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Paper No. 2

FABRICATION AND INSPECTION OF TUBING, TUBESHEETS, AND 

TUBE-TO-TUBESHEET WELDS OF THE CRBRP STEAil GENERATORS

by

C.N. S p a l a r i s ,  General E l e c t r i c  Company

R.E. Durand, Rockwell I n t e r n a t i o n a l ,
Atomics I n t e r n a t io n a l  D iv i s io n

R.W. McClung, Oak Ridge National  Laboratory

E.A. Wright, Department o f  Energy 
CRBRP P r o j e c t s  O f f i c e

ABSTRACT

The r a t i o n a l e  f o r  the t e c h n ic a l  d e t a i l s  l ead in g  to  the s e l e c t i o n  

o f  tub ing  and tu b e s h e e t  s p e c i f i c a t i o n s  and i n s p e c t i o n  techniques  was based  

upon the d e s i r e  to o p t im ize  the chances o f  s u c c e s s  f o r  the CRBRP steam 

g e n e r a to r s .  Fabr ica t ion  p r o c e s s e s ,  e s p e c i a l l y  we ld ing  f o r  the t u b e - t o -  

t u b e s h e e t  j o i n t s  were recogn ized  as c r i t i c a l .  Thus, heavy emphasis was 

placed  upon the development o f  r e l i a b l e  we ld ing  techn iq ues  as wel l  as i n ­

s p e c t i o n  methods us ing  the most a c c u r a te  and s e n s i t i v e  t o o l s  a v a i l a b l e .

Accomplishments  t o  date  i n c lu d e :  a)  the  procurement o f  the

tubing  and t u b e s h e e t s ,  t o  the  d e s i r e d  s p e c i f i c a t i o n s ;  b) v a l i d a t i o n  t h a t  the  

d es ign  base p r o p e r t i e s  o f  VAR and ESR wrought products  are wel l  w i th in  the  

Code a c c e p t a b l e  l e v e l s ;  and,  c)  development o f  welding and t u b e - t o - t u b e s h e e t  

i n s p e c t i o n  methods to  provide s a t i s f a c t o r y  l e v e l s  o f  q u a l i t y .

Lor p r e s e n t a t i o n  a t  th e  f i r s t  j o i n t  US/Japan seminar on LMFBR steam g e n e r a t o r s ,  
Japan,  February, 1978.
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1 .0  INTRODUCTION

I t  was re cogn iz e d  from the o n s e t  t h a t  one o f  the primary causes  o f  

f a i l u r e s  in steam gene r a tor s  i s  m ater ia l  r e l a t e d .  In an e f f o r t  to  opt im ize  

the chances o f  s u c c e s s  in the CRBRP steam g e n e r a to r s ,  extreme care  was made in 

the s e l e c t i o n  and t e s t i n g  o f  the  tube and tu b e s h e e t  m a te r ia l s  and the s e l e c t i o n  

o f  s u p p l i e r s  o f  t h e s e  p r o j e c t s .  The mater ia l  s e l e c t e d  f o r  c o n s tr u c t io n  was 

2- l /4C r- lM o.  This c h o i c e  was made p r im ar i ly  because o f  t h i s  a l l o y ' s  r e s i s ­

tance to  s t r e s s  c o r r o s io n  c rack ing .  Once the  materia l  was s e l e c t e d ,  meetings  

were h e ld  with p o t e n t i a l  f a b r i c a t o r s  o f  tubes and tu b e sh e e t s  to  d i s c u s s  what  

l i m i t s  o f  c ontro l  cou ld  reasonably  be ach ieved  on th e se  products  with a s t a t e  

o f  a r t  techn o logy .  In a d d i t i o n ,  methods o f  m el t ing  and the advantages and 

disadvantages  t h e r e o f  as wel l  as methods o f  heat  treatment  were d i s c u ss e d .

