l l y  a t  8 percen t  rnaxi~nuln w i t h  the  speci  r i c  l i m i t a t i o n  

o f  s t opp ing  t h e  e l onga t i on  o f  t h e  specirlien when t h e  u l t i m a t e  s t r e s s  fur' t h e  

i pec  i men was reached . 



The convergence o f  t h e  t e s t  data t o  a  c h a r a c t e r i s t i c  value i s  

a t t r i b u t e d  t o  t he  reduced e f f e c t  of measurement e r r o r  ( e s s e n t i a l l y  a  cons tan t )  

i n  t he  CSR c a l c u l a t i o n  w i t h '  the  i nc reas ing  changes i n  dimensions a t t enden t  on 

achiev ing h igher  elongat ions. Based on t he  preceding seed and b l a n k e t  CSR 

t e s t i n g  data, an a x i a l  s t r a i n  range of 3.5 pe rcen t  t o  8 pecent was es tab l i shed  

f o r  CSR tes t i ng .  For optimum accuracy and consistency, a t tempts were made t o  

ma in ta i n  t e s t i n g  i n  the h igher  (6 t o  8 percen t )  end o f  t he  range. 

V I I .  TUBE FABRICATION PARAMETERS 

As discussed i n  Sec t ion  I, t h e  mode o f  deformat ion a f f e c t s  t he  

development o f  t e x t u r e  i n  tub ing.  I n  commercial t u b i n g  p rac t i ce ,  t h e  r e l a t i v e  

amount of c i r cumfe ren t i a l  (d iamet ra l  ) t o  w a l l  th i ckness  reduc t i on  i s  measured 

by t he  Q - r a t i o ,  def ined-  as t he  r a t i o  o f  t he  percen t  wa l l  r educ t i on  t o  t h e .  

percen t  o f  diameter r educ t i on  and i s  expressed by t he  formula 

For Q - r a t i o s  > 1, t h e  wa l l  i s  worked more than t h e  diameter 

(commercial ly c a l l e d  " i r o n i n g " ) ,  w h i l e  f o r  Q - r a t i o s  < 1, t h e  diameter i s  

workcd more than t he  w a l l  (commerc ia l ly  c a l l e d  " s i nk i ng " ) .  A pass w i t h  a Q- 

r a t i o  = 1  i s  de f ined  as a neu t ra l  pass, where t he  w a l l  and diameter a re  worked 

equal ly .  To be compat ible w i t h  t r u e  s t r a i n ,  t he  Q-value should be based on 

t h e  mid-wal l  diameter. Howevcr, s i nce  the  O.D. was used I n  CSK c a l c u l a t i o n s ,  

i t  was a1 so used i n  de te rmin ing  Q-values f o r  LWBR. As w i t h  CSR, t h e  

c o r r e c t i o n  from Q t o  QM based on mid-wal l  d iameter i s  represented by a s e r i e s  

o f  curves (equat ions)  where t h e  0.D.-to-wall r a t i o  i s  t h e  c o n t r o l  1  i n g  

parameter. Table C-12 con ta ins  a l i s t i n g  o f  c o r r e c t i o n s  t o  conve r t  from QLWBR 

t o  QM p a r a l l e l i n g  the  p resen ta t i on  o f  t he  convers ion from CSRLWBR t o  

CSRM i n  Table C-4. 

Another major f a c t o r  i n  tube f a b r i c a t i o n  i s  t he  percen t  cold work o r  

percent  change i n  t he  c ross-sec t ion  area o f  t he  tube w i t h  each reduc t i on  

operat ion.  The amount o f  c o l d  work i s  the  d r i v i n g  f o r c e  which e f fec ts  t he  

t e x t u r e  changes achieved by t he  Q - r a t i o  used i n  a  s p e c i f i c  reduc t ion .  



V I I I .  TEXTURE DEVELOPMENT I N  TUBING 
. . 

Nine f a b r i c a t i o n  sequences, r ep resen ta t i ve  o f  seed, b l  anket, and 

r e f l  e c t o r  t u b i n g  were se l  ec ted  f o r  t e x t u r e  c h a r a c t e r i z a t i o n  o f  in te rmed ia te  

@rohuct, s t a r t i  ng w i  t h  t h e  ?xt ruded tube she1 1  and c o n t i n u i  ng t h r b u ~ h  e i c h  of  

t h e  tube  r e d u c t i o n  operat ions.  The ext ruded samples were t es ted '  i n  the  as- 

ex t ruded  c o n d i t i o n ,  w h i l e  t he  i n te rmed ia te  tube reduced p roduc t  ( f i r s t  pass 

th rough next -  t o -  the-1 a s t  pass) was t e s t e d  i n  t he  tube-reduced-pl us- 

r e c r y s t a l  1  i ze-anneal ed condi  t i o r i  ( s tandard-  hea t  t r e a t  c o n d i t i o n  . i n  p repa ra t i on  

f o r  t he  n e x t  tube redu,ct iuu upel -a t ian)  . Thc f i n i s h e d  tube-rebirr t i  pr.oduc t was 
t e s t e d  i n  t h e  f in31  hea t  t r e a t  c o n d i t i o n ,  i .e., r e c r y s t a l l i z e  annealed f o r  

seed and s t r e s s  re1 i e f  anneal f o r  b l a n k e t  and r e f l  ec to r .  The n ine  sequences 

a re  presented i n  Tab1 e  C-13 t oge the r  w i t t i  t h e  CSR data developed f o r  each 

s tage o f  t he  f a b r i c a t i o n  sequence. Four o f  t he  n ine  a re  seed s i ze  l i s t e d  as 

i te~ns  49, 50, 62, and 63. Another f o u r  b l anke t  s i z e  tubes a re  1  i sted  as i terns 

47, 48, 54, and 57. The n i n t h ,  i tern 61 , i s r e f l  e c t o r  s i ze  tub ing.  Except f o r  

i t e m  63 a l l  f a b r i c a t i o n  opera t ions  f o l l o w i n g  ex t rus ion  were perforrned by tube  

r e d u c t i o n  technique. For  i t em  63, t h e  l a s t  r educ t i on  o f  i t em  62 was rep laced 

by two p lug  drawing operat ions.  The cumulat ive e f f e c t  o f  t e x t u r i n g  du r i ng  

t u b i n g  manufacture i s  shown i n  F i g u r e  C-7 f o r  bo th  seed and non-seed s izes.  

I n i t i a l l y ,  t h e  extruded- p roduc t  i s  showri t o  Rave a s l i y t ~ t l y  h i ghe r  basal po le  

o r i e n t a t i o n  i n  t he  c i r c u m f e r e n t i a l  d i r e c t i o n  w i t h  the  CSR. va l  ue l e s s  than 

1  .O. Wi th  successive tube  r e d u c t i o n  passes, basal  po le  o r i e n t a t i o n  

p r o g r e s s i v e l y  s h i f t s  t o  t he  r a d i a l  d i r e c t i o n  as repor ted  by t h e  increased ,CSR 

values. That i s ,  o f  course, c o n s i s t e n t  w i t h  t he  Q - r a t i o s ,  which a re  g rea te r  

than  1.0 ,. s i  gn i  f y i  ng " i r o n i n g "  passes conducive t o  devel oping t ex tu res  w i t h  

CSR g r e a t e r  than  1.0. 

The e f f e c t  o f  each succeeding reduc t i on  on t he  t e x t u r e  o f  the  pro- 

duc t  of t he  p r i o r  r educ t i on  i s  i l l u s t r a t e d  i n  F igures  C-8 and C-9, where t h e  

CSR va l  ue i n  r e c r y s t a l  1 i z e  annealed (RXA) t ub ing  f o l l  owing each reduc t i on  i s  

p l o t t e d  versus t h e  Q-va lue  r e p r e s e n t a t i v e  o f  t h a t  r educ t i on  f o r  t he  tube i tems 

1  i s t e d  i n  Table C-13. For  those tube s i zes  where on l y  SRA data was a v a i l  able,  

t h e  RXA versus SRA r e l a t i o n s h i p  shown i n  F igu re  C-3 was used t o  es t imate  a  

s u i t a b l e  RXA-CSR data p o i n t  f o r  the p l o t s  i n  F igu res  C-7 through C-9. 



The p l o t s  i n  F igures  C-8 and C-9 i n d i c a t e  t h a t  a  g iven  Q-va lue 

reduc t i on  does n o t  achieve t he  maximum t e x t u r i n g  ( c r y s t a l  o r i e n t i n g )  

poss ib le .  For i tern 50 o f  ,F igure  C-9, t h r e e  successive reduc t i ons  a t  Q = 1.40 

increased t h e  CSR value. A s i m i l a r  e f f e c t  i s  seen i n  t he  l a s t  t h r e e  

reduc t ions  o f  i tem 48 o f  F i gu re  C-8. The same app l i es  t o  t h ree  passes o f  i t e m  

49 i n  F igu re  C-9 and t o  the  f i r s t  two reduc t ions  o f  i tems 54 and 57 i n  F igu re  

C-8. Successive passes w i t h  i nc reas ing  Q-val  ues have a g rea t  e f f e c t  on 

improving t e x t u r e  ( i nc reas ing  CSR values).  However, i tern 63 o f  F i gu re  C-9 

i l l u s t r a t e s  the  e f f e c t  o f  changing t o  a  neu t ra l  r educ t i on  (Q = 1.0) o r  s i n k i n g  

(Q < 1.0) opera t ion  on the l a s t  pass on t h e  CSR value. 

It i s  impor tan t  t o  recognize t h a t  t he  Q - r a t i o  and Qc - fac to r  are use fu l  

i n  cha rac te r i z i ng  a t u b i n g  f a b r i c a t i o n  sequence, b u t  they do n o t  p rov ide  a d i r e c t  

c o r r e l a t i o n  w i t h  the  t e x t u r e  r e s u l t i n g  from the use o f  a  s p e c i f i c  r educ t i on  

schedule. I t  may r e q u i r e  several  parameters t o  f u l l y  descr ibe  t h a t  reduc t ion .  

Another common parameter i s  area reduct ion,  b u t  o the r  parameters such as D - r a t i o s  

( r a t i o  o f  i n i t i a l  diameter t o  f i n a l  d iameter)  have a1 so been used. I f  i t  i s  

considered t h a t  no s i n g l e  parameter, by i t s e l f ,  can complete ly  descr ibe  a 

reduct ion,  then t h a t  parameter cannot be expected t o  c o r r e l a t e  t o  t h e  

c h a r a c t e r i z a t i o n  o f  the  product  o f  t h a t  reduct ion.  The data s c a t t e r  o f  F igures  C- 

7, C-8, and C-9, f o r  example, a t t e s t  t o  an i nhe ren t  v d r i a b i l f t y  i n  a t tempt ing  t o  

d i r e c t l y  c o r r e l a t e  t e x t u r e  t o  any reduc t i on  parameter (Q ,  % CW, e t c . ) .  Note i n  

F igu re  C-7 t h a t  t h e  CSR data f o r  i t e m  50 shows a s i g n i f i c a n t l y  h i ghe r  r a d i a l  

t e x t u r e  than do i tems 49 and 62 i n  the f i r s t  two reduct ions.  Th is  cannot be 

expla ined by Q-values. However, note t h a t  i n  the  f i r s t  two reduc t ions  the percen t  

c o l d  work f o r  i t em  62 i s  s i g n i f i c a n t l y  h igher  than t h a t  used on i tems 49 and 50 as 

shown i n  Tab1 e C-13. It i s  there fo re  concluded t h a t ,  depending on t he  s p e c i f i c  

reduc t ions  invo lved,  Q - ra t i os  and Qc- factors  w i l l  p rov ide  inadequate c o r r e l a t i o n  

w i  t h  t ~ l h i  ng t e x t u r e  devel oprnerit and must be considered i n  con junc t i on  w i t h  o t h e r  

r educ t i on  parameters i n  p lanning a reduc t i on  Sequence tn  a t t a i n  a  s p e c i f i c  

tex tu re .  



I X .  PROCESS DEVELOPMENT FOR TEXTURE CONTROL 

CSR requi rements f o r  LWBR t u b i n g  were based on ma in ta i n i ng  

predominant ly  r a d i a l  l y  o r i e n t e d  basal po les ( i  .e., CSK > 1.21, n o t  on ly  t o  

reduce t h e  p ropens i t y  f o r  r a d i a l  hyd r i de  format ion,  b u t  a l s o  t o  increase t he  

r e s i s t a n c e  t o  y i e l d i n g  under combined s t ress  load ing .  It has been shown i n  

work by Hobson (Reference ( e l  ) and Tenchoff  and R i  t tenhouse (Reference ( f ) )  

t h a t  h i g h  Q - r a t i o s  ( t h e  r a t i o  o f  t h e  percen t  wa l l  r educ t i on  t o  the  percent  o f  

d iameter  r e d u c t i o n )  l e a d  t o  a1 i y r~ l l l e r~ t  0.f the basal pules i n  a gene ra l l y  r s r i i a l  

d i r e c t i o n .  Therefore,  t h e  development o f  f d b r i c a t i o n  parnmetcrs f o r  LWHK 

t u b i n g  were based on m a i n t a i n i n g  Q - r a t i o s  > 1. 

The i n i t i a l  phase , o f  develop ing f a b r i c a t i o n  parameters t o  prov ide.  

t h e  d e s i r e d  t e x t u r e  cons i  s ted  o f .  t e s t i n g  o f  t u b i n g  a1 ready rece ived  a t  B e t t i  s  

f o r  o t h e r  f u e l  r o d  r e l a t e d  programs. The r e s u l t s  o f  t h i s  and subsequent CSR 

t e s t i n g  a r e  sumrnari zed i n  Tables C-14 (showing t he  reduc t i on  sequence) and C- 

15 (showing the CSR da ta ) .  1.n Table C-16, t he  tube sequences a re  referenced, 

arranged by t.1.1h~ z i z e  t o  f a c i l i t a t e  data comparisons by bo th  tube s i ze  and 

f a b r i c a t i o n  h i  s t o r y .  The quant i  t a t i v e  t e x t u r e  assessment o f  i n d i v i d u a l  . 

f a b r i c a t i o n  sequences was cons idered p a r t i c u l  ar ' ly  essen t i  a1 , s ince  t t ~ i  s group, 

which represented the  p roduc t  . o f  "good comnerci a1 prac t l .ce,"  servecl ;IS t he  

bas i s  f o r  . t he  e s t a b l  i shment o f  ~ i l anu fac tu r i  ng parameters f o r  LWBR tub ing .  The 

i terns r e f e r r e d  ; to  throughout t h e  t e x t  w i l l  r t l f e r  t o  the p a r t i c u l a r  tube 

f a b r i c a t i o n  sequences t o  be found on t h a t  1  i n e  number i n  Tat1 e C-14. 

A. Bl anket  Tubing Uevel op~ilent 

I tem5 38, 29, and 37 were the  f i r~ t .  group t o  be evaluated. 

A1 though t h e  CSR t e s t s  f o r  i tern 37 met ' t h e  1.2 minimun requirement, a  s l  i y h t l y  

h i g h e r  CSR va lue  was des i red.  F a b r l c a t i o n  sequences ( i t ems  54 and 57) w i t h  

g rea te r  w a l l  deformat ion were se lec ted  f o r  development. The success o f  the  

e f f o r t  was shown by the  h igher  CQR va lues a t t a i n e d  (1.5 t o  2.5 f o r  itern 54 and 

1.7 t o  3.1 f o r  i tem 57). However+, these sequences were n o t  compat ible w i t h  

good p r a c t i c e ,  1  eading t o  1  u b r i c a t i o n  f a i l u r e ,  gal 1  ing ,  t o o l  f a i l  ure,  and poor 

manufac tu r iny  y i e l d s .  