A f t e r  e x t e n s i v e  d i s c u s s i o n  with p o t e n t i a l  s u p p l i e r s ,  s p e c i f i c a t i o n s  

were d r a f t e d  by the General E l e c t r i c  Company, Sunnyvale,  C a l i f o r n i a ,  with  

major input  from Westinghouse ,  the Lead Reactor Manufacturer (LRM), the Pro­

j e c t  O f f i c e  (PC), Oak Ridge National  Laborator ie s  (ORNL), Atomics I n t e r ­

na t ion a l  ( A I ) ,  and the p o t e n t i a l  s u p p l i e r s  o f  the f i n i s h e d  product forms be fore  

they were form al ly  imposed on p o t e n t i a l  product  s u p p l i e r s .  S p e c i f i c a t i o n s  

were prepared f o r  Vacuum Arc Remelt (VAR) and fo r  E lec tro  Slag  Remelt (ESR) tube­

s h e e t s  and t u b in g .  Standard m el t ing  p r a c t i c e  was used f o r  the s h e l l  p l a t e  m a t e r i a l .  

In g e n e r a l ,  the requirements  f o r  the balance  o f  the  m a te r ia l s  f o r  the  steam  

generators  were ASME B o i l e r  and Pressure  Vesse l  Code s p e c i f i c a t i o n s  with added 

r e s t r i c t i o n s  as  n e c e s s a r y .  The reason t h a t  s t r i c t  emphasis was p laced  on the  

tubing and t u b e s h e e t  m ater ia l  i s  because  th e  t u b e - t o - t u b e s h e e t  welds were cons id ered  

to  be the  most probable source  o f  f a i l u r e  w i t h in  the  CRBRP steam g e n e r a to r s .

Emphasis was placed  on prov id in g  metal 1 u r g i c a l l y  c l e a n ,  c o n s i s t e n t  

q u a l i t y  m a te r ia l s  w i th  low impurity  l e v e l s  in order to ach ieve  high i n t e g r i t y  

welds .  A d e c i s i o n  was made to requ ire  VAR o r  ESR t u b e s h e e t s  r a th er  than 

weld o v e r la y  p a r t i a l l y  because o f  the l en g th  o f  the s p i g o t s  which are machined 

from t h e s e  t u b e s h e e t s .  These long s p i g o t s  are required to  permit  the t u b e - t o -  

tu b e s h e e t  weld to be i n s p e c t a b l e  by radiography and o th e r  means and to permit  

in d iv id u a l  p o s t  weld h e a t  t rea tm ent  o f  t h e se  welds with subsequent  rad io ­

graphy.

The importance in the s e l e c t i o n  o f  vendors and the placement o f  the  

purchase orders fo r  the  tubes and t u b e s h e e t s  were recogn ized .  The major 

problem encountered in purchasing the tubing was to f in d  a vendor who could
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d e l i v e r  tubes approx imate ly  20M ( 6 5 ' )  long in an annealed c o n d i t i o n ,  and a 

vendor who could vacuum melt  or  e l e c t r o  s l a g  remelt  and forge  the tube she et  

to  the s p e c i f i c a t i o n  requirements .

A g r e a t  amount o f  t e c h n ic a l  e f f o r t  was expended by the vendors to 

f o l l o w  the  m a te r ia l s  during the product ion  and t e s t i n g  c y c l e s .  P a c i f i c  Tube 

Company, Commerce, C a l i f o r n i a  was s e l e c t e d  as the vendor f o r  the  tu b in g ,  and 

Cameron Iron Works in Houston,  Texas was s e l e c t e d  f o r  the m el t ing  and forg ing  

and i n s p e c t i o n  o f  the t u b e s h e e t s .  The o t h e r  c r i t i c a l  i tems were p l a t e s  f o r  

the s h e l l ,  n o z z l e s ,  f o r g i n g s ,  s w e e p o le t s  and steam heads.  Suppl iers  were 

s e l e c t e d  among vendors such as Lukens S t e e l ,  Bonner Forge,  Crane Company, e t c .

This r e p o r t  d e a l s  with the r a t i o n a l e  f o r  the ch o ice  o f  s p e c i f i c a t i o n s ,  

process  methods and i n s p e c t i o n  t echn iq ues  f o r  the m a te r ia l s  and weld ing  pro­

c e s s e s  c r i t i c a l  to  the CRBRP steam ge n e r a to r s .  T e s t in g  r e s u l t s  are given  

which were n e c e ssar y  to q u a l i f y  tub ing and t u b e s h e e t s  and to v a l i d a t e  t h e i r  

s u i t a b i l i t y  as regards to  Code c r i t e r i a .

2 . 0  GENERAL DISCUSSION

2.1 Tubing and Tubesheet  P r op e r t ie s

M e ta l lu rg ic a l  r e f i n i n g  was s p e c i f i e d  f o r  s t a r t i n g  m a te r ia l s  d e s t in e d  

fo r  steam g e n e r a to r  tubing  and t u b e s h e e t s .  These s p e c i f i c a t i o n s  were cons id ered  

n e c e ssar y  in order to reduce the  p o t e n t i a l  for :  (a)  i n c l u s i o n s  which could

i n t e r f e r e  with t u b e / t u b e s h e e t  weld ing and c o n t r ib u t e  to tubewall  or tubesheet  

s p i g o t  d e f e c t s ,  and (b)  em b ri t t l em ent  phenomena, u s u a l ly  the r e s u l t  o f  impurity  

element  c o n t e n t .

I n d u s t r ia l  a p p l i c a t i o n s  o f  t h i s  a l l o y  have been almost  e x c l u s i v e l y  

through the  use o f  a i r  mel ted  grade ,  thus manufacturing e x p e r ie n c e  and data base  

f o r  the ESR and VAR grades had been very l i m i t e d .  I t  was n e c e ssar y  to s e l e c t  

s p e c i f i c a t i o n s  which were proper f o r  the c r i t i c a l  sodium/water pressure  boundary 

a p p l i c a t i o n ,  but  a l s o  w i t h in  the a v a i l a b l e  or  p o t e n t i a l l y  ac h ievab le  s t a t e  o f  

the  a r t  w i t h in  the  s t e e l  in d u s t r y .  Once i n i t i a l  heats  o f  ESR and VAR m a te r ia l s  

became a v a i l a b l e ,  a t e s t  program was i n i t i a t e d  to determine i f  the pr o p e r t i e s

o f  the r e f i n e d  a l l o y  d i f f e r e d  from those  o f  the a i r  mel t  v a r i e t y  used to e s t a b l i s h  

ASME Code c r i t e r i a .  I n i t i a l l y ,  a v a i l a b l e  mater ia l  y i e l d e d  t e s t  r e s u l t s  v/hich 

compared f avorab ly  with Code accepted  v a l u e s .  The r e s u l t s  showed t h a t  s tr e n g th  

property  va lues  f o r  mater ia l  w i thout  p o s t  weld heat  treatment  tends to l i e  toward 

the lower  region  o f  the data band, but  s t i l l  wel l  above the lower bounds f o r  the  

data in ASME Code Case 1592.*^^^ At t h i s  t im e ,  i t  was a l s o  r e a l i z e d  t h a t  the Code 

values did not  in c lu d e  the e f f e c t s  o f  p o s t  we ld  hea t  treatment  as a s e p ar a te  

ca te g o r y .



There were over  200 l o t s  o f  tub ing which w i l l  be used f o r  f a b r i c a t i n g  a l l  
CRBR steam g e n e r a t o r s . N i n e  o f  t h e se  Tots were s e l e c t e d  fo r  f u r t h e r  t e s t i n g  

and comparison with  the pre l im in ary  data and the data base fo r  the ASME Code 

(Table 1 ) .  For the t u b e s h e e t  e v a l u a t i o n ,  one la r g e  fo rg in g  was s e l e c t e d  out  

o f  the 22 ordered f o r  the  t e s t  and e v a l u a t i o n  (Table 2 ) / 3'i s h o r t  term mechanical  

p r o p e r t i e s  t e s t i n g  f o r  the f o r g i n g s  has been completed and long range t e s t s  

( 10 ,000  hours creep  and beyond) are now in pr ogr e ss .

The requirements  o f  th e  i n i t i a l  s p e c i f i c a t i o n s  f o r  both tubing and 

t u b e s h e e t  have been met.  I t  was,  t h e r e f o r e ,  demonstrated t h a t  high q u a l i t y  

wrought products  made by the e l e c t r o s l a g  r e f i n i n g  (Figure 1) and vacuum arc  

p r o c e s s e s ,  meet the Code. I n i t i a l  f ea r s  o f  high r e j e c t i o n  rates  because o f  

t i g h t  s p e c i f i c a t i o n s  did not  m a t e r i a l i z e  and the r e s u l t a n t  tubing and tubesheets  

have been d e l i v e r e d  to the manufacturer o f  the steam generators  a t  reasonable c o s t s