The nex t  e f f o r t  u t i l i z e d  the  seuences o f  i tems 55 and 56 f o r  PFB 

and i terns 58 and 59 f o r  Std.B. development. The CSR t e s t s  o f  t he  tubes 

produced by these sequences a1 so met. t he  1.2 minimum CSR 1  i m i  t. Since i tems 

56 and 59 demonstrated good f a b r i c a b i l  i t y ,  as we l l  as good CSR values, they  

were se lected f o r  LWBR tube  p roduc t ion  f a b r i c a t i o n  sequence. 

B. Ref1 e c t o r  Tubi ny Development. 

The i n i t i a l  c h a r a c t e r i z a t i o n  o f  the  r e f l  e c t o r  s i ze  t ub ing  used 

t ub ing  i tems 17 and 22 through 27. Although i tems 17 and.23 met t h e  1.2 

minimum f o r  CSR, a  h igher  CSR va lue was des i red.  F a b r i c a t i o n  sequence shown 

as i t e m  39 was developed and t he  r e s u l t i n g  tube showed an average CSR o f  1.65, 

again showing t h a t  the heav ier  wa l l  reduc t ions  produced a  more r a d i a l l y  

t ex tu red  tube w i t h  h i ghe r  CSR values. A 1  i m i  t ed  p roduc t ion  run  o f  i tem 60 was 

performed us ing a  h igher  l a s t  pass wa l l  reduct ion.  Th is  f u r t h e r  improved the  

CSR value. The reduc t i on  sequence o f  i tem 60 was changed s l  i g h t l y  t o  

accommodate a  srnall s i ze  change i n  r e f l e c t o r  t ub ing  f o r  t he  LWBR Core. I tem 

61 descr ibes t he  t ub ing  produced f o r  LWBR r e f l  ec to r  f u e l  rods. 

The CSR versus cumulat ive Q-val  ue (Qc )  f o r  i tems 23, 25, 27, and 

39 show a  nea r l y  l i n e a r  re1,at ion between average CSR and Qc approximated by 

t he  equat ion CSR = 0.41 Qc - 0.19. The p reproduc t ion  run ( i t em  60) produced a  
s l  i g h t l y  h igher  average CSR than t h a t  i n d i c a t e d  by t he  above equat ion. Th i s  

was se lected as the  core f a b r i c a t i o n  sequence f o r  LWBR r e f e l c t o r  tubes. The 

r e s u l t s  o f  co re  t e s t i n g  a re  shown t o  be s l i g h t l y  h i ghe r  as repo r ted  by t he  

vendor (1.88 average) w h i l e  B e t t i s  over inspec t ion  saw no d i f f e r e n c e  (1.71 f o r  

average o f  32 t e s t s ) .  The e f f e c t  o f  a  s i n k i n g  pass i n  changing the  t e x t u r e  o f  

the  tube ( l owe r i ng  the CSR va lue)  i s  again ev iden t  where the  Q-values were 

reversed b 2 . 0  v s w  1/21 i n  t h e  l a s t  two passes f o r  l o t s  22, 24, 26 and the, 

r esu l  ti ng CSK va l  ues were essen t i  a1 1  y random (1  .n?, 1.07, and 0.95 

r e s p e c t i v e l y ) .  



C. Seed Tubing Devel opment 

Dete rmina t ion  o f  a  f a b r i c a t i o n  r o u t e  f o r  seed-size t ub ing  

i n i  t i a l  l y  cons i  s t ed  o f  t h e  CSR eval  u a t i o n  o f  a  group o f  r e c r y s t a l  1  i ze annealed 

seed t ub ing  rep resen ta t i ve  o f  e i g h t  d i f f e r e n t  f a b r i c a t i o n  h i  s tur - ies .  Th i s  

group i s  i d e n t i f i e d  as i t e n s  4, 7, 13, 14, 19, 20, 32, and 33 i n  Tables C-14 

and C-15. The r e s u l t s  c l e a r l y  demonstrate i nc reas ing  CSR va lues  w i t h  

i n c r e a s i n g  Qc- factors .  A t  t h e  l ow  end o f  t he  range i s  I t em 4  w i t h  f i v e  

s i n k i n g  passes w i t h  Q-va lues from 0.0 t o  0.8 whieh r e s u l t e d  i n  an avcrsgp CSR 

va lue  o f  0.50 w h i l e  a t  t h e  h i g h  end o f  the  ranye i b  I tem 13 w i t h  an average 

CSR o f  2.16 produced by f i v e  IP-UII~II~ passes w i t h  Q-values o f  1.78, 1.69. 1.44, 

1.80 and 1.60 w i t h  a  Qc of 7.85). Concurrent ly ,  a  l i m i t e d  q u a n t i t y  o f  i t e m  35 

w i t h  Q Ra t i os  o f  1.46, 1.28 and 1.10 was made as expected from the  

p r o g r e s s i v e l y  more neu t ra l  reduc t ions ,  t he  average CSR va lue  d i d  n o t  meet the  - 

s p e c i f i c a t i o n  requi rement  o f  1.2 minimum. 

A t e x t u r e  development program was i n i t i a t e d  t o  produce seed 

t u b i n g  by way o f  t h r e e  d i f f e r e n t  f a b r i c a t i o n  sequences: a  3-pass' sequence, 

i tern 62; a  4-pass sequence, i t e m  49; and a  5-pass sequence, i t e m  50, w i t h  Qc 
f a c t o r s  o f  3.92, 5.70, and 7.13, r e s p e c t i v e l y ,  as summarized i n  Table C-17 f o r  

conven ien t  re ference.  The average CSR i s shown t o  i ncrease w i  th. i rrcr\easi ng 

Qc- fac to rs . '  The e f f e c t  o f  a  f i f t h  pass on i nc reas ing  CSR i s  ev i den t  when. 
comparing i tems 49 and 50 where t h e  l a s t  f ou r  reduc t ions  a re  i d e n t i c a l .  I tem 

50 was processed frorn a  l a r g e r  e x t r u s i o n  and t he  f i r s t  r e d u c l l o n  brought  i tcrn 

50 t o  t h e  s i z e  of  t h e  e x t r u s i o n  used 'as s ta r - t i ng  stock f o r  itel11 49. The i t c m  

62 e v a l u a t i o n  proved somewhat o f  a  surp r i se ,  s i nce  the repo r ted  CSR range o f  . 

1 . 3 ' t o  1.5 i s  cons iderab ly  h i ghe r  than an t i c i pa ted ,  based on t he  r e s u l t s  o f  

i t e m  35 (CSK = 0.9 t o  1.3) which was f a b r i c a t e d  by an almost i d e n t i c a l  

r e d u c t i o n  sequence. It i s  assumed t h a t  t h e  10 percent  h i ghe r  wa l l  r educ t i on  

r a t i o  (1.18 f o r  l a s t  pass o f  i t e m  62 vs 1.10 f o r  i tern 351 . resu l t ed  i n  a  h igher  

o r d e r i n g  o f  t h e  basal po les  and t h i s  i s  shown i n  the  h i ghe r  CSR value. 'Items 

49 and 50, w h i l e  successful  i n  meet ing the  des i red  CSR requirements,  

encountered t he  same d i f f i c u l t y  as was p rev ious l y  d i  scussed f o r  B lanke t  Items 

54 and 57, i .e., severe l u b r i c a t i o n  problems du r i ng  the l a s t  r educ t i on  

ope ra t i on  cau:ed a  deg rad ia t i on  o f  t he  sur face f i n i s h  o f  t he  tubes. The 



changes o f  CSR w i t h  Q i n  each reduc t i on  a re  i l l u s t r a t e d  i n  F igu res  C-7 and C- 

9. Based on the  r e s u l t s  o f  the  i t e m  62 development e f f o r t  which had 

demonstrated t h a t  a  seed t ub ing  process o f  "good f a b r i c a b i l i t y "  cou ld  meet t he  

minimum 1.2 CSR requirement, a  p reproduc t ion  program was i n i t i a t e d .  Th i s  

program inc luded two f a b r i c a t i o n  rou tes  - i tem' 51, a  d u p l i c a t i o n  of i t e m  62 

except f o r  a  s l i g h t  increase i n  Q i n  t h e  l a s t  r educ t i on  pass t o  accommodate a 

s ~ n a l l  change i n  the f i n a l  seed size; and i t em 53, a  3-pass reduc t i on  sequence 

w i t h  a  somewhat h igher  Q-value than i t e m  51 i n  t h e  l a s t  two reduc t ions  f o r  

add i t i ona l  assurances o f  meet ing the  1.2 minimum CSR requirement.  The CSR 

data i n d i c a t e d  t h a t  bo th  i tems met the . t ex tu re  requirement,  and s ince  bo th  

i tems were manufactured w i t hou t  d i f f i c u l t y ,  e i t h e r  r ou te  was considered 

s a t i s f a c t o r y  f o r  t h e  re fe rence  seed process. The r o u t e  represented -by i t e m  53 

was se lected f o r  the p roduc t ion  e f f o r t .  No d i f f i c u l t y  was encountered i n  

meeting t h e  requ i red  1.2 t o  2.3 ranye f o r  LWBR core seed tub ing .  

X. CONCLUSIUNS 

1. The c o n t r a c t i l e  s t r a i n  r a t i o  (CSR), de f ined  as t he  r a t i o  o f  

c i r cumfe ren t i a l  t o  r a d i a l  s t r a i n  ob ta ined  du r i ng  u n i a x i a l  

t e n s i l e  s t r a i n i n g  i n  the un i form s t r a i n  range, can be used t o  

cha rac te r i  ze t he  p re fe r red  c r y s t a l  1  ographic o r i e n t a t i o n  i n  

Z i r ca loy -4  tub ing.  A c o r r e l a t i o n  e x i s t s  between CSR and X-Ray 

Texture. 

2. The t e x t u r e  o f  t ub ing  as measured by CSR i s  a f f e c t e d  by t he  

f i n a l  heat  t reatment.  The change i n  CSR w i t h  r e c r y s t a l l i z a t i o n  

i s  r e l a t e d  t o  the  60" r o t a t i o n  o f  the  pr ism p lanes about t he  

basal ,po le  of t h e  c r y s t a l  1  a t t i c e  d u r i  ng r e c r y s t a l  1  i zat ion.  The 

CSR value f o r  RXA tubes i s  l a r g e r  than the CSR va l  ue f o r  s t r ess  

r e l i e v e d  t u b i n g  as shown by t he  equat ion: CSRR = 1.26 CSR, + 

0.040. 

3. CSR i s  a  r e l i a b l e ,  and reproduc ib le  measure o f  t ex tu re .  



. 4. CSR t e s t i n g  should.employ t h e  maximum un i f o rm  s t r a i n  poss ib le ,  

r each ing  . u l  t i rnate  s t r ess ,  t o  : reduce t h e  e f f e c t  o f  measurement 

, e r r o r  on CSK determinat ion. '  

5.. CSR based on t r u e .  s t r a i n  i s  d i r e c t l y  r e1  a ted  t o  t h e  

. "convenience" CSK used i n  LWBR. The same app l i es  t o  t he  Q- 

va l  ues used t o  c h a r a c t e r i z e  t he  i n d i v i d u a l  r e d u c t i o n  operat ion.  

6. Govd t e x t u r e  (CSR > 1.4) i s  compat ib le  w i  t t i  good commercial . 
p rdL i ce  i n  t h c  f a b r i c a t i o n  o f  tub ing .  

7. The Qc- fac to r ,  d e f i n e d  as t h e  sum o f  t h e  i n d i v i d u a l  tube 
r e d u c t i o n  pass Q - r a t i o s ,  serves as a  reasonably good index o f  

CSR and can be used t o  a i d  i n  t he  s e l e c t i o n  o f  s p e c i f i c  

r e d u c t i o n  sequences t o  meet s p e c i f i c  t u b i n g  t e x t u r e  (CSR) 

r e q u i  rements. 

8. Tube reduc ing  passes, wh.ich c o l d  work t he  t ub ing  w a l l  t o  a  

greate.r  degree t h a n  t h e  t u b i n g  diameter, resu1.t i n .  basal  poles 
o r i e n t e d  predominant ly  i n  the  r a d i a l  d i r e c t i o n .  Th i  s  e f f e c t  i s  

r c,umul-at1 xe fruw p d h s -  to-pass. . , 

9. A s i g n i f i c a n t  r eve rsa l  o r  r educ t i on  i n  t he  Q-va lue on a  

subsequent r e d u c t i o n  w i l l  e f f e c t  a  r e d u c t i o n  i n  t h e  CSR. 

. 10.- The e f f e c t i v e n e s s  o f  a  .giv.en red.uct ion r a t i o  (Q-va l  ue) i n  

changing t e x t u r e  i s  dependent on t he  amount o f  c o l d  work used i n  

deforming the e x i s t i n g  t e x t u r e  o f  t he  i n p u t  tube. 

. , .  .. 



TABLE C-1 

DERIVATION OF DIMENSIONS AND FORMULA 
FOR CONTRACTILE STRAIN MEASUREMENTS 

A. D e r i v a t i o n  o f  Volume Formula 

= w WML 

B. D e r i v a t i o n  o f  S t r a i n  Formula 

f W M L  n f f f  = 1 
%- = wOMOLO 

C. Texture (CSR) = EM t EW 

Symbols 

D = ou t s i de  diameter 

d = i n s i d e  df ameter 

M =  midwal l  d iameter 

L = gage l e n g t h  

W = wa l l  th i ckness  

V = volume o f  tube segment 

E = s t r a i n  = 1.-n ( f i n a l  dimension + o r i g i n a l  dimension) 

o = o r i g i n a l  dimension ( s u b s c r i p t )  

f = f i n a l  dimension ( s u b s c r i p t )  



TABLE C-2 

CONTRACTILE STRAIN RATIO 
TESTING PROCEDURE 

FOR LWBR 

A. 'Specimen: A f u l l  c ross-sec t ion  tube w i t h  a  3- inch gage l eng th  and a  one 
i n c h  f r e e  zone adjacent  t o  each s ide  o f  the  gage 1  ength. No 
t o o l i n g  i s  t o  contac t  the tube w i t h i n  t h i s  5- inch zone dur ing 
s t r a i n i n g .  

B. Tes t i ng  Condit ions: 
1. Temperature: Room temperature 
2. S t r a i n  ra te :  0.05 0.005 inch  per i nch  o f  gage l eng th  
3. Elongarlon: 3.5 t o  0.0% (suggested, t h e  b f g h ~ r  s t r a i n s  

produce b e t t e r  t e s t  r e s u l t s  
4. Stress: Do not  reach u1timat.e stress, stop as the 

1  oad 1  eve1 s  o f f  
5. Clamping: Tubes t o  be supported i n t e r n a l l y  under the 

g r i p s  w i t h  c lose  f i t t i n g  plugs pos i t ioned a  
riinimum o f  one inch  outs ide  the 3- inch gage 
1  ength. 

C. Gage l e n g t h  preparat ion:  L i g h t l y  sc r ibe  a  g r i d  cons i s t i ng  o f :  
1. 4 l o n g i t u d i n a l  1  i nes  a t  90" i n t e r v a l  s  around the tube. 
2. 4 c i r cumfe ren t i a l  l i n e s  a t  1  inch increments along the 

tube ( 3  i n c h  gage). 

D. Measurements: 
The f o l l o w i n g  measurements are  to '  be taken before the tube 
has been s t ra ined  u n i a x l a l l y  iind a t  the same loca t i ons  a f t e r  
s t ra in ing .  

1. Gage l e n g t h  a t  each 90" l o c a t i o n  ( 4  t o t a l ) .  
2. Di'ameter a t  1/4 inch  increments along the  3-ir ich gage a t  

0" and 90" (26  t o t a l  ) . 
E. Ca lcu la t ions :  

1. Deter'wine the average l eng th  and average diameter o f  the 
gage l eng th  bo th  before and a f t e r  elongat ion. 