2 .1 .1  Tubing C h a r a c t e r i z a t io n

To ensure  t h a t  the  production tub ing met the s p e c i f i e d  requirements ,  9 

l o t s  o f  tub ing were s e l e c t e d  from the i n i t i a l  23 and were t e s t e d  in d e t a i l  to  

determine chemical  c om p os i t ion ,  m ic r o s tr u c tu r a l  f e a t u r e s ,  phys ica l  dimens ions ,  

and s h o r t  term mechanical  p r o p e r t i e s .  As with i n i t i a l  t e s t s ,  the r e s u l t s  

i n d i c a t e  t h a t  the product ion  tubing  met the t e c h n ic a l  requirements  and i n t e n t  

o f  the o r i g i n a l  s p e c i f i c a t i o n .  Chemical com posi t io n  was held w i th in  very  

t i g h t  l i m i t s  and the m ic r o s tr u c t u r e ,  hardness ,  and t e n s i l e  p r o p e r t i e s  were 

ex tremely  r eproduc ib le  from l o t  to  l o t  (Table 3 ) .  T e n s i l e  and bu r s t  t e s t s  up 

to temperatures o f  600°C showed t h a t  a very t i g h t  control  o f  chemical c o n ten t  and 

f in a l  heat  t rea tm ent  produces homogeneous s t r u c t u r e s .  The wall  t h ic k n e s s  was 

held w i th in  the  s p e c i f i e d  t o l e r a n c e  o f  10%. S t a t i s t i c a l  a n a l y s i s  o f  r e s u l t s  from 

u l t r a s o n i c  examinat ion i n d i c a t e d  a p r o b a b i l i t y  o f  .01 t h a t  a f law  g r e a te r  than 

3% o f  the  wall  e x i s t s  in any g iven  tube l e n g th  examined.

2 . 1 . 2  S p e c i f i c a t i o n  Requirements -  Tubing

Comparison o f  CRBR s p e c i f i c a t i o n  wi th  ASME standards are shown in 

Table 1. S i g n i f i c a n t  d i f f e r e n c e s  are the s i z e  o f  p e r m is s ib l e  tube wall  f law ,  

i n c l u s i o n  c o n t e n t ,  hea t  t rea tm ent ,  r e s t r i c t e d  chemical  com p os i t ion ,  t i g h t e r  

dimensional c o n t r o l ,  d e c a r b u r iz a t io n  l a y e r  l i m i t ,  the i n c l u s i o n  o f  l i q u i d  

penetrant  and s u r f a c e  f i n i s h .

I t  was dec id ed  to  use a heat  treatment  which produces the most s t a b l e
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m ic r o s tr u c t u r e  so  as to  ob ta in  s t a b l e  long term mechanical p r o p e r t i e s .  The 

d e s ir e d  h e a t  treatment  was i sothermal  an n e a l ,  a u s t e n i t i z e d  a t  1700°F f o r  one 

hour, c o o le d  to 1300°F and he ld  f o r  2 hours to permit  isothermal transformation  

and y i e l d  a maximum amount (80%) o f  polygonal  f e r r i t e .  V ar ia t ions  o f  carbon 

c o n t e n t  from l o t  to  l o t  can change the  l o c a t i o n  o f  p e a r l i t e  phase f i e l d ,  but  

w it h in  the carbon ranges o f  the CRBR t u b in g ,  the carbides formed are expected  

to  produce a c c e p ta b l e  degree o f  v a r i a t i o n  in the tubing mechanical i m p u r i t i e s .

The actual  hea t  treatment  f o r  tub ing was s l i g h t l y  d i f f e r e n t  than the  

t h e o r e t i c a l  c a s e ,  the h e a t in g  and c o o l i n g  sc h e d u les  were modif ied  to accomodate  

a v a i l a b l e  furnaces  a t  the vendors f a c i l i t i e s .  A u s t e n i t i z e  a t  900°C-955°C 

(1652-1750°F) f o r  15 minutes minimum, 30 minutes maximum, cool a t  <500°F/hr  

to  720 128*0 (1328 182°F) and hold f o r  a minimum o f  85 minutes .  Extens ive  

t e s t i n g  p r i o r  to and f o l l o w i n g  th e  production run was necessary  to q u a l i f y  

the furnace  a t  t h e  vendors shop.  F a m i l ia r i z a t i o n  with  a l l  requirements  by

the tube producers was e s s e n t i a l  to  o b ta in  an agreement regarding a l l  a sp e c ts  

o f  the s p e c i f i c a t i o n .  The d e l i v e r e d  c o s t s  per f o o t  were a f a c t o r  o f  two over  

the  c o s t  o f  commercial t u b in g ,  wel l  worth the premium when the intended purpose

i s  taken in to  account.