2. Cal eul a t e  us i  ng average dimenzi nns. " f a. Diar ie t ra l  s t r a i n  = ED = 1 n  - 
0 

b. Ax ia l  s t r a i n  - - Lf - E L - I n -  
0 

c. CSR = - EL - ED 



TABLE C-3 

STRAINS AND CONTRACTILE STRAIN RATIO EQUATIONS 

1. S t r a i n s  i nvo l ved  i n  CSR c a l c u l a t i o n s  

f EL = l n -  
Lo 

EM + EW + EL = 0 # ED+ E W+ E 

EM = ED + ERROR 

2. C o n t r a c t i l e  S t r a i n  R a t i o  (CSR) 

A. True S t r a i n  CSR 

CS% = EM I- EW , 

B. LWBR Convenience CSR 

C S R ~ ~ ~ ~  = E~ + ( -  E~ - E ~ )  

C. E r r o r  (See Table C-4 f o r  c o r r e c t i o n )  

CSRM = CSRLWBR + Co r rec t i on  



TABLE C-4 

TABLE OF CORRECTIONS FRUM CSRLWBR TO CSRM 

( C S R ~  = CSRLWBR + CORRECTION) 

O.D. t o  Ma11 Rati-0- 
, . 

11.5 13.0 16.0 19.0 

- -090 - .079 - .063 . - .053 
- .089 - .078 - .062 - .052 
- -086 - .075 - .060 -.050 
-.081 - .070 - .056 - ,046 
- .O?3 - .064 - ,051 -. 042 
- ,063 - .055 - .044 - .036 
- -05 1 - .044 - .035 - *023 
- -036 - .031 - .024 - .020 
- .019 - .017 - -01 3 - .011 
0 0 0 .o 

0.05 0.04 0.03 0.02 
0.1 1 0.09 0.07 0.06 
0.18 0.16 0.12 0.10 
0.26 0.23 0.17 0.14 
0.36 0.31 0.24 0.19 
0.48 0.40 0.32 0.24 
0.61 0.51 0.40 0.31 
0.76 0.63 0.48 0.39 
0.92 0.77 0.58 0.46 
1.12 0.93 0.69 0.56 
1.32 I .U9 Q.02 O,f i ! i  
1.56 1.28 0.95 0.75 
1.82 1.50 1 .09 0.86 
2.12 1.72 1.24 0.99 
2.47 1.97 1.43 1.12 
2.80 2.25 1.62 1.26 
3.21 2.55 1.83 1 .41 
3.66 2.89 2.04 1.57 
4.16 3.26 2 .i18 1.75 
4.72 3.86 2.54 1.94 



CORRELATION* OF X-RAY TEXTURE w ITH CONTRACTILE 
STRAIN RATIO IN TUBING 

X- Ray St ress 
F a b r i c a t i o n  R a t i o  Tex$ure Re1 i eved Recrysta l  1  i z e d  

Sequence 0. D. o f  - O.D. <000J > T  CSK CSR CSR CSR 
L ine  # ( I nch )  W <000] > ( b )  (c)M ( d l  ( e l M  

( a )  I tems 10 and 11 were i d e n t i c a l l y  processed except i n  the l a s t  
reduc t ion  where the  s i z e  change o f  #10 was achieved by p lug  drawing 
wh i l e  #11 was tube reduced i n  a l l  reduct ions.  

( b )  ,( d) CSR v i a  LWBR convenience c a l c u l a t i o n  us ing  OD & L. 

( c )  , '(el CSR v i a  t r u e  s t r a i n  ca lcu la t io ,n  us ing Mid-wal l  Diam. & L. 

t L inea r  Regression Equat ions o f  CSR versus X-Ray Tex tu re  (XRT) 

CSR Corre l  a t i o n  Number o f  
Col umn 

, *-.. -- Equat ion - C o e f f i c i e n t  Data Po in t s  

b XRT = 1.434 - 0.541 ( C S R  as SRA) -0.966 9  

c XRT = 1  .312 - 0.423 (CSR!,, as SRA) -0.963 9  

d  XRT = 1.382 - 0.385 (CSR as RXA) -0.988 5  

e  XRT = 1.263 - 0.281 (CSRpj as RXA) -0.985 5  



TABLE C-6 

REPRODUCIBILITY OF CSR MEASUREMENTS 

Tube Rat io  Average No. o f  Standard 
L i n e  # Type O.U. ' (0.D. + U) CSR Tests  + Dev ia t ion  

5 3 Seed 0.3105 12..8 . 1.575 . 120 : 0.2357 

5 6 PF B l k t  0.531 119.0 1.789.. 81 0.1115 

5 9 Std.B1 k t .  0,576 19.2 1.908 90 . 0.1098 

6 0 Ref1 e c t o r  0.835 ' 19.2 . 1.713 166 0.1380 

TABLE C-7 , ,  

EFFECT OF STRESS RELIEF ON CSR . . 

CSR-CW CSR-SRA ' ' Combined 
L i n e  # O.D. O.D./W Average No.of Test Average Mo.ot Test Average No.ot ~ e s f  



TABLE C-8 

EFFECT OF RECRYSTALLIATION ON CSR* 
(SPECIMEN TESTED IN SAME- FACILITY ) 

AVERAGE 
CSR-SRA CSR-RXA CSR** 

L i  ne No.of No .o f  
# 0.0. O.D./W Average Tests Average Tes ts  SRA RXA 

* L i n e a r  Regression Equat ions Co r re l  a t i o n  
C o e f f i c i e n t  

** The l i s t e d  va lues o f  CSRFl were c a l c u l a t e d  us ing  CSRLWBR da ta  i n  t h i s  

tab1 e and the  c o r r e c t i o n s  shown i n  Tab1 e C-4. 



TABLE C-9 

EFFECT OF RECRYSTALLIZATION TIME AND TEMPERATURE 
ON CSR DATA (TUBE LINE #20) 

Tube Data: 

. O.D. 
. '  - O.U./W 

Heat. Treatment: 

Temperature OF 1235 
Time, Hours 5 

CSR Values: , 

L o t  30 

Lot 40 

Average 1.396 

Average 1 .. 365 

Combined Average 1.378 
N 0 7 



TABLE ' C-10 

CONTRACTILE STRAIN RATIO (CSR) VERSUS % AXIAL ELONGATION FOR SEED TUBES 
STRAINED AT ROOM TEMPERATURE I N  UNIAXIAL TENSION 

(L ine  #19, 0.250" O.D. x 0.0185" Wall, (O.D. + W) = 13.5) 

- - -- - - - - -- - -- - - - - - - - - 
I n i t i a l  Re-s t ra in  Re-s t ra in  

F ina l  S t r a i n  - Cycle No. 1 Cycle No. 2 
Tubing No. Heat Treat* % E l  ong. CSR % E l  ong. CSR X E l  ong. CSR 

5-1 SRA 0.47 0.34 4.42 0.84 
5-2 S RA 0.57 0.54 4.26 1.05 
5 -3 SRA 0.93 0.53 5.94 0.91 
5 -4 S RA 0.88 0.47 5.57 0'. 92 

15-28 S RA 3.06 1.35 7.24 1.16 8.39 1.27 
15-21 A SRA 1.38 0.89 5.80 0.99 10.97 1 .13 
15-21 B SRA 1.52 1.77 5.81 1.24 9.12 1.08 
15-68 SRA 1.40 1.09 5.33 1.06 7.71 0.99 

SRA 
S RA 
S KA 
S RA 

* 
F i  nal Heat-Treatment - .. . . . .. , . ... . . - . . . . . . 

SRA = Stress-Re1 i e f  Annealed 
KXA = Recrystal  1 i ze Anneal ed 

** 
Tubing was received from vendor i n  SRA c o n d i t i o n  and was r e c r y s t a l l i z e d  
a t  B e t t i s  by heat  t r e a t i n g  f o r  6 hours a t  1237OF i n  vacuum. 



TABLE C-11 

CONTRACTILE STRAIN RATIO (CSR) VERSUS % AXIAL ELONGATION 
FOR BLANKET TUBES STRAINED AT ROOM TEMPERATURE I N  UNIAXIAL TENSION 

( L i n e  #17, 0.627" O.D. x 0.037" Wall, (O.D. + W) = 16.9) 

F i n a l  I n i t i a l -  Re-st ra in Re-st ra in Re-st ra i  n 
Tubing Heat S t r a i n  Cycle No. 1 .  CycleNo.  2 Cycl e No. 3 

No. Treat* % E l  ong. CSR % E l  ong CSR % E l  ong. CSR % E l  ong. CSR 

B-1-I IA SRA 0.94 2.30- 4.60 1.61 5.65 1.56 8.80 .1.52 
B-1-11B SKA 0.96 2.97 5.18 1.68 7.15 1.56 
B-1-11C SRA 1.02 2.26 5.01 1.67 5.97 1.56 
[3-1allD SRA 1.01 1.98 4.93 1.63 6'12 1.50 ' 13.07 1.61 

B-2 SRA 5.78 1.52 
B-2 S RA 6-09 1.63 

* 
F i n a l  Heat Treatment -- 
SRA = S t ress  ~ P I  l e f  ar1ilea1 
RXA = Recry s t a l l  i z a t i  on anneal 

* * 
Tubing purchased i n  SRA c o n d i t i o n  were r e c r y s t a l l i z e d  a t  B e t t i  s f o r  6 hours 
invacuum furnace he ld  a t  1237OF. 



TABLE C-12 

0.D.-To-Wall R a t i o  
13 .O 16 .O 

* QMD = QOD + C o r r e c t i o n  

QMD = OLWBR + C o r r e c t i o n  



TABLE C-13 

DEVELOPMENT OF TEXTURE THROUGH,THE 
TUBE MANUFACTURING SEQUENCE 

Tube S i r e  
OD I t e m  ID  I n f o r m a t i o n  # E x t r u s i o n  1 s t  pass 2nd Pass 3rd Pass 4 t h  Pass 

6 2 .307" -259" R e d u c t i o i  - 80.3% 73.6% 
Q R a t i o  1.47 1.26 

Qc 
- 1.47 2.73 

O.D. t V 5.5 9.09 11.33 
CSR Range .73- .77 1.21-1.26 1 . 4 0 4  .52 
CSR ?Iverage .76 1.2: 1.44 
No.oF Tes ts  3 3 3 
Condi t i c n  ' As-Extruded RXA RXA 

63 .307" .259" Reduzt icn - 80.3% 
Q R a t i o  1.47 
Qc - 1.47 
0.0. t Id 5.5 9.03 
CSR Ranqe .73-.77 1.21-11.26 
CSR i4verage .76 1.23 
No.c2 Tests  3 3 
Cond i t i on  As-Extruded RXA 

,307" .259" R e d u z t i ~ n  - 60.9% 
Q Rart ic~ 1.40 
Qc - 1.40 
O.D. I. A 4.92 6.C6 
CSR Range -75--80 .9i-:38 
CSRAvffage .77 ' .95 
No..:f Tes ts  3 .  3 
Conci t i o n  As-Extruded RXA 

2.73 4.30 
11.33 12.34 ' 

1.40-1.52 1.33-2.02 
1.44 1.93 
3 3 
RXA RXA 

50.0% 
1.41 
2.81 

.7.01 
.92- .94 
.93 
3 
RXA 

7E.S  
1.40 
4.21 
1 o . n  
1 .3C-1.32 
1 .31 
3 
RIA 

(1.50)** 1.17 - 2 
RXA SR A 

12.65 
1.26-1 -67 1 .lo-1.28 
1.48 1.19 
20 2 
RXA SRA 



TABLE C-13 (cont inued)  

Tube S ize  
I t e m  BD I D  I n f o r m a t i o n  # E x t r u s i o n  1 s t  ?ass 2nd Pass 3 rd  Pass 4 t h  Pass 5 t h  Pass 

50 .307" -259" Reduct ion - 51.7% 60.9% 50.0% 76.5% 56.2% 
Q R a t i o  1.47 1.40 1.41 1.40 1.49 
Qc 

- 1.47 2.87 4.28 5.68 7.17 
O.D. t W 4.17 4.92 6.06 7.01 10.12 12.65 
CSR Range .El-.84 .83- -88 1.02-1.09 1.04-1.27 1.44-1 .50 1.40-2.24 
CSR Avwage .82 .85 1.04 1.13 1.48 1.75 
No.of Tes ts  2 3 3 3 3 20 
Condi t i ~ n  As-Extrud?d RXA RXA RXA RXA RXA 

5 4 .523" .472" R e d u c t i ~ n  - 7 0% 57.8% 67.0% 
Q R a t i o  1.86 1.83 1.87 
Qc 

- 1.86 3.69 5.56 
O.D. t 51 4.92 8.33 11.54 18.56 
CSR Range .73-.80 1.43-1.93 1.08-1.33 - 1.42-1.70 - 1 .48-2.46 N/A 

0 
N/A 

N CSR Ave-age .76 1.68 1.24 (2.00) 1.58 (2.40)** 1.84 
V Nc.of Tes ts  6 5 5 - 6 - 2 3 

Ccndi t i o n  As-Extruded RXA SRA RXA S RA RXA SRA 

57 .574" .513" Reduct ion - 70.0% 57.8% 61.7% 
Q R a t i o  1.8E 1.83 2.22 
0, - 1.86 3.69 5.91 
o h .  + W 4.92 8.33 11.54 18.82 
C9R Range -73-.80 1.43-1.93 1.08-1 -33 - 1.42-1.70 - 1.76-3.14 N/A 
CSR Average .76 1.68 1.24 (2.00)** 1.58 (2.71)** 2.12 
No.of Tes ts  6 5 5 - 6 - 22 
Condi t i o n  As-Extruded RXA SRA RXA S RA RXA SRA 



TABLE C-13 (Continued) 
Tube Size 

I tem 1nformati:n # Ex:rusion 1 s t  Pass 2nd Pass 3rd Pass 4 t h  Pass 

835 ".748" Reduct ion - 69.2% 
Q Ra t io  1.98 
0-  - 1.98 
'C O.D. t W 5.55 9.78 
CSR Range .7'1-.79 1.24-1.32 
CSR ~veFzge  .5 1.29 
No-of T e s x  3 3 
Condi t i o r  As-Extrude3 RXA 

(2.30)** 1.77 - 166 
RXA SRA 

4 7 .423" .373" Reduction - 50.9% 52.0% 70.9% 77.4% 
Q Ra t io  0.99 1.18 1,48 

. , 
2.54 

Qc 
- 0.99 2.17 3.65 6.19 

0.0. + Wall 5.81 5.79 6.25 10.00 16.92 
CSR Range - .75--89. - 1.56-1.66 lIi95-2.13 1.50-1.61 1.58-1.61 

o CSR Average - 0.82..  (Est.  1.05) 1.61 2.05 1.54 1.59 
TU - 

No.of Tests - 3 - 4 3 3 Q 
Condi ti01 As-Extruded RXA - RNA F XA SRA CW 

4 8 .6OOu .574" Reductior - 
Q Ra t io  
Qc 

- 
0.0. t Wall 5.81 
CSR Range - 
CSR Average - 
#o.of Tests - 
Condi t i c n  Ps-Extruded 

64.5% 
1.88 
2.87 
8.86 
1.37-1.44 
1.41 
4 
RXA 

# 
Red = % area reduc t ion  W = Nominal w i l l  th ickness 
Q Ra t io  = % wa l l  reduc t ion  t % 3.D. r e d i c t i o n  OD = Nminal c~u ts ide  diameter 

Qc = Cumulative Q - r a t i o  

?XA SRA CW 

CXA = R e c r y s t a l l i z e  annealed 
ZRA = :;tress r e l i e f  annealed 

* A l l  passes f o l l o w i n g  e x l r u s i o n  were tube reduced except I r d  and 4 t h  pass o f  I tem 63 which were p l ~ g  drawn (PO) 

** Calcu lated us ing F igure C-3 and :he corresponding CSF.-SRk dzta. 



TABLE C-14 

FABRICATION SEQUENCES OF TUBES 
BY ITEM NUMBER OF THIS REPORT 

Nominal Reduct ion Seauence 
I tem 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

2 17 
I d  
19 

Tube 
Code No. 

S-66576M PWR 
W-306031 SABRE 
W-273688 
W-273688 
R-306088 
R-306088 
W-324635 
S-337414-1 
S-337414-3 
W-335085-1 
W-335085-2' 
W-335085-3 
W-335085-4 
W-335085-5 
W-335085-6 
W-335085-7 
W-345610-1,7 
W-345610-3 
W-345610-3a 
W-345610-14 
W-345610-18,19 
W-369044-1A 
W-369044- 1 C ,10 
W-369044-2A. 
W-349044-2C,2D 
W-369044-3A,3B 
W-369044-3C,3U 
W-369044-4Ay4B 
W-369044-4Cy4D 
W-369044-,5A 
W-369044-50 
W-3G9044-7C,7D 
W369044-8,9 

Dimensions 
- 0.D. Wall 

.--. . ~ 

1 s t  Pass 2nd Pass 3 r d  Pass 4 t h  Pass 
% CW WRR % CW WRR % CW WRR % CW WRR 

5 t h  Pass 6 t h  Pass 
%CW WRR % CW WRR 



TABLE C-14 (continued) 

I tern 
No. 

34 
- 35 
36 . 
37 
38 
3 9 
40 
4 1 
42 
33 
44 
45 
46 
4 7 

0 
W 

48 
0 4 9 

50 
5 1 
52 
5 3 
54 
55 
56 
57 
58 
59 
60 
6 1 
62 
63 

Tube 
Code No. 

W369044- 10 ,I 1 
W377050-1 
.W377050-2 
W377050-3 
W377050-4 
W377050-5 
8379666-1,2 
8379666-3,4 
8379666-5,9 
8379666-6,10 
8379666-7 
8379666-8 
8379666-11 
8 Corn XI 
8 Corn X2 
W463075-11-1A4 
W463075-11-bA5 
W463075-I IA-1C3 
W463075-IIA-1C3PD 
W463075-II1,IIA 
W463075-I1 
W463075-I IK-P3 
W463075-IIA,III83 
W463075-I1 
W463075-IIA 
W463075-IIA,III 
W463075-I1 
W463075-I I I 
W463075-11, 1A3 
W463075-I1 

Nominal 
Dimensions 

O.D. Wall 

SYMBOLS (in WRR C.olumns) 
B a  quenchec fol Iowi ng this reduction 
CW= Cold work or area reduction 

Reduction Sequence 
1st Pass 2nd Pass 3rd Pass 4th Pass 5th Pass 6th Pass 

% Ck' WRR % CW WR2 % CW WRR % CW WRR % CW WRR % CW WRR  

64.4 2.20 59.5 1.89 45.1 1.39 - - - - - - 
79.9 1.46 74.1 1.28 49.3 1.10 - - - - - - 
65.7 1.21 70.2 1.89 47.5 1.40 - - - - 
79.7 1.31 73.4 1.61 - - - - - - - - 
75.7 2.25 47.3 1.14 , - - - - - - - - 
64.1 2.59 73.2 1.87 - - - - - - - - 
68.8 2.10 79.5 1.28 43.3 1.74 - - - - - - 
64.3 1.87 71.7 1.36 64.1 1.75 - - - - - 
68.8 2.10 76.0 1.33 42.4 1.76 - - - - - 
64.3 1.87 60.0 1.48 69.9 1.64 - - - - - 
68.8 2.10 50.1 1.96 43.3 2.08 - - - - 
68.8 2.10 71.7 1.81 - - - - - - - - 
49.8 1.05 56.2 1.30 59.3 1.33 66.3 1.38 42.8 1.38 - - 
50.9 0.99 52.0 1.18 79.0 1.46 77.4 2.54 - - - - 
50.9 0.99 64.5 1.88 74.4 2.35 70.1 1.81 - - - - 
60.9 1.40 50.0 1.41 76.6 1.40 E6.2 1.49 - - - - 
51.7 1.43 60.9 1.40 50.0 1.41 76.6 1.40 56.2 1.49 - - 
80.3 1.47 73.6 1.26 50.1 1.22 - - - - - - 
80.3 1.47 73.6 1.26 39.9 2.07 16.9 0.28P - - - - 
76.8 1.32 65.4 1.50 67.8 1.31 - - - - - - 
70.0 1.86 57.8 1.83 67.0 1.87 - - - - - - 
80.8 1.34 74.4 1.67 - - - - - - - - 
82.0 1.90 70.8 1.50 - - - - - - - - 
70.0 1.86 57.8 1.83 61.? 2.22 - - - - - - 
80.8 1.34 70.3 1.87 - - - - - - - - 
82.0 1.90 66.2 1.66 - - - - - - - - 
69.2 1.98 69.7 2.39 - - - - - - - - 
69.7 2.00 69.7 2.39 - - - - - - - - 
79.9 1.46 74.0 1.28 50.8 1 .l8 - - - - - - 
79.9 7.46 74.0 1.28 39.9 2.07 16.9 0.28P - - - - 

B = Plug drawn pass 
WRR = Wall Reduction Ratio 

j = Sinking pass N/A = Not Available 
Z = Estimated 



TABLE C-15 

Size 
I tem No.* O.D. Wall 

1 .4195 .0305 
2 .566 .0335 
3 .573 
4 .2 54 
5 .62 55 
6 .6785 
7 .2824 
8 .283 0.0190 
8 .283 0.0190 
9 .283 0.0190 
9 .283 0.0190 

10 .283 0.0190 
11 .283 0.0190 
12 .283 0.0190 
13 .283 0.0190 
13 .283 0.0190 
14 .283 0.0190 
14 .283 0.0190 
15 .283 0.0190 
16 .283 0.0190 
17 .6265 .037 
17 .6265 .037 
18 .250 0.0185 
19 .250 0.0185 
19 .250 0.0185 
20 .2595 .0220 
20 .2595 .0220 
2 1 .5745 .0318 
2 2 .7225 .036 
23 .7225 .036 
2 3 .7225 .036 
2 4 .7225 .041 
2 5 .7225 .041 
2 6 .7225 .046 
2 6 .7225 .046 
26P .7225 .046 
2 7 .7225 .046 
28 . .522 ,032 
28 .522 .032 
2 9 .522 .032 
29 .522 .032 
30 .254 .022 
31 ' .254 .022 
32 .254 .022 

CSR Data 
Condi- No .of  Std. 140 .o f  

Avg. Tests 

0.792 8 
1.426 3 
1.60 2 
0.496 4 
1.545 9 
1.62 2 
0.971 4 
1.185 2 
0.985 2 
1.55 2 
1.17 2 
2.02 2 
2.04 2 
1.77 2 
2.76 2 
2.05 2 
2.42 2 
1.75 2 
2.10 1 
0.68 2 
2.17 9 
1.62 12 
1. 6 
1.21 8 
0.95 12 
1.38 7 
1.58 8 
1.81 16 
1.02 4 
1.77 2 
1.35 2 
1.07 4 
1.11 . 4 
1.23 2 
0.95 4 
0.96 4 
1.17 4 
1.22 4 
0.87 4 
1.54 2 
1 .ll 2 
1.06 4 
1.49 4 
1.32 2 

Dev ia t i on  

0.126 - 
- 

Max Lo ts  

1 .oo 4 
1.46 1 
1.6 - 
0.58 3 
1.93 5 
1.71 1 
1.03 2 
1.23 1 
1.00 1 
1.56 1 
1.32 1 
2.29 1 
2.07 1 
1.81 1 
2.87 1 
2.11 1 
2.59 1 
2.03 1 - 1 
0.79 1 
2.36 4 
1.72 4 
1.37 1 
1.24 2 
1 .06 4 
1.53 7 
1 .85 8 
1.98 3 
1.07 1 
1.78 1 
1.37 1 
1 .13 1 
1 .24' 2 
1.25 1 
0.98 1 
1.05 1 
1.20 2 
1.33 1 
0.93 1 
1.57 1 
1 .13 1 
1 .17 1 
1.54 1 
1.38 1 



TABLE C-15 (cont inued) 

CSR Data 
S ize  Condi - No .of Std. No.of 

Itern No.* O.D. Wall t ion**  Avg. Tests Dev ia t ion  Min Max Lo ts  -- 

3 2 ,254 .022 S 0.98 2 - 0.81 1.14 1 
33 .259 .0218 R-2 1.69 8 0.0685 1.61 1.79 2 
33 .259 .0218 S 1.53 4 - 1.45 1.58 1 
3 3 .259 ,0218 C 1.49 3 - 1.48 1.50 1 
35 .307 .025 R 1.11 31 o . i i20  0.89 1.31 2 
3 6 .529 .0295 R 1.64 38 0.085 1.45 1.88 1 
37 .529 .0295 R 1.87 5 - 1.81 1.92 1 
3 7 .529 .0295 S 1.40 25 0.080 1.21 1.58 1 
38 .8355 ,045 R 1.51 30 0.078 1.39 1.66 1 
3 9 .8355 .045 R 1.78 5 0.061 1.74 1.89 1 
:{ 'I .8355 .045 S 1.65 21 U .099 1.37 1.80 1 
40 ,529 ,0295 R 2.20 22 n.aM 2.04 2.38 1 
4 1 .529 .0295 . R 2.08 3 - 2.02 2.12 1 
4 1 .529 .0295 S 1.83 20 0.117 1.59 2.08 1 
42 .574 .0315 R 1.92 22 0.088 ' 1.72 2.05 1 
4 3 .574 .0315 R 2.29 2 - 2.26 2.31 1 
43 .574 .0315 S 1.93 22 0.146 1.71 2.30 1 
4 4 .8355 ,045 R 2.04 22 0.112 1.81 2.24 1 
.45 .8355 .045 R 2.30 2 - 2.29 2.31 1 
4 5 .8355 .045 S 1.67 22 0.093 1.49 1.81 1 
4 6 .307 .025 R 1.34 22 0.086 1.19 1.51 1 
4 7 .423 .02 5 R 2.05 3 - 1.97 2.15 1 
47 .423 .025 S 1.54 3 - 1.50 1,.62 1 
4 7 .423 .02 5 C 1.60 3 - 1.58 1.61 1 
48 .600 .0165 R 4.31 3 - 3.93 . 4.62 1 
4 8 -600 .0165 S 3.24 3 - 2.91 3.44 1 
48 .600 ,0165 C 3.66 3 - 3.59 3.72 1 
4 9 .3074 ,0243 R 1.48 20 0.0940 . 1.26 1.67 1 
4 9 .3074 .0243 S 1.19 2 - 1 . l o  1.28 1 
5 0 .3074 .0243 R 1.75 20 0.229 1.40 2.24 2 
53-L .3105 .0243 R 1.59 120 0.101 1.31 1.97 33 
5 4 .529 .0285 S 1.80 20 0.157 1.48 2.25 2 
56-L -531 .028 S 1.79 81 0.111 1.58 2.11 21 
5 7 ,574 .0305 S 2.04 20 0.132 1.76 2.33 2 
59-L .57b .030. S 1.91 90 0.1 10 1.69 2.18 23 
6 0 .a355 .044 $ 1.73 80 0.107 1.47 1.95 8 
61 -01 . .835 .043 5 S 1.71 32 0.136 1.38 2.04 8 
61-1. .a35 ,0435 S 1.88 54 0.123 1.61 2.12 18 
60+61 .835 .0435 S 1.77 166 0.138 1.38 2.12 26 
bZ .3074 .0243 R 1.40 10 0.059 1.33 I .!JZ 1 
63 .3074 .0243 S 1.17 2 - 1.17 1.18 1 

* L  = LWBK **Final Hcat Treatments 
P = Plug drawn i n  l a s t  reduc t ion  R = Rec rys ta l l  i z a t i o n  anneal 

0 I = Over inspect ion t e s t s  S = Stress r e l i e f  anneal 
performed a t  B e t t i  s. C = No heat t reamtent  f o l l o w i n g  

f i n a l  reduc t ion  
1 = 1.5 hours a t  1325OF 
2 = 6 hours a t  1235OF 
3 = 5 hours a t  1235OF 
4 = 4 hours a t  1300°F 



TABLE C-16 

GROUPING OF TUBE DATA AND FABRICATION SEQUENCES 
BY TUBE SIZE VS LINE NUMBERS OF TABLES C-14 AND. C-15 

Tube L i n e  Numbers 
Tube Dimensions vs CSR Tes t  Condi t ions 

No. o f  
O.D. Ual 1 O.D./W Reductions R S C 

.2 50 .0185 13.51 3 - 18 - 

.2 50 .0185 13.51 3 19 19 - 

.2 54 .018 14.11 6 4 - - 

.2 54 .022 11.55 4 - 30 - 

.2 54 .O22 11,55 3 - 31 - 
.022 11.55 3 .2 54 32 32 - 

.259 .0218. 11.88 4 33 33 33 

.2595 .0220 11.80 3 2 0 - - 

.283 .0187 15.10 3 7 - - 

.283 .0190 14.89 4P 8 8 - 

.283 .0190. 14.89 4P 9 9 - 

.283 .0190 14.89 5 10 , 10 - 

.283 .0190 14.89 5 P 11 - .  - 

.283 .0190 14.89 4 P - 1 2 .  - 

.283 .0190 14.89 5 13 13 - 

.283 .0190 14.89 4 14 14 - 

.283 .0190 14.89 3 - 15 - 

.283 .0190 14.89 4 B,P . -  .16 - 

.307 .025 12.28 3 35 - - 

.307 .025 12.28 5 4 6 - - 

.3074 .0243 12.65 3 62 - - 

.3074 .0243 12.65 4P 63 - - 

.3074 .0243 12.65 4 49 43 - 

.3074 .0243 12.65 5 50 - - 

.3105 .0243 12.78 3 5 1 - - 

.3105 .0243. 12.78 3 - 53 - 

.420 .0305 13.75 5 P 1 - - 

.423 .025 16.92 4 47 47 47 
,522 .032 16.31 3 28 28 - .  

.522 .032 16.31 2 29 29 - 

.529 .0295 17.93 3 3 6 - - 

.529 .0295 17.93 2 37 37 - 

.529 .0295 17.93 3 - 40 

.529 .0295 17.93 3 41 41 - 

.529 .Oi185 '18.56 3 54 - - 

.531 .0280 18.96 2 5 6 - - 

.566 .0335 16.89 2 2 - - 

.573 .037 15.49 3 3 - - 
3 42 .574 .0315 18.22 - - 

.574 .0315 18.22 3 43 43 . - 

.574 .0305 18.22 3 - 57 - 

.5745 .0318 18.07 3 2 1 - - 



TABL,E C-16 (continued) 

Tube Line Numbers 
Tube Dimensions vs CSR Test Condi tions 

No. of 
Wall Reductions 

*B = B e t a  quenched prior to l a s t  reduction. 
C = Cold worked,no heat treatment after final reduction. 
P = Plug drawn in las t  pass. 
R = Recrystal 1 i ze anneal ed after  1 ast  reduction. 
S = Stress relief heat treated after  las t  reduction. 