2 . 1 . 3  R esu l ts  o f  T e s t in g  Production Tubing -  Chemical Composition

Table 3 shows the r e s u l t s  ob t a in e d  compared with s p e c i f i c a t i o n  r e q u i r e ­

ments in the  same Table.  A n a ly s i s  was performed by two l a b o r a t o r i e s  and o v e r ­

check a t  Atomics I n t e r n a t io n a l  confirmed th e  r e s u l t s .

2 . 1 . 4  Phys ical  Dimensions

Measurements o b ta in ed  from 52 f e e t  (15 meters)  o f  tubing s e l e c t e d  from

the i n i t i a l  l o t  i n d i c a t e  the o u t s i d e  and i n s i d e  diameters  were very uniform,

varying from 0 .0 6  mm ( 0 .0 0 2 3  i n . )  on the  00 and 0 .0 5  mm (0 .0017  i n . )  on the ID.

Wall t h i c k n e s s  measured with an u l t r a s o n i c  method, e x h i b i t e d  a v a r ia t i o n  o f

0 .2 3  mm (0.0091 i n . ) .  The nominal dimensional  requirements  f o r  the  re fe r en ce

CRBR tubing  are;  o u t s i d e  d i a r e t e r  15.9mm + .13mm (0 .6 2 5  + .005  i n . ) ,  wal l  2.8mm + .25mm
-  0 . 0  -  0 . 0  -  0 . 0

(0 .1 0 9  + 0 .0 1 0  i n . ) ,  69 f e e t  in l e n g th .
-  0 . 0

The requirements  f o r  u l t r a s o n i c  t e s t i n g  o f  the CRBRP steam generator  tubing  

are ASME E-213 as modif ied  by GE " U l t r a s o n ic  In sp e c t ion  Procedure fo r  Tubing Using a 

Twelve-Notch Standard," Revis lPh 3 (Table 4 ,  Figure 2 ) .
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The t e s t  sys tem i s  q u a l i f i e d  by running a s t a t i s t i c a l l y  s i g n i f i c a n t  

sample under d e f in e d  c o n d i t i o n s .  The mean response  i s  determined and the  

a b i l i t y  to  control  the mean i s  e s t a b l i s h e d  by c a l i b r a t i o n  s tan dards ,  with notch 

c h a r a c t e r i s t i c s  shown in Table 5. There i s  a product  t e s t  required  to e s t a b l i s h  

with 95% p r o b a b i l i t y  t h a t  a f law e q u i v a l e n t  to  a 3% or l a r g e r  standard notch  

w i l l  be d e t e c t e d .
A comparison between the UT requirements  o f  the  Code, RDT M3-33T, and 

the o r i g i n a l  s p e c i f i c a t i o n  i s  made in Table 4 .  The procedures ,  d e t e c t io n  l e v e l s  

required  and method o f  t e s t  contro l  imposed by the r e fe r en ce  s p e c i f i c a t i o n  con­

s t i t u t e d  an advance in the i n d u s t r i a l  s t a t e  o f  the a r t  f o r  production t e s t i n g  

o f  tub ing  o f  t h i s  s i z e .  These more s t r i n g e n t  requirements  were imposed to  

a c h ie v e  the h i g h e s t  p o s s i b l e  tubing  q u a l i t y  commensurate with the c r i t i c a l  

a p p l i c a t i o n  in the steam gen e r a tor  u n i t s  o f  CRBRP.

The o b j e c t i v e  o f  t h i s  added complex i ty  i s  to  a l low a s t a t i s t i c a l  c a l c u ­
l a t i o n  o f  the  minimum p r o b a b i l i t y  o f  d e t e c t i n g  d e f e c t s .  A d e f e c t  i s  a f law  
t h a t  vyill return an echo equal t o ,  or g r e a t e r  than,  an echo from the 3% notch  

o f  the s tandard used in Q u a l i f i c a t i o n  and C a l ib r a t io n .  The GE S p e c i f i c a t i o n  s e t  

the minimum p r o b a b i l i t y  f o r  d e t e c t i n g  a d e f e c t  as 95%.