TABLE C-17 

SUMMARY OF SEE0 TEXTURE DEVELOPMENT DATA 

Avg. Infor- Pass In Reduction Sequence 
I tem# O.D. CSR mation 1 s t  2nd 3rd 4th 5th 

Q c 
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- LINEAR CORRELATION 
REGRESSION COEFFICIENT 

- 0 SRA XFiT= 1.434 - 0 . 5 4 1  CSR - 0.966 

RXA XF;T= 1 .332  - 0 . 3 8 5 C S R  - 0.988 
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1.0 2 . 0  
CONTRACTILE STRAIN RATIO 

FIGURE C - l  
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L I N E A R  - CORRELATION - 
REGRESSION COEFFICIENT- 

- 0 S R A  X R T =  1.31 2 - 0 . 4 2 3 C S R M  -0.963 
R X A  X R T =  1 . 2 6 3 -  0 . 2 8 1  CSR, - 0 . 9 8 5  

I I 

1.0 2 . 0  3 . 0  
CONTRACTILE S T R A I N  RATIO ( M E A N  W A L L  D I A M E T E R )  

C O R R E L A T I O N  O F  X - R A Y  8 CSR T E X T U R E  
F I G U R E  C - 2  



I 1 

- - 

- - 

O - C S R R =  1.26 (CSFiS)  + 0.040 

DATA TABLE C-8 

I I 1 

2 .o 
C S R - R X A  

CORRELATION OlF R X A  & S R A  T E X T U R E  (CSR)  

FI,GURE C-3 
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TUBE L INE NO. 19 O D +  W = 13 .5  
3+ LOCAL NECKING HAS STARTED 

1 1 I I  I I 

O/o ELONGATION 

CSR V S  O/o ELONGATION IN 0 . 2 5 0 "  OD SRA TUBING 

FIGURE C - 4  





CSR V S  % ELONGATION IN  0 . 6 2 7 "  OD TUBING 
FIGURE C - 6  
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CUMULATIVE EFFECT OF REDUCTIONS (Q,= ZQI ON T E X T U R E  (CSR) 

FIGURE C-7  



SEQUENTIAL EFFECT OF REDUCTIONS (Q-FACTOR) ON 

TEXTURE (CSR) IN NON-SEED R X A  TUBING TABLE C-13 

FIGURE C - 8  
CJ3 
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SYMBOL ITEM 
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0 . 2  0 . 4 0.6 3 .8  I ..O 1.2 1.4 * ' 1.6 1.8 2.0 , 2.2 

- 5 . 0 0  . - 2 . 5 0  - I .  61 - . 2 5  Q-FACTOR 

S E Q U E N T I A L  EFFECT OF  REDUCTIONS (Q- F A C T O R )  ON 

TEXTURE (CSR) IN SEED RXA TUBING -TAB'-E C - 13 
FIGURE C - 9  



APPENDIX D 

FURNACE, AND LOAD DEPTH QUALIFICATION 

I. INTRODUCTION 

It was necessary t o  qua1 i fy the .  heat  t r e a t i n g  f a c i l  i ty t o  assure 

t h a t  t h e  requ i red  thermal t reatment  was obtained, s ince  t h e  des i r ed  

m i c r o s t r u c t u r a l  and mechanical p r o p e r t i e s  o f  Z i  r c a l  oy t u b i n g  a re  temperature 

sens i t i ve .  

Experiments were performed t o  prove t h a t  a l l  tubes i n  a g iven 

furnace r u n  rece ived  t he  requ i red  heat  t reatment.  The exper iments supported 

t he  c a l c u l a t i o n s  o f  t ime i n  furnace, t ime  a t  temperature, and l o a d  depth 

1 i m i  t s ,  r equ i red  t o  assure proper heat  t reabnent  f o r  a l l  tubes w i t h i n  

es tab l i shed  l i m i t s  f o r  t ime a t  temperature as we l l  as t o t a l  t ime i n  h o t  

zone. Another s e r i e s  o f  experiments es tab l i shed  the  l e n g t h  o f  .the un i f o rm  h o t  

zone i n  the  furnace and, there fo re ,  es tab l i shed  the maximum l e n g t h  o f  tube  

permi t ted  and t he  p o s i t i o n  o f  t h a t  tube w i t h i n  the furnace. These experiments 

a r e  discussed i n  t he  f o l l o w i n g  sect ions.  

11. FURNACE QUALIFICATION 

A. Load L i m i t  and Heat Treatment 

Heat Treatment Run No. 1 (RXA)  Run No. 2 (SRA) 

Furnace Temperature 1200 t o  1250°F 900°F t o  950°F 

4 Load Depth ( i n c h )  .5 

B. Load D e s c r i p t i o n  

Tubing Size 

Tubi ng Condi ti on 

Tubing A l l o y  

.425" O.D. x .025" Wall x 32 f t  l o n g  

Cleaned and etched sur face  f i n i s h  

P i  r c a l  oy-4 



C .  Furnace .Basket Loading 

F o r  each run, t h e  furnace basket ( thorough ly  o x i d i z e d  and 

approx imate ly  14 i n .  wide x  7  i n .  deep x 33 f t  l ong )  was 1.oaded t o  t he  depths 

no ted  above, w i t h  t he  l o a d  a x i a l l y  centered i n  the  basket  and t h e r e f o r e  

cen te red  i n  t h e  fu rnace  h o t  zone when t he  loaded basket  was moved i n t o  t he  h o t  

zone. Care was ,exerc ised i n  assembling the l o a d  such t h a t  t he  maximum number 

nf  tubes was loaded . i n t o  t h e  space ava i l ab le .  An optimum packing f r a c t i o n  o f  

0.907 was at tempted (c lose-packed t r i a n g u l a r  p i t c h  a r r a y ) ,  b u t  s ince  some 0.f 

t h c  t u b i n g  was n o t  t - n t a l l y  s t r a i q h t ,  a  somewhat lower  f r a c t i o n  resu l t ed .  

Hnwever, a  pack ing f r a c t i o n  exceedin.g .785 was maintained. A c l  ose-packed 

square p i  t c h  a r r a y  has a U .785 pack i  ng f r a c t i o n .  

D. Required Minimum -- Heat Treatment 

As po in ted  ou t  i n  Appendix A, t h e  des i red  c h a r a c t e r i s t i c s  f o r  

seed t u b i n g  was achieved by a r e c r y s t a l l i z a t i o n  heat  t reatment  o f  a t  l e a s t  2 

hours a t  llOO°F. It was a l s o  noted t h a t  the  des f red  p r o p e r t i e s  o f  the  s t r e s s  

re1  i eved  tubes f o r  the  b l a n k e t  and r e t l e c t o r  tubes uuu ld  be achieved by a heat 

t r ea tmen t  o f  a t  l e a s t  2 hours above 85U°F ( o r  13 minutes a t  900°F). 

E. Thermocou~l  e  Loca t ions  

Three thermocouples ( c a l i b r a t e d  a t  400°F, 55U0F, 800°F, 1000°F, 

llOO°F, and 1200°F) were placed a t  t h e  f o l l o w i n g  p o s i t i o n s  with111 lhe  l o a d  o f  

t .~rhing, See F i q u r e  A-3  of Attachment A f o r  schematic o f  l o a d  i n  the vacuum 

fu rnace  basket .  A sketch o f  t h e  thermocouple p o s i t i o n s  i n  t h e  l o a d  c ross  

s e c t i o n  i s  i n c l  uded i n  F igu res  D-1 and D-2. 



TIC No. Transverse P o s i t i o n  Ax ia l  P o s i t i o n  W i  t h i n  Load 

A Top l aye r ,  ou t s i de  tube 4" t o  6" i n t o  near end* o f  tube  

B Center o f  1 oad, m idd le  A t  m id - leng th  o f  cen te r  

tube i n  rniddl e 1 ayer tube i n  cen te r  l a y e r  

C Bottom l a y e r ,  ou t s i de  4" t o  6" f rom f a r  end o f  tube* 

tube on s i de  oppos i te  

TIC No. A 

-- 

*Far end i s  de f ined  as the  p o i n t  o f  ent rance of  t he  l o a d  i n t o  t he  

h o t  zone. The f a r  end i s  ad jacent  t o  t h e  evacuat ion and vacuum 

cool i ng chamber. The 1 oad mon i to r ing  thermocoupl es entered t he  

furnace from the  near end. 

F. Qua1 i f i c a t i o n  Procedure 

1. The loaded basket  was placed i n  the  c o l d  zone o f  t he  furnace 

and evacuated t o  the  standard opera t ing  pressure range, 

i .e., l e s s  than one ni icron o f  mercury. 

2. The basket  was moved i n t o  the  h o t  zone and t h e  mon i t o r i ng  

thermocouples were i n s e r t e d  i n t o  the  gu ide tubes p l  aced i n  

t h e  l oad  a t  t he  l o c a t i o n s  noted i n  1 I . E .  above. The 

technique f o r  i n s e r t i n g  t h e  t h ree  thermocouples through t h e  

furnace wa l l  and a long t he  guide tubes w i  t h o u t  develop ing 

a i r  l eaks  was t he  major  obs tac le  t o  be overcome i n  

developing t he  a b i l i t y  t o  mon i to r  temperatures w i t h i n  each 

l oad  o f  tubes. An autographic record  was made o f  the  

temperature o f  the  t h r e e  thermocouples and o f  t he  vacuum 

gage readings. F igures  D-1 and D-2 i l l u s t r a t e  the  

convergence o f  t he  tube temperatures a t  t he  t h r e e  

thermocouple 1 oca t ions  dur ing  the qua1 i i c a t i o n  experiments 

performed f o r  r e c r y s t a l  1 i z a t i o n  and s t r e s s  re1  i e f  heat 

t reatments,  r espec t i ve l y .  F igure  D-2 i s  t y p i c a l  of a l l  the  

curves obta ined when the  tubes are a t  room temperature when 



loaded i n t o  t he  furnace. The f i r s t  hour o f  F igure  D-1 i s  

abnormal i n  t h a t  t he  1  oad was s t i l l  warm when t h a t  

exper iment was s t a r t e d .  

3. Add i t i ona l  exper iments were run  d u p l i c a t i n g  t he  furnace and 

l o a d  cyc les  descr ibed  above, except  t h a t  w h i l e  the  t h ree  

therrnocoupl es were 1  ocated i n  t he  same t ransverse  p o s i t i o n  

noted i n  I 1  .E. they  were pos i t i oned  i n  t he  same t ransverse  

p lane as thermocouple B a t  t he  in id- length o f  t he  load. The 

t i i i i e  versus terrlperdlur-t, Lur-veS generated by t t lc  t h r c c  

therr~iocouples dup l i ca ted  those developed w i t h  TICS A & C a t  

t he  end pos l  t l o r i s .  

G: Resu l ts  

1. These exper iments prov ided the suppor t  data needed t o  

c o n f i n n  t h e  i n i t i a l  c a l c u l a t i o n s  and t o  e s t a b l i s h  the  heat 

t rea tment  parameters f o r  the  ope ra t i on  o f  WTD furnace #430- 

32 t o  ach ieve t h e  requ i red  heat  t rea tment  f o r  each tube i n  

t h e  furnace l o a d  as descr ibed i n  Sec t ion  I 1  .D. 

2. The c e n t r a l  Cubes reached 1200°F a f t e r  3  hours i n  the  

furnace d u r i n g  t he  r e c r y s t a l l i z a t i o n .  Furnace t ime was se t  

a t  5 t o  6 hours t o  assure a t  l e a s t  2  hours a t  1200°F f o r  a l l  

tubes. 

3. I n  the s t r e s s  re1 i e f  run, the  c e n t r a l  tube reached 900°F i n  

4-112 t~our-s. Furnace t i n e  was s c t  a t  6 f 1/2 hours t o  

assure a  ~ a i r ~ i ~ i ~ u i n  o f  one hour a t  380°F f o r  a l l  tubes. 

.4. The l o a d  s izes  and furnace opera t ion  parameters es tab l  i shed 

t o  achieve t h e  requ i red  heat  t rea tment  a re  summarized i n  the 

f o l l  owi ng tab1 e. 



Nominal Furnace Maximum Time i n  Furnace a t  

Heat Treatment Temperature Load Depth Nomi na l  Temperature 

Rec rys  t a l l  i ze 1225OF 4 i n c h  5 t o  6 hours 

Stress Re1 i e f  925°F 5 inch* 5-112 t o  6-112 hours 

*This 1imf. t  was l a t e r  re laxed t o  5-114 i n c h  t o  permi t  en te r i ng  one more 1 ayer 

of r e f l e c t o r  tube dur ing  heat trea.tr11ent s ince t h a t  l a y e r  ba re l y  exceeded t h e  

5 inch  l i m i t .  

111. LOAD LENGTH VERSUS UNIFORM TEMPERATURE 

A. Reaui rement 

I n  a d d i t i o n  t o  qua1 i f y i n g  the furnace t imes and temperatures, i t  

was necessary t o  de f ine  the  l e n g t h  o f  un i form heat zone. Th is  zone de f ined  

the  maximum tube l eng th  t h a t  could be permi t ted and the  proper l o c a t i o n  o f  t he  

tubes i n  furnace t o  assure a proper heat t reatment throughout . the load. 

B. ~xper ime-n ta l  Procedure 

1. These experiments dup l i ca ted  those descr ibed i n  Sect ion I 1  

f o r  temperature, l oad  size, and transverse p o s i t i o n  o f  the  

thermocouples. The except ion was t h a t  thermocouple B was 

i nse r ted  through the  l oad  and extended beyond the  end o f  the  

1   ad by some 6 inches. 

2.  A f t e r  t he  l oad  had reached a s tab le  uni form temperature as 

i nd i ca ted  by the thermocouples A & C and the resu l  t s  o f  

previous experiments, thermocouple B was drawn stepwise 

through the  l oad  and he ld  a t  each step f o r  two minutes t o  

s t a b i l i z e .  Then the  temperature a t  t h a t  l o c a t i o n  was 

recorded. 



. . 

. . 
3. Th i s  incremental  advance, fo l lowed by a two minute 

s t a b i l  i z a t i o n  pe r i od  p r i o r  t o  record ing,  was cont inued 

through the  l e n g t h  o f  the  load. S ix  i nch  increments were 

used i n  the f i r s t  and l a s t  2 - foo t  sect ions o f  the  load. The 

remai n1 ng measur-e~nerrts were taken a t  ~ n e . ~ . f o o t  i n t e r v a l  s .  

C. Resul ts  

1. Typica l  p l o t s  o f  t he  temperature along the c e n t e r l i n e  o f  the 

l o a d  and the p o s i t i o n  o f .  t h a t  reading w i t h  respect  t o  the  

1 oad, t h e  basket,  and the furnace are  shown i n  F igures  D-3 

f o r  a r e c r y s t a l  1  i z a t i o n  heat t reatment  and i n  F igure  D-4 f o r  

a s t ress-re1 i e f  heat  treatment. 

2. Data on the t rave rse  o f  B thermocouple i n  the 

r e c r y s t a l  1  i z a t i o n  run  ill us t ra ted  i n  F igure  D-3 ranged from 

a 1 ow o f  1247°F near t h e  mid- length t o  a h igh  b f  1261" a t  

the  end o f  t h e  basket  f o r  a  14°F range, we l l  w i t h i n  the 5 0 " ~  

range permi t ted  by the  1 i m i  t s  1  i s t e d  i n  Sect ion I 1  . A .  b u t  

w i t h  a mid-range temperature o f  1254°F i n d i c a t i n g  a b i a s  

between the f ur:r~dce contr-01 thermocouple and the  1 oad 

thermocou~ l  e. 

Data on the t rave rse  o f  thermocouple B i n  the s t ress  r e l i e f  

anneal heat t reatment  experiment, i 11 u s t r a t e d  by the  

temperw tu r~  p r o f i l e  shown i n  F iqu re  D-4, shows a temperature 

range laong the  cen te r  o f  the l oad  from a maximum o f  957°F 

a t  the near end t o  a minimum o f  943°F near the mid- length o f  

t h e  load. Th i s  14°F .range i s  a1 so we1 1 w i t h i n  t h e  5 0 ' ~  

range permi t ted  by the  1 i m i t s  1 i s t e d  i n  Sect ion I 1  .A. Here 

again a con t ro l ,  b i a s  was evident.  

4. The 1 i h i i  t s  o f  the  un i fo rm ho t  zone o f  the  furnace were 

de f i ned  and a l l  f i n a l  heat  t reatment loads had t o  be 

pos i t ioned w i t h i n  the  def ined uni form ho t  zone. 



I V .  OVERALL RESULTS 

A. A s p e c i f i c  heat  t reatment  furnace (WTD #430-32) was approved f o r  

use i n  the  f i n a l  heat  t rea tment  o f  tubes produced f o r  LWBK f u e l  

r od  c ladd ing  a f t e r  demonstrat ing t h a t  t he  p rescr ibed  heat  

t reatment  cou ld  be achieved w i t h  t he  l o a d  and w i t h i n  t h e  1 i m i t s  

discussed above when the  l oad  was pos i t i oned  w i t h i n  the  "un i f onn  

h o t  zoneN o f  t h a t  furnace. 

b. The re1 a t i o n  between the  rnoni t o r  thermocouples i n  the  1 oad and 

the  furnace c o n t r o l  thermocouples was es tab l  i shed  d e f i n i n g  t h e  

b i a s  between the  c o n t r o l  and the load. Thus, t h e  s e t - p o i n t  f o r  

t he  furnace t o  achieve a g iven l oad  temperature was es tab l i shed ,  

f u r t h e r  rn in imiz i  ng the p o t e n t i a l  f o r  1  oad temperatures o u t s i d e  

t he  des i red  range. 

C. The c o r r e l a t i o n  between l oad  t ime i n  h o t  zone and the thermal 

experience o f  t he  outermost and i n te rmos t  tube i n  t he  l o a d  

permi t ted  s e l e c t i o n  o f  parameters f o r  the ope ra t i on  o f  t he  

furnace which would assure t h a t  a l l  tubes i n  t h e  l o a d  rece ived  

the  requi  r ed  heat  t reatment.  
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APPENDIX E 

DEVELOPMENT OF A THERMAL TECHNIQUE TO DETERMINE THE LEVEL OF POST-ANNEAL 

COLD WORK (PACW) I N  RECRYSTALLIZE ANNEALED ZIRCALOY -4 TUBING 

I. INTRODUCTION 

Under cond i t i ons  o f  ex te rna l  pressure a t  e l  evated temperatures, t h e  

f ree-s tand i  ng 1 i f e  o r  t i rne-to-col  1 apse o f  Z i  r c a l  oy-4 c l  addi ng i s h i g h l y  

sensi  t i v e  t o  1 ow 1 eve1 s o f  r es i dua l  co l  d work. Therefore,  d u r i n g  manufacture 

o f  LWBR tub ing,  i t  was necessary t o  e s t a b l i s h  c o n t r o l s  t o  min imize induced 

c o l d  work f o l l o w i n g  f i n a l  hea t  t reatment.  

Cont ro ls  were appl i e d  t o  bo th  r e c r y s t a l l  i z e  annealed seed t ub ing  and 

s t r e s s  re1 i e f  annealed b l a n k e t  and r e f l e c t o r  tubing. in '  two areas i n  t he  

f o l l  owing manner: 

( a )  Hand1 i n g  procedures were i ~ i l p l  emented , t o  p reven t  l o c a l  p l a s t i c  

defonnat ion du r i ng  i nspec t i on  and t r a n s f e r  operat ions;  e.g. ,  

improper tube support  can r e s u l t  i n  excessive bending and 

forrnat ion o f  "k inks."  

( b )  Tube s t r a i g h t e n i n g  parameters were in t roduced t o  l i m i t  induced 

c o l d  work t o  3 percen t  maximum. These parameters i nc l uded  

r e s t r i c t i o n s  i n  tube o f f s e t  and number o f  passes as we1 1 as 

r o l l  c learances t o  avo id  tube "p~nch ing . "  

Process c o n t r o l s  were implemented t o  assure t h a t  a l l  processing and 

i nspec t i on  procedures were c l o s e l y  fo l lowed,  and a spec ia l  t e s t  was developed 

f o r  r e c r y s t a l  1 i z e  annealed seed t ub ing  f o r  added assurance t h a t  the  3 percen t  

maximum c o l d  work 1 i m i  t had n o t  been exceeded. Th is  t e s t ,  designated as the  

Post-Anneal Cold Work (PACW) t e s t ,  i s  based on the s t r a i n - s e n s i t i v e  g r a i n  

growth behavior  o f  r e c r y s t a l  1 i z e  annealed Z i r c a l  oy-4. 



Whereas normal g r a i n  growth occurs by reduct ion o f  s tored gra in-  

boundary surface energy, g r a i n  growth can a1 so occur by inducing s t r a i n  energy 

i n t o  the c r y s t a l  1 a t t i c e  ..through co l  d work. During thermal treatment, the  

boundaries'between gra ins  migrate, causing one g ra in  t o  . increase i n  s ize  a t  

the  expense o f  another g ra in ,  which shr inks and f i n a l l y  disappears. Since 

g ra ins  greater  than f i f t y  t imes t h e  s i z e  o f  the o r i g i n a l  g ra ins  can r e s u l t ,  

the  term exaggerated g r a i n  growth (EGG) has been appl ied. 

A t  1 evel s o f  c o l d  work below approximately 3%, normal 

r e c r y s t a l l i z a t i o n  occurs. Above t h a t  l e v e l  o t  c o l d  work, a few gt'alns receivc 

s u f f i c i e n t  s t r a i n  energy t o  permi t  boundary migrat ion,  and the r-esul t a n t  new 

g r a i n  s i ze  can be q u i t e  l a r g e  ( g r e a t e r  than 0.020 i n c h  diameter, where 0.020 

i n c h  i s  equ iva len t  t o  ASTM g r a i n  s i z e  "00"). As the  1 evel o f  c o l d  work 

i ncreases, the number o f  g ra ins  suscept i  b l  e t o  s t r a i  n - i  nduced boundary 

movement i s  increased, w i t h  boundary movement occur r ing  f a s t e r  i n  those 

regions where the  d i s t o r t i o n  has been greatest.  Ihe r'esul t a n t  new yraains are  

ma1 1 e r  than a t  t he  1 ower co l  d work 1 evel s, assuming the same thermal 

treatment,  p r i m a r i l y  due t o  the l a r g e r  number o f  new g ra ins  i n  the same volume 

and t o  the  impingement o f  t he  newly grown gra ins  upon each other.  The upper 

1 i m i  t t o  the l e v e l  o f  c o l d  work t h a t  w i l l  r e s u l t  i n  EGG i s  approximately lo%, 
s i  nce greater  deformation w i l l  resu l  t I n  normal rec rys ta l  1 i zat ion.  

Parameters f o r  the seed PACW t e s t  were determined by u n i a x i a l l y  

s t r a i  n i  ng ,sampl es o f  r e c r y s t a l  1 i ze annealed Z i  r c a l  oy-4 tub ing  t o  the  3 percent 

a x i a l  s t r a i n  ( =  3% a x i a l  e l  ongat ion) '1 evel and then eva lua t ing  the EGG 

response by heat t r e a t i n g  a t  var ious combinations o f  t ime and temperature. A 

heat-treatment c y c l e  was selected f o r  the PACW t e s t  such t h a t  the presence o f  

EGG i n d i c a t e d  a minimum o f  3 percent c o l d  work, whereas the absence o f  EGG 

i ndicated 'less than the 3 percent  c o l d  worked l e v e l  . Add i t iona l  cold work 

l e v e l s ,  ranging from 1.0 t o  3.7 percent, were a1 so inc luded as p a r t  o f  the 

i n v e s t i g a t i o n  t o  more c l o s e l y  de f i ne  the r e l a t i o n s h i p  between co ld  work and 

EGG. 



The EGG study was p r i m a r i l y  d i r e c t e d  t o  the  establ ishment  o f  PACW 

t e s t  parameters f o r  r e c r y s t a l l i z e  annealed seed tubing. Both o f  t he  b lanke t  

s izes  and the r e f 1  ec to r  s i z e  tub ing  f o r  LWBR were manufactured w i t h  a  s t ress-  

r e l i e f  anneal as the  f i n a l  heat  t reatment  and, there fo re ,  were no t  suscep t i b le  

t o  the EGG phenomenon. However, a  small quan t i t y  o f  r e c r y s t a l l i z e  annealed 

b lanket  t u b i n g  was a v a i l a b l e  from a  prev ious procurement e f f o r t ,  and some 

l i m i t e d  PACW-EGG experimentat ion was performed f o r  add i t i ona l  in fo rmat ion .  

11. MATERIAL 

Two Z i rca loy-4  tub ing  s izes  were used i n  the  study, 0.283" O.D. x 
0.019" wa l l  th ickness ( t h e  nominal LWBR seed s i ze  was l a t e r  changed t o  0.311" 

O.D. x 0.024" wa l l  th ickness) ,  and 0.574" O.D. x  0.032" wa l l  th ickness ( t h e  

nominal LWBR standard b lanket  s i ze  was l a t e r  changed t o  0.576" O.D. x 0.030" 

wa l l  th ickness)  . The tub ing  was received i n  the rec rys ta l  1  ize-anneal ed-pl us- 

s t ra ightened cond i t i on  from the  vendor, and the  t e s t  samples were g iven a  

second r e c r y s t a l l i z a t i o n  anneal a t  B e t t i s  (1200 + 20°F f o r  5  f 114 hours i n  

vacuum) t o  e l im ina te  any s t r a i n  induced by the  s t ra igh ten ing  operat ion.  

Tubing f a b r i c a t i o n  h i  s to ry  and chemi s t r y  are given i n  Tab1 e  E-1 . 
The mic ros t ruc tu res  a f t e r  the  second r e c r y s t a l l  i z a t i o n  f o r  bo th  s izes  o f  

tub ing  p r i o r  t o  the  s t a r t  o f  these experiments are presented i n  F igu re  E-1. 

111. EXPERIMENTAL PROCEDURE 

Recrys ta l l  i zrl anneal ed Z i  r c a l  oy-4 tube specliiiens were un iax i  a1 1  y 

s t ra ined  by t e n s i l e  t e s t i n g  and subsequently .heat t r ea ted  a t  var ious 

combinations o f  t ime and temperature. The r e s u l t a n t  m ic ros t ruc tu res  were then 

evaluated fo r  the presence o f  exaggerated g r a i n  growth (EGG). The f o l l o w i n g  

d e t a i l s  i d e n t i f y  the  s p e c i f i c  experimental techniques: 

A. Tube specimens, twenty-four i n c h  long, were c i r c u m f e r e n t i a l l y  

scr ibed i n  314" increments. 



B. .Each specimen was u n i a x i a l l y  s t r a i n e d  a t l room temperature a t  a  

un i f o rm  s t r a i n  r a t e . o f  0.05 f 0.005 inches per  i n c h  o f  gage 

-1 ength pe r .  minute t o  a x i  a1 e l  onga t i  ons . ranging fro111 1  .O% t o  

3.7%. Note Tables E-2 through E-5 f o r  t he  ac tua l  e l onga t i on  

obtained. 

C. I n d i v i d u a l  a x i a l  e l  onga t ion  ( EA) c a l c u l a t i o n s  weremade fur 
each 314" s e c t i o n  from l e n g t h  measurements. A t  these 1  ow 

l e v e l  s  o f  s t r a i n  t he  e l onga t i on  i s  approx imate ly  equal t o  t he  

t r u e  s t r a i n  as shown by t h e  f o l l o w i n g  equat ion.  

where 

Lf  = Length a f t e r  s t r a i n i n g  .. 

. '  . . 

Lo  = Length be fo re  s t r a i n i n g  . 

. . 
U. The 24" l ong  specimens were c u t  i n t o  i n d i v i d u a l  314" l ong  

sec t ions  us ing  an abras ive '  saw. The tube clamping dev ice used 

d u r i n g  c u t t i n g  was: covered w i t h  a  s o f t  ma te r i a l  t o  avo id  

sur face  abrasions, whfch cou ld  p o t e n t i a l l y  impar t  s u f f i c i e n t  

1  ocal  surface s t r a i n  t o  i n i t i a t e  EGG du r i ng  thernldl t reatment .  

E. The 314" sec t i ons  were encapsulated i n  Vycor tubes, b a c k f i l l e d  

w i t h  argon, sealed, and heat  t r ea ted  a t  temperature and t ime 

combina t ions 'no ted  i n  Tables E-2 through E-5. The encapsulated 
' 

specimen was a i r  coo led  t o  roum te11iper8tur.e. A.minimurn of two 
_I , sec t ions  was used. f o r  each heat  t reabnent  cond i t i on .  

F. Each 314" s e c t i o n  was c u t  i n  h a l f  ( l o n g i t u d i n a l l y ) ,  mounted, 

po l i shed  and evaluated f o r  EGG a t  50X under p o l a r i z e d  l i g h t .  A 
minimum of 30 ' f i , e l d s  (15 f i e l d s  per  each o f  two l o n g i t u d i n a l  

sec t i ons )  pe r  speci~i len was evaluated. Each f i e l d  covered an 

area o f  0.035 i n c h  x  0.035 i n c h  on t he  po l i shed  sur face o f  the  

metal  1  ographi  c  mount. 



G. To a i d  i n  q u a n t i t a t i v e  eva lua t i on  o f  t he  t e s t  specimen the  

 neta all ograph o r  miroscope was f i t t e d  w i t h  'an ove ra l y  g r i d  

(0.035 i n c h  square) subdiv ided i n  t o  100 squares a t  0.0035 i n c h  

on a side. The r e l a t i v e  s e v e r i t y  o f  t h e  g r a i n  growth i n  each 

specimen was determined by coun t ing  the  t o t a l  number o f  g r i d  

segments (0.0035" square) which conta ined an exaggerated g r a i n .  

I V .  RESULTS AND DISCUSSION 

A. B l a n k e t T u b i n g  (0.574" O.D. x0 .032"  Wal l )  

S e n s i t i v i t y  t o  EGG i n  the  rarige o f  2.3% t o  3.7% e longa t i on  

( a x i a l  s t r a i n )  was detected a t  1450°F, and a s e r i e s  o f  heat  t reatments  were 

performed a t  va r ious  t ime i n t e r v a l s .  EGG r e s u l t s  a re  g iven i n  Table E-2 and 

F igure  E-2. A t  2.3% s t r a i n ,  t he  response t o  g r a i n  coarsening i s  q u i t e  slow. 

Even a f t e r  an e i g h t  hour t reatment ,  o n l y  30% coarsening has occurred. As t he  

a x i a l  s t r a i n  i s  increased, however, the  coarse g r a i n  growth phenomenon becomes 

p rog ress i ve l y  niore pronounced, u n t i  1 a t  3.7% e l  ongat ion almost complete g r a i n  

coarsening has occurred a f t e r  two hours. The meta l log raph ic  data suppor t ing  

the  1450°F curves o f  F igure  E-2 a r e  summarized i n  Tab1 e E-2, and a re  presented 

i n  photomicrographs i n  ~ i ~ u ~ e s  E-3 through E -6wh i ch  i l ' l u s t r a t e  t he  t ime- 
. . . _is 

t r ans foma t i o ' h  functi;n. Two s t r a i n  l e v e l  s are shown i n  each f i g u r e .  

As i l l u s t r a t e d  i n  F igures E-3 through E-6, t he  r e s u l t a n t  g r a i n  

s i z e  o f  the  newly grown g ra ins  i s  a f u n c t i o n  o f  the  number o f  new g r a i n s  

formed. The f o l l o w i n g  comparison o f  g r a i n  s izes  a t  va r ious  s t r a i n  l e v e l s  

shows a c o n s i s t e n t  t r end  toward sma l le r  g r a i n  s i ze  as the  s t r a i n  l e v e l  i s  

increased. Heat t reatment  t imes were se lec ted  where g r a i n  growth was 

considered e s s e n t i a l l y  conpl ete,  o r  nea r l y  complete i n  the  case o f  t he  lower  

s t r a i  n 1 eve1 s. 



% Gra in  ASTM 

El  onga t i on  Time a t  1450°F Coarsening Photomicrograph -- Grain  Size 

2.5% 16 hrs .  77.6 F ig .  E-3i >00 t o  1 ' 

2.7% 8 hrs. ' 82.3 F ig .  E-4d 00 t o  1.5 

'2.9% 8 hrs.  99.8 F iq .  E-4h 00 t o  2 

3.0% 8 hrs.  99.9 F ig .  E-5d 0.5 t o  2 

3.2% 4 hrs.  100. F ig .  E-5h 1.5 t o  4 

3.7% 4 hrs.  100. F ig .  E-6h 2 t o  5 .  