Tubing produced has s a t i s f i e d  t h e s e  requirements .  As an independent  

t e s t ,  a r igorous  i n s p e c t i o n  was c a r r i e d  out  in the GE Nondestructive  Tes t  

Laborator ie s  using a small sample o f  tub ing s e l e c t e d  from the i n i t i a l  q u a n t i t i e s  

produced. F i f t y - n i n e  p i e c e s  1 .5  meters (5 f t . )  in len gth  were examined from 10 

independent l o t s .  A n a ly s i s  o f  r e s u l t s  showed no f laws over  2.8% o f  wall  t h i c k ­

ness  to  e x i s t  in the  90 meters  o f  the tub ing  examined. A thorough a u d i t  made o f  

the tube production process  by the P r o j e c t  Q uali ty  Assurance o r g a n iz a t io n s  found 

t h a t  the vendors p r o c e ss e s  met or exceeded th e  s p e c i f i c a t i o n s .

2 . 1 . 5  Metal 1ographic  Examination

F e r r i t i c  grain s i z e  was uniform from l o t  to  l o t  with an ASTM grain  

s i z e  o f  7 - 1 / 2 .  All  c ross  s e c t i o n s  e x h i b i t e d  (a)  high f e r r i t e  c onten t  and 

minimum amounts o f  transform at ion  product ,  (b)  hardness  va lues were 71 to 76Rj ,̂ 

both c o n d i t i o n s  i n d i c a t i v e  o f  complete  iso thermal transformat ions  during heat  

t reatment .  M icros tructure  c l e a n l i n e s s  exceeded the s p e c i f i c a t i o n s ;  the l o n g e s t  

i n c l u s i o n  found was 0 . 002" long .
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^ ^ . 1 . 6  Mechanical Property Tests

Room temperature t e n s i l e  t e s t s  a t  th e  vendors la boratory  and the  

overchecks a t  GE show c l o s e  agreement,  and r e s u l t s  met the ASME Code minimum 

requirements .  E le v a te d  temperature t e n s i l e  t e s t s  (up to 600°C) show y i e l d  

s t r e n g t h  to decrease  with i n c r e a s i n g  temperature beyond 200°C. The mean 

values o f  the CRBR tubing  exc ee d  the ASME Code Case 1592 minimum expected  

y i e l d  s t r e s s  below 300°C.* However, above 300°C, the  CRBR tubing y i e l d  values  

are below minimum e x p e c te d  Code value  and t h i s  f a c t  must be taken in to  account when 

the des ign  s t r e s s  a n a l y s i s  i s  be ing  done.* Standard d e v i a t i o n  comparison 

show 7% f o r  y i e l d ,  3% in u l t i m a t e ,  and 12% in  p e rcen t  e lo n g a t i o n  which s u g g e s t s  

l i t t l e  d i f f e r e n c e  in t e n s i l e  p r o p e r t i e s  from l o t  to  l o t .

Burst  t e s t s  were performed on tub ing specimens a t  temperatures o f

25° to 600°C (77° to 1112°F) ,  us ing  a pressure  r a te  c o n t r o l l e d  apparatus at

6 .89  MPa (1000 p s i )  per  minute. Gas pressu re  and diameter were recorded  

during the t e s t s .  L i t t l e  v a r i a t i o n  in  burst  t e s t  r e s u l t s  was d e t e c t e d  from 

heat  to  h e a t ,  as ev id enced  from standard d e v i a t i o n  va lues o f  7%, 3%, and 12% 

f o r  y i e l d ,  u l t i m a t e ,  and reduct ion  in a r e a ,  r e s p e c t i v e l y .