The v a r i a t i o n  i n  EGL respofise ro ternper-d 1ur.e f l  i r c tua t ions  

around t h e  nominal 1450°F hea t  t rea tment  temperature was determined a t  two 

temperature 1 eve1 s, 1435OF and 146;b°F. l'he g r a i n  coat-senr'rrg r e s u l t s  n t  th'ese 

s t r a i n  l e v e l s  a re  a1 so presented i n  Tab1 e E-2 and p l o t t e d  i n  F igures  E-7 and 

E-8. These da ta  sh'ow the  r a t e  o f  fo rmat ion  o f  new g r a i n s  increases w i t h  
. . 

h i ghe r  hea t  t r ea tmen t  temperature.  The e f f e c t s  o f  t ime and temperature.on t he  

devel  opment o f  ' a  coarse g r a i n  m i c r o s t r u c t u r e  a r e  ill u s t r a t e d  i n  F igu res  .E-9, 

E-10, and E-11 f o r  specimens w i t h  a x i a l  s t r a i n s  o f  2.5%, 3.0%, and 3.5%, 

r e s p e c t i v e l y .  The t r ade -o f f  o f  t ime  and temperature i s  e v i d e n t  i n  these t h ree  

se t s  o f  photomicrographs. 

The curves o f  EGG v s  t i ~ r ~ e  f o r  specimens w i t h  t h ree  l e v e l s  o f  

a x i a l  s t r a i n  i n  F i g u r e  E-7 f o r  t r ans fo rma t i on  temperatures o f  1435°F and 

1465OF b r a c k e t  t h e  1450°F curves  o f  ~ i g u r e  E-2 f o r  t h ree  se lec ted  a x i a l  

s t r a i n s  (2.5%, 3.OX, and 3.6%). 

Where F igu res  E-2 and E-7 p l o t  percen t  EGG versus t ime  f o r  a 

f a m i l y  o f  s t r a i n s  a t  a g iven  t r ans fo rma t i on  temperature, F i gu re  E-8 i s  a p l o t  

o f  pe rcen t  EGG versus temperature f o r  a fami ly  o f  exposure t imes a t  t h ree  

s t r a i n  l e v e l s .  F i g u r e  E-8 i s  a g raph ic  p l o t  o f  t he  i r~Furrnat ion illustrated by 

the  photomicrographs i n  F igu res  E-9, E-10, and E-11. 

I n v e s t i g a t i o n  o f  t he  use o f  t h e  EGG phenomenon t o  d e t e c t  

s t r a i n s  l e s s  than 2.3% were i n i t i a t e d  a t  1450°F b u t  the  response was too  

s l  uggi  sh. Several experiments were performed a t  1475°F us ing  specirnens w i t h  



1.0%, 1.5% and 2.0% a x i a l  s t r a i n .  The r e s u l t s  o f  these experiments a r e  shown 
. - 

i n  t h e  curves o f  F i gu re  E-12 which were p l o t t e d  from t h e  data presented i n  

Table E-3. 

B. Seed Tubing ( .283' O.D. x  0.019" Wal l )  

S e n s i t i v i t y  t o  EGG a t  3  percent  s t r a i n  was detected a t  1375OF, and 

a s e r i e s  o f  hea t  t reatments  were performed a t  va r ious  t ime i n t e r v a l s  i n  the 

2.3 percen t  t o  3.4 percen t  range. EGG r e s u l t s  a r e  g iven  i n  Table E-4 and 

F i g u r e  E-13. A t  2.3%, t h e  EGG response i s  q u i t e  slow; even a f t e r  an e i g h t  

hour heat  t reatment ,  o n l y  28% coarsening has occurred. 'As t h e  s t r a i n  1  evel  

increases, however, the  EGG phenomenon becomes p rog ress i ve l y  more pronounced, 

u n t i l  i n  t h e  3.0 t o  3.5% s t r a i n  range complete coarsening occurs w i t h i n  f o u r  

hours. The photomicrographs i n  t he  bottom sec t i on  o f  F i gu re  E-14 i l l u s t r a t e  

t he  changes noted i n  Table E-4 and F igure  E-13. Based on these r e s u l t s ,  a  

PACW t e s t  was es tab l i shed  f o r  seed t ub ing  a t  1375OF f o r  one hour and was 

incorpora ted  as p a r t  o f  t h e  t u b i n g  s p e c i f i c a t i o n .  Th i s  t e s t  r equ i red  t h a t  

samples (2.5" 1  ong) r ep resen ta t i ve  o f  t h r e e  s t ra igh tened tubes from each f i n a l  

r e c r y s t a l l  i z a t i o n  anneal furnace l o t  be heat  t r e a t e d  a t  t he  s e n s i t i z i n g  

temperature (1375OF) and subsequently eva luated f o r  the  presence o f  coarse 

g r a i n s  (ASTM 7 o r  coarser) .  EGG o f  10% o r  more was designated as i n d i c a t i v e  

o f  a c o l d  work l e v e l  above 3% s t r a i n .  

As t h e  2.3% s t r a i n  curve  i n  F i g u r e  E-13 i n d i c a t e s ,  t h e  1375°F t e s t s  

d i d  not produce EGG a t  reasonable t intes below t h e  2.3% s t r a i n  1  eve l  . 
Add i t i ona l  t e s t i n g  was perfomled a t  1475OF t o  determine i f  s t r a i n s  i n  the  1% 

t o  2% range cou ld  be de tec ted  i n  r e c r y s t a l  1  i z e d  annealed seed tubes us ing  t he  

EGG phenomenon. .The r e s u l t s  o f  t he  t e s t s  a t  1475OF a r e  shown i n  the  

photomicrographs a t  t he  t op  o f  F i gu re  E-14 and the  t e s t  data are.shown i n  

Table E-5 and i n  the  curves o f  F i gu re  E-15. The 1475°F r e s u l t s  showed t h a t  

s t r a i n s  as l ow  as 1% cou ld  be detected a t  1475OF us ing  t h e  t t i G  phenomenon. 

The 1475OF t e s t  f o r  EGG was n o t  used, s ince  the  res idua l  s t r a i n  1  i m i  t f o r  seed 

tubes was s e t  a t  3.0X.maximum. The increased EGG response w i t h  i nc reas ing  

exposure titne was e v i d e n t  a t  bo th  temperatures. 



Add i t i ona l  data were ob ta ined  t o  show the  v a r i a t i o n s  i n  EGG w i t h  

t ime  f o r  minor changes i n  temperature ( f  15°F) about t he  nominal t e s t  

temperature.  G ra in  coarsening s e n s i t i v i t y  as a f u n c t i o n  o f  temperature was 

determined f o r  t h e  s t r a i n  range o f  2.3 t o  3.4% a t  1460°F and 1490°F (nominal = 

1475°F) and a t  1360°F and 1390°F (nominal = 1375") f o r  the  1.0 t o  2.1% s t r a i n  

range. The r e s u l t s  a re  g iven  I n  Tables E-4 and C-5 and shown i n  F igu re  E- 

16. A l l  responses were c o n s i s t e n t  and, a t  a  g iven  s t r a i n  l e v e l ,  d isp layed  

inc reased  g r a i n  coarsening w i t h  increased temperature. 

Whi le t he  pe rcen t  EGG i s  p l o t t e d  aga ins t  t ime a t  temperature i n  

F igu res  E-13, E-15, and E-16 us ing  t h e  data i n  Table E-4 and,E-5, the  same 

da ta  a r e  presented i n  F igu res  E-17 and E-18 as percen t  EGG versus hea t  t r e a t  

temperature f o r . v a r i o u s  t imes f o r  a x i a l  s t r a i n s  ranging from 1.0% t o  3.4%. 

V .  CONCLUSIONS 

A .  Recrys t a l l  i ze anneal ed Z i  r c a l  oy-4 tubes exh ib i  t the  

exaggerated g r a i n  growth phenomenon when specimens w i t h  a x i a l  

s t r a i n s  i n  the  range o f  1  t o  4% a re  exposed i n  vacuum t o  

temperatures from 1360 t o  14756F. 

l3. 'l'he pe rcen t  t;raris~Formation from a f i n e  g r a i n  t o  a cnars r  g r a i n  

s t r u c t u r e  increases w i t h  t ime, temperature, s t r a i n  1  eve1 and 

t h e  ASTM g r a i n  s i z e  number i n  the  s t r a i n e d  specimen. 

C. The tilile t o  achieve a given percent  t rans fo rmat ion  decreases 

w i  t h  i n c r ~ a s i  ng temperature gnd decreases w i t h  i nc reas ing  

l e v e l s  o f  s t r a i n  p r i o r  t o  t h e  vacuum heat  t reatment  over t h e  

range o f  v a r i a b l e s  covered i n  t h i s  study. 

D. Three percent  s t r a i n  can be rep roduc ib l y  detected i n  f i n e  

g r a i n  seed tub ing.  Coarse g ra ins  i n  excess o f  10% o f  t he  

metal1 ographic f i e l d  inspected, f o l l  owing a heat  t reatment  o f  

one hour a t  1375"F, i n d i c a t e s  a s t r a i n  i n  excess o f  3%. 



TABLE E-1 

L 

F a b r i c a t i o n  H i  s t o r y  

FABRICATION HISTORY AND CHEMICAL ANALYSIS OF 
ZIRCALOY-4 TUBING 

Seed Tubing B lanke t  Tubing 

Tube I tem No. from Table C-14 7 42 
Size .283" O.D. x .019" W .574" O.D. x .032" W 
Number of Tube Reducer Passes 3 - 3 
X Area Reduction L a s t  Pass 78 4 2 
F i n a l  Heat Treatment (As Purchased) 1200 t 20°F f o r  2f1/2 Hrs 1237 t 37°F f o r  6 t 2  Hrs  
B e t t i s  Pre-Test Heat Treatment 1200 f 20°F f o r  5f1/4 Hrs ,1200 t 20°F f o r  5f 1/4 Hrs 

Chemical Ana lys is  
A l l o y s  (%)  

S n 
Fe 
C r 
N i 

I m ~ u r i  t i e s  

Seed Tubing 

1.54 
0.22 
0.1 1 

<O .004 

B l  anket  Tubing 

1.48 
0.23 
0.1 1 

<o. 001 



TABLE E-2 

PERCENT GRAIN COARSENING* IN  RECRYSTALL IZE ANNEALED 
0.574" O.D. X 0.032" WALL 

ZIRCALOY -4 TUBING AXIALLY ELONGATED FROM 2.3% t o  3.7% AND SUBSEQUENTLY 
HEAT TREATED FOR THE INDICATED TIME AT TEMPERATURE 

Heat Treatment Ax ia l  E longa t ion  
Temperature/Time 2.3% 2.5% 2.1% 2.9% - 3.0% 3.2% -374% 3 ..YZ 

1435°F - 1 /2  h r  . - - - - - - - - - - - - - - 0.6 
1 h r  - - 0 - - - - 0.3 - - - - 5.3 
2 h r s  - - 0.8** - - - - 7.9 - - - - 78.2 
4 h rs ,  - - 2.2 - - - - 19.2 - - - - - - 
8 h rs  - - 16 .O - - - - 85.1 - - - - = 

1450°F - 1/2 h r  - - .. - - - - - - - 0.2 0.5 2.3 
1 h r  - - O.Of+ 0.7 0!9 2.2 9.8 23.7 51.5 
2 h r s  0.6 2.6 5.5 15.4 35.8 55.i 65.5 99.0 
4 h rs  6.4 23.2 45.3 86.8 89.9 1 00 100 100 
8 h r s  32.2 50.6 82.3 99.8 99.9 100 - - 

- - - - - - 100 
16 h r s  70.5 77.6 - - - - - - 

1465°F - 1/2 h r  - - - - - - - - - - - ii - - 4 .3  
1 h r  - - 0.5** -- - - 4.2 - - - - - - 99.8 
2 h r s  4.3 - - - - 49.7 - - 100 i -  - - 
4 h r s  - - 22.1 - - - - 90.9 - - - - - - 
8 h r s  - - 63.1 - - - - 99.1 - - - - - - * 

* Reported va lues a re  averages bdSed on a I I I ~  ilirnum o f  two specimens per  h ~ a t .  
t rea tment /e longa t ion  combinat ion. Each was evaluated on t he  bas i s  o f  two l o c a t i o n s  
(180" a p a r t )  p e r  specimen, 15 views per  l o c a t i o n .  

** Percent  gra, in  coarsening f o r  each t e s t  cond i t i on .  



TABLE E-3 

PERCENT GRAIN COARSENING* IN RECRYSTALLIZE ANNEALED 
0.574" O.D. x 0.032" WALL 

ZIRCALOY-4 TUBING AXIALLY ELONGATED FROM 1.0% t o  2.0% AND SUBSEQUENTLY HEAT 
TREATED AT 1475°F FOR THE HOURS INDICATED 

Heat Treatment Ax ia l  S t r a i n  o r  Elongat ion 
Temperature/Time 1 . 0 % 1 . 5 " X , O %  

1475°F - 8 hrs  0.2** 8.5 61 .O 

16 h r s  3.2 38.8 97.7 

24 h rs  8.4 79.1 100 

* Reported values are averages based on minimum o f  two specimen per heat  
t rea tment le longat ion  combination. Each specimen was evaluated on the  
bas i s  o f  two l oca t i ons  (180" apa r t )  per  specimen, and a minimum o f  15 
views per l oca t i on .  

*"ercent g r a i n  coarsening f o r  each t e s t  cond i t ion .  

Ell 



TABLE E-4 

.PERCENT GRAIN COARSENING* I N  RECRYSTALLIZE ANNEALED . , 

0.283" O.D. x 0.019" WALL 
ZIRCALOY-4 TUBING AXIALLY : ELONGATED FROM 2.3% TO 3.4% AND SUBSEQUENTLY 

HEAT TREATED FOR THE INDICATED TIME AT TEMPERATURE 

Heat Treatment A x i  a1 E l  onqat ist l  

1360°F - 1 h r  - - - - - - 1.7 - - 2.1 
2 h r s  - - 3.3** - - 7.6 - - 4.0 
4 h r s  - - 8.3 - - 74.9 - - 95 .o 

137ti°F - 1/2 h r  - - - - - - a - ," ,- 4 - 1  
1 h r  0.4 0.5 3.2 31.9 45.0 
2 h rs  1.8** 4.3 10.4 31.4 65.8 77.0 
4 h r s  - - 52.9 YJ.9 99.7 100 100 
8 h r s  28.3 100 - - - - - - - - 

1 3 9 0 ° ~ - -  1 h r  - - 0.6** = - 9.6 - - - - 
2 h r s  - - 16.7 - - 56.9 - - - - 
4 h r s  - - 61.7 - - 99.0 - - - - 

* Reported values are averages based on two specimens minimum per  heat 
t reatment /e longat ion combination, each specimen evaluated on the bas is  o f  
two l o c a t i o n s  (180" apa r t )  per  specimen, 15 views per l oca t i on .  

** Percent g r a i n  coarsening f o r  each t e s t  cond i t i on .  



61 h TABLE E-5 

-b PERCENT GRAIN COARSENING* I N  RECRYSTALLIZE ANNEALED 
0.283" O.D. x 0.019" WALL 

ZIRCALOY-4 TUBING AXIALLY ELONGATED FROM 1.0% t o  2.0% AND SUBSEQUENTLY 
HEAT TREATED FOR THE INDICATED TIME AT TEMPERATURE 

Heat Treatment Axial Elongation 
Tempera ture/Ti me 

1460°F - 1 h r  
2 hrs 
4 hrs 

1475°F - 1/2 h r  
1 h r  
2 hrs 
3 hrs 
4 hrs  
8 hrs 

16 hrs 

1490°F - 1 h r  
2 hrs 
4 hrs 

* Reported values are averages based on two specimens minimum per heat 
treatment/el ongation combination. Each specimen eval uated on the basi s 
o f  two locat ions (180" apart)  per specimen, 15 views per locat ion.  

** Percent gra in  coarsening f o r  each t e s t  condit ion. 



E 

Seed Size (0.283" O.D. x 0.019" wall) 

BLankedt size (0.574" I.D. x o.03en WW) 

Micmstructure of Zircaloy-4 Tubing Ssmp1,es After the Second 
Recrystallization Heat Treatment. Both Transverse, Polarized Light 
250x 

Figure E-1 



HOURS AT 1 4 5 0 ~ ~  

EFFECT OF TIME AT 1 4 5 0 ~ ~  ON EXAGGERATED GRAIN GROWTH 
IN RECRYSTALLIZE ANNEALED 0 . 5 7 4 ~ ~ 0  D X 0.032" WALL 

ZIRCALOY-4 TUBING AXIALLY STRAINED AT THE INDICATED LEVELS 

FIGURE E-2 



a. 1450 OF/ 2 HRS 2.3 Yo EA e. 1450°F/I WR 2.5OIoC* f. 1450°F&HRS. 2 . 5 % ~ ~  
U.6 V/o GRAIN COARSENING Orno GRAfN C ~ A R ~ ~ N I N G  2.6% GRAIN COARSEN1 NG 

b. 1 4 5 0  OF/4 HRS 2.3 % EA g. 1 4 5 0 ° F / 4 H R S  2.5 %EA 
6.4 % GRAIN COARSENING 23.2% GRAIN COARSENING 

C. 1450 O F / 8  HRS . 2 . 3 y o E A  ~ . I ~ S O " F / ~ H R S  
3i?2°/a GRAIN CQARSEN lNG 63.1 % GRAIN COARSENING 

GRACW COARSENING IN LONGITUDINAL SECTIONS 9F RECRYSTALLIZE 
ANNEALED 0 ~ 5 7 4 ~ ~ 0 ~  x 0.032"' WALL ZlRCALOY -4 

' 

TUBING STRAINED 2.3% AND 2.5OA AND SUBSENQUENTLY 
HEAT TREATED AT 1450° IF POLARlZ ED LIGHT, 5QX 



0. 1450 OF/  I H R  2 . 7  % €A e. 1450 OF/ l HR 
0.7 % GRAIN COARSE NlNG 0.9% GRAIN COARSENING 

b. 1 4 5 0 ° F / 2  HRS 2 .? yo €A f. 1 4 5 0  O F/ 2 HRS 2.S0/o €A 

5.5 % G R A I N  COARSENING 15.4O/~ G R A I N  COARSENING 

d 1 4 5 ~  " F /  8 H R S  ~ . 7 ' $ o  €A h. 1 4 5 0 ° F / 8 H R S  2.9% €A 

8 2 . 3  % GRAIN COARSENING 9 9 . 8 O k  GRAIN COARSENING 

GRAIN COARSENING IN LONGITUDINAL SECTIONS OF RECRYSTALLIZE 
ANNEALED 0 .574~~00  X 0.032" WALL ZI RCALOY-4 

TUBING STRAINED 2.7% AND 2.S0h AND SUBSEQUENTLY 
HEAT TREATED AT 1450°E POLARIZED LIGHT, 5 0 X  

FIGURE E - 4  E l 7  



a. I ~ ~ O O F / I  HR 3.0 e. 1450°~/1/2 HR 32%eA f. 1450°F/I HR 3.2Okrb 
2.2OiO GRAIN COARSENING 0.2% GRAIN COARSENING 9.8% GRAIN COARSENING 

b. 1450°F/2 HRS 3.0%€, Q. 1450°~ /2  HRS 3.2%~~ 
35.8% GRAIN COARSENING 55. la!& GRAIN COARSENING 

I 

1 

3.8% iA h. rrau-r/cl HKS 3 . 2 v o r ~  
89.9 *) GRAIN COARSEN IN@ 100°/o GRAIN COARSENING 

d. 1430°F/8 HRS 3.2%q 
99.9% GRAIN COARSENlNO tmok, GRaIN COARSENING 

GRAIN COARSE NlNG IN LONGITUDIMAL SECTIONS OF RECRYSTALLIZE 
ANNEALED 0.574" 00 x 0.032" WALL ZIRCALOY-4 

TUBING STRAINED 3.0% AND 3.2% AND SUBSEQUENTLY 
HEAT TREATED AT 1450°F POLARIZED LIGHT, 50X  

FIGURE E-5  E 18 



a. 14s0°F/l/2 HR 340/o€A e. 1450°F/1/2 HR 3.7OI0€~ f. 145 :/I HR 3.7 O/O €A 
0.5% GRAIN COARSENING 4.3% GRAIN COARSENING 51.5% GRAIN COARSENING 

b. 145O0F/I HR 3 . 4 q b e ~  9. 1450°F/2 HRS 3.7 %€A 
23.7% GRAIN COARSENING 99.0°/'GRAlN COARSENING 

C. 1450°F/2 HRS 3.4%EA h. 1450°F/4 HRS 3-7 70 €A 
65.5'1- GRAIN COARSENING lOOqb GRAIN COARSENING 

d. 1450QF/4 HRS 3.4 %€A i. 1450°F/8 HRS 
100% GRAIL -3ARSENING 100% GRAIN COARSENING 

GRAIN COARSENING IN LONGITUDINAL SECTIONS OF RECRYSTALLIZE 
ANNEALED 0.574~~0~ X 0.032" WALL ZIRCALOY - 4  

TUBING STRAINED 3.4% AND 3.7% AND SUBSEQUENTLY 
HEAT TREATED AT 1450°E POLARIZED LIGHT, 50 X 

FIGURE E-6 . El9 



0 0 
0 2 4 6 8 0 2 4 6 8 

HOJRS AT 1435OF HOURS AT 1465OF 

EFFECT OF TIME AT HEAT TREATMENT TEMPERATLIRE (1435OF AND 1465OF) 
ON GRAIN COARSENING IN RECRYSTALLIZE ANNEALED 0.574 "0 D X 3.032" WALL 

ZIRCALOY-4 TUBING AXIALLY STRAINED AT THE INDICATED 

FIGURE E-7 



AXIAL STRAIN (€A)= 2.5 O/o A X I A L  STRAIN (€ , I=  3.0% AXIAL STRAIN ( e A ) = 3 . 5  % 

TEMPERATURE (OF) TEMPERATURE (OF) TEMPERATURE (OF) 

EFFECT OF HEAT TREATMENT TEMPERATURE ON GRAIN COARSENING 
IN RECRYSTALLIZE ANNEALED 0.574" O D  X 0 .032"  WALL ZIRCALOY-4 

TUBING AXIALLY STRAINED AT THE INDICATED LEVELS 

FIGURE E-8 



0. HEAT TREATED AT 1435O F/ l HR e. HEAT TREATED AT 1450°F/ I HR i. HEAT TREATED AT 146S0F/l HR 
OOk, GRAIN COARSENING 0.8Oh GRAIN COARSENING 0.5OA GRAIN COARSEN ING 

b, HfAT TREATED AT 1435OF/2 HRS f. HEAT TREATED AT 1450°F/ 2 HRS j. HEAT TREATED AT 1465OF/2HRS 
O.eO/~ GRAIN COARSENING 2,6O/! GRAIN COARSENING 4.3% GRAIN COARSENING 

C. HEAT TREATED AT 1435OF/4 HRS 9. HEAT TREATED AT 1450°F/4 HRS HEAT TREATED AT 1465OF/4 HRS 
2.2% GRAIN COARSENING 23.2% GRAIN COARSENING 22.1°/0 GRAlN COARSENING 

- 
d. HEAT TREATED AT  1435OF/8 HRS  HEAT TREATED AT 1450°F/8 HRS I. HEAT TREATED AT 1465OF/8 HRS 

16O/0 GRAIN COARSENING 63.1°/0 GRAIN COARSENING 50.6'/0 GRAIN COARSENING 

GRAIN COARSENING IN LONGITUDINAL SECTIONS OF RECRYSTALLIZE 
ANNEALED 0.574" OD X 0.032" WALL ZIRCALOY-4 

TUBING STRAINED 25% AXIALLY AND SUBSEQUENTLY HEAT 
TREATED AT VARIOUS TEMPERATURE/TIME COMBINATIONS. 

POLARIZED LIGHT, 50 X 

F IGURE E-9 
€22 



a. HEAT TREATEO AT 1435O~ / l   tip- e. HEAT TREATED AT 1450°~/1 HR i. HEAT TREATED AT 146S°F/I HR i;,: 
0.3 O/o GRAIN COARSENING 2.2 % GRAIN COARSENING 4.2% GRAIN COARSENING 

b. HEAT TREATED AT 1435OF/2 HRS f. HEAT TREATED AT 1450°F/2 HRS j. HEAT TREATED AT 1465OF/2 HRS y-im 
7.990 GRAIN COARSENING 35.8 0/0 GRAIN COARSENING 49.7 % GRAIN COARSENING 

C. HEAT TREATED AT 1435OF/4HRS 9. HEAT TREATED AT 1450°F/4 HRS k. HEAT TREATED AT l 4 6 5 O ~ / 4  HRS 
19.2% GRAIN COARSENING 89.9% GRAIN COARSENING 90.9% GRAlN COARSENING 

,. , ,,,, , ..,-. ,,. AT 1435°F/8HRS h. HEAT TREATED AT 1450°F/8 HRS 
85.1 GRAIN COARSENING 99.g0/0 GRAIN COARSENING 

GRAlN COARSENING IN LONGITUDINAL SECTIONS OF RECRYSTALLIZE 
ANNEALED 0 . 5 7 4 ~ 0 0  X 0.032" WALL ZIRCALOY -4 

TUBING STRAINED 3.0°h AXIALLY AND SUBSEQUENTLY HEAT 
TREATED AT VARIOUS TEMPERATURE/TIME COMBINATIONS. 

POLARIZED LIGHT, 5 0 X  

FIGURE E-10 
E23 



a. HEAT TREATED AT 1435OF/ 1/2 HR 
0.6 % GRAIN COARSENING 

f .  HEAT TREATED AT 1465O~/1/2 HR 

2.3 % GRAIN COARSENING 

h HEAT TREATED AT 1435"F/ 1 HR d. HEAT TREATED AT 145OwF/ 1 HR g. n t w r  I n i A T E D  AT 140a9f/ l WR 

5-3 GRAJN GMRSENING . . 
51.5% GRAIN COARSENLNG 99.8 70 GRAIN COARSENING 

C. HEAT TREATED AT 1435OF/2 HRS e. HEAT TREATED AT 1450°F/2 HRS h. HEAT 'TREATED AT 1465OF/2 HRS 
78.2 % GRAIN COARSENING 99.0 O/o GRAIN COARSENING I00 GRAIN COARSENING 

GRAIN COARSENING IN LONGITUDINAL SECTIONS OF RECRYSTALL l ZE 
ANNEALED 0,574"~~ X ~ ~ ~ 3 2 "  WALL Z IRCAII OY - 4 

TUBING STRAINED 3.5Oh AXIALLY AND SUBSEQUENTLY HEAT 
TREATED AT VARIOUS TEMPERATUREITIME COMBINATIONS. 

POLARIZED Lf'CSWT, 501X 

FIGURE E- l l  



8 16 24 
HOURS AT 1475OF 

EFFECT OF TIME AT HEAT TREATMENT 
TEMPERATURE (1475 O F )  ON GRAIN COARSENING IN 
RECRYSTALLIZE ANNEALED 0 . 5 7 4  "0 D X 0 . 0 3 2  'I 
WALL ZIRCALOY-4 TUBING AXIALLY STRAINED 

AT THE INDICATED LEVELS 

FIGURE E-12 



0 2 4 6 8 
HOURS AT 1375OF 

EFFECT OF TIME AT 1375OF ON GRAIN 
COURSENING IN RECRYSTALLIZE ANNEALED 

0 .283"  OD X 0.019" WALL ZIRCALOY-4 TUBING 
AXIALLY STRAINED AT THE INDICATED LEVELS ( E * )  

FIGURE E-13 



1.8% GRAIN COARSENING 41.9% GRAIN COARSENING 96.3% GRAIN COARSENING 

b. 1475 OF/4 HRS I.o%€A d. 1475OF/4 HRS 1 . 5 % ~ ~  f. 1475OF/4 HRS 2.0 YO~A 
44.9 % GRAl N COARSENING 95.0 % GRAIN COARSENING 100 % GRAIN COARSENING 

g. t37a- r /  I nn L.~YOEA j. 1375O F/I HR S.O%ci, 1. 1375 OF/I HR 3 4 % e ~  
0.4% GRAIN COARSENING 3.290 GRAIN CO&RSENJNG 4 5 0/n GRAIN COARSENING 

I 

h. i37S°F/2 HRS 2.59(oen 
4.3% M A I N  COARSENING 77.0% BRAIN COAEKXNIW~ 

52.9% GRAIN COARSENING 99.7% GRAIN COARSENING 1000/o GRAIN COARSENING 

GRAlN COARSENING IN LONGITUDINAL SECTIONS OF RECRYSTALLIZE 
ANNEALED 0 . 2 8 3 ~ ~ 0 ~  X 0.019" WALL ZIRCALOY-4 TUBING AXIALLY 

STRAINED 1.0% TO 3.4% AND SUBSEQUENTLY HEAT TREATED 
AT THE SPECIFIED CONDITIONS. POLARIZED LIGHT, 5 0 X  

FIGURE €44 



0 
0 2 4 6 8 10 

HOURS AT 1475OF 

E F F E C T  OF T I M E  AT 1475°F OM GRAIN 
COARSENING I N  RECRYSTALLIZE ANNEALED 

0.283" OD X 0.019" WALL ZIRCALOY-4 TUBING 
AXIALLY STRAINED AT T H E  INDICATED L E V E L S  ( E ~ )  

FIGURE E-15 



- 
0 I 2 3 4 5 

HOURS AT 1360°F 

U, 

0 I 2 3 4 5 
HOURS AT 1390°F 

HOURS.AT 1 4 6 0 ° F  HOURS AT 1 4 9 0 ° F  

EFFECT OF TIME AT HEAT TREATMENT TEMP.ERATURE 
ON GRAIN COARSENING IN RECRYSTALLIZE ANNEALED 

0.283" 0 0  X 0.019" WALL ZIRCALOY -4  TUBING 
AXIALLY STRAINED AT THE INDICATED LEVELS(EA) 

FIGURE E-16 



A X I A L  STRAI h =, 2.5 % AX IAL STRAIN = 3.OSc/o A X I A L  STRAIN = 3.4 '10 

- 

1360 1375 1390 136.3 ,1375 .1390 '1400  1360 1375 1390 
TEMPERATURIE ( O F )  TEMPERATURE (OF ) TEMPERATURE (OF) 

EFFECT OF,HEAT TREATMENT TEMPERATUFE OM GRAIN COARSENING 
IN RECRYSTALLIZE ANNEALED 0.283 "0 D X 0.018" WALL ZIRCALOY- 4 

TUBING AXIALLY STRAINED AT THE INDICATED LEVELS . ' .. 

FIGURE E-17 



AXIAL STRAIN (€,I= I.OO/o A X I A L  STRAIN (6,) = 1.5 '10 A X I A L  STRAIN (€A) = 2.0°/0 

1460 1475 1490 1460 1475 1490 1460 1475 1490 
TEMPERATURE (OF) TEMPERATURE (OF) TEMPERATURE (OF) 

EFFECT OF HEAT TREATMENT TEMPERATURE ON 'GRAIN COARSENING 
IN  RECRYSTALLIZE ANNEALED 0 . 2 8 3 ~ 0  D X 0.019" WALL ZIRCALOY-4 

TUBING AXIALLY STRAINED AT THE INDICATED LEVELS 

FIGURE E-18 