2 .2  C h a r a c t e r i z a t io n  o f  CRBR Steam Generator Tubesheet  Forgings

Vacuum arc  r e m e l t in g  was chosen ,  to  minimize s p i g o t  f laws and provide  

assurance  o f  d e f e c t - f r e e  t u b e / t u b e s h e e t  we lds .  Full anneal heat  treatment  

chosen f o r  th e  f o r g i n g s  w i l l  y i e l d  m e t a l lu r g i c a l  s t r u c t u r e s  ( f e r r i t i c / p e a r l i  t i c )  

s i m i l a r  to the  i s o t h e r m a l l y  annealed tub ing and, thus provide  s t a b l e  long  

term cree p-r uptur e  p r o p e r t i e s .  Post  we ld  h e a t  treatment  w i l l  ensure minimum 

em bri t t lem ent  a t  th e  hea t  a f f e c t e d  zones and weld meta l .

Once the VAR f o r g i n g s  were a v a i l a b l e ,  i t  was thought prudent to v e r i f y

t h a t  the r e fe r e n c e  f o r g i n g s  met the g u i d e l i n e s  o f  the ASME B o i l e r  & Pressure

Vessel  Code as we l l  as the CRBR s p e c i f i c a t i o n s .  Test  specimens used fo r  t h i s  

work were cu t  from a t u b e s h e e t  f o r g in g  5880 l b s .  w e i g h t ,  12 .75  inches  t h i c k ,

48 in .  d iameter,  which was part  o f  the CRBRP order .  Forging reduction  was 3 to  

1 and annealed a t  1700°F +25°F,  then he ld  f o r  1 hour per inch o f  t h i c k n e s s ,  

not  to exceed  4 hours ,  but  no t  l e s s  than 1 hour, fo l low ed  by c o o l i n g  a t  rate s  

o f  100°F /hr .  to  600°F,  then room temperature.

M icros tructura l  e v a lu a t i o n  was n e c e ssar y  to  determine the type o f  

c arb ides  r e s u l t i n g  from the anneal in g  and p o s t  weld heat  treatment.

For the  purposes o f  m ain ta in in g  s t a b l e  mechanical  p r o p e r t i e s ,  i t  was p r e ferred

*With post  weld heat  treatment
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tha t  MO2C c arb id e  be r e ta i n e d  f o r  the maximum t im e ,  and t h i s  can be accomplished  

i f  the m ic r o s tr u c tu r e  i s  most ly f e r r i t e .  The s p e c i f i e d  p o s t  weld heat  treatment  

promotes the formation o f  a s t a b l e  m ic r o s tr u c tu r e  a t  the weld such as the p r e c i p i ­

t a t i o n  o f  r e l a t i v e l y  s t a b l e  M23C6 and c e m e n t i t e .  Cross s e c t i o n s  taken from the  

f o r g in g  show t h a t  the  d e s i r e d  m ic r o s tr u c tu r e  was a c h ieve d .  Hardness values  

ranged from Rockwell B s c a l e  70-72 and the  f e r r i t e  grain s i z e  ranged from ASTM 

5 - 1 / 2  to 4 - 1 / 2 .  The worse i n c l u s i o n  f i e l d  found a t  the s p i g o t  s i d e  o f  the  

t u b e s h e e t  had dimensions l e s s  than .002".  With t h i s  c l e a n l i n e s s ,  f low l i n e s  in 

the f o r g in g  have l e s s  s i g n i f i c a n c e  than would be the case i f  a l arge  number o f  

i n c l u s i o n s  were p r e s e n t .

Resu l ts  o f  chemical a n a l y s i s  show t h a t  the  vendor check and repeated  

t e s t s  by GE are c o n s i s t e n t  (Table 6 ) .  The un i form ity  o f  composi t ion was in 

agreement with the  o b s e r v a t io n  t h a t  non-metal  l i e  i n c l u s i o n s  were very in fr e q u e n t .

The tu b e s h e e t  met a l l  o f  the d e s i r e d  s p e c i f i c a t i o n s .

2 . 2 . 1  Mechanical P r o p e r t i e s

Mechanical p r o p e r t i e s  e v a lu a t i o n  inc lu ded  t e n s i l e  t e s t i n g  (F igure 3 ) ,

Charpy impact ,  drop w e i g h t ,  creep  rupture ,  and cont inuous  f a t i g u e .  As with the

case  o f  ESR t u b in g ,  VAR f o r g in g  a l s o  shows a drop in high temperature y i e l d ,  

below the Code Case 1592.  This  has to be taken in to  account  by des ign .  (Note  

t h a t  CC 1592 curves  do not  take PWHT i n t o  account ,  and r e s u l t s  here contain  

PWHT.) The drop w e ig h t  t e s t  i s  used to e s t a b l i s h  the  temperature below which 

b r i t t l e  f r a c t u r e  may o c c u r  in s t r u c t u r a l  s t e e l s .  Fracture toughness  t e s t i n g  i s  

required  by the  ASME Code. Drop we ight  t e s t s  were performed f o r  a material  in 

the f u l l y  annealed and p o s t  weld heat  t r e a t e d  con d i t ion  and a l s o  f o r  materia l  given  

heat  t rea tm ent ,  but  w i th  an a d d i t io n a l  1000 hour aging embri t t l em ent* .  Tes t ing  

was performed accord ing  to  ASTM Standard E-208 to  e s t a b l i s h  n i l  d u c t i l i t y  

temperature.  Drop w e ig h t  t e s t i n g  by the  f o r g i n g  vendor and confirmed by GE 

through f u r t h e r  t e s t i n g  showed the n i l  d u c t i l i t y  temperature to  be a t  30°F,  

and by d e f i n i t i o n ,  the l o w e s t  h y d r o s t a t i c  t e s t  or  i n - s e r v i c e  temperature for  

the t u b e s h e e t  i s  90°F.

Charpy V-Notch impact  t e s t i n g  was a l s o  performed as a func t ion  o f  

temperature to augment the r e s u l t s  o b ta in ed  by drop weight  t e s t s .  All spec imens ,  

r e g a r d le s s  o f  l o c a t i o n  w i t h in  the f o r g i n g ,  showed t h a t  the  0 .8 9  mm (35 m i l s )  

l a t e r a l  expansion and the 67 .85  (50 f t - l b )  energy absorpt ion  requirement was met 

a t  a lower temperature than required  by NB-2300 s u b s e c t io n  o f  the ASME Code (F ig .  4) ,

*Performed f o r  in form ation  purposes on ly .
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Creep-rupture t e s t s  were performed to  determine e f f e c t s  o f  remelt ing  

(VAR) and heat  t rea tm ent  upon creep p r o p e r t i e s  o f  primary importance;  t ime to  

t e r t i a r y  c r e e p ,  t ime to 1% s t r a i n ,  minimum creep ra te  and t ime to  rupture.

Te s t  temperatures  were 454 ,  510 and 566°C (850 ,  950 and 1050°F),  specimen 

geometry was accord ing  to ASTM E-139,  6 .3 5  mm (0 .2 5 0  i n . )  diameter and 25 .40  mm 

( 1 .0 0  i n . )  gauge l e n g t h .  The r e s u l t s  are t a b u l a t e d  below:

Parameter Comparative Curve Comments

Time to T e r t ia r y  Creep ASME Code Case 1592

Minimum Creep Rate

Time to  ^% S t r a in

Time to rupture

All the data f a l l  
Code curve.

above the

Nuclear Systems Ma­
t e r i a l s  Handbook 
(NSMH)

Hobson Creep Equation 
(u s in g  on ly  data on 
r em el ted ,  annealed  
m a t e r i a l )

CC1592 Expected Mini­
mum Value and the NSMH 
Lower Tolerance  Limit

All  data f a l l  above the lower  
t o l e r a n c e  l i m i t .

Hobson equation incorporates  
measured UTS. Most data f e l l  
between two curves c a l c u l a t e d  
using the-maximum and minimum 
observed UTS.

Only s h o r t  term (<1000 hours)  
data f o r  post  weld heat  t r e a t e d  
materia l  f e l l  below th e se  curves.

Time to rupture r e s u l t s  f e l l  below the Code Case 1592, but  t h e s e  s p e c i ­

mens i n c lu d ed  p o s t  weld h e a t  t reatment  whereas Code Case 1592 data do not  take  

PWHT i n t o  account .

Fa t igue  t e s t i n g  was done a t  538°C (1000°F) a t  f re q u en c ie s  o f  2 Hertz  

and s t r a i n  r a te s  o f  4 x l 0 " 3 / s e c .  ( s t r a i n  c o n t r o l l e d )  (Figure 5 ) .  All data f e l l  

a t  or  s l i g h t l y  below the b e s t  f i t  curve o f  a i r  mel t  mater ia l  data with carbon 

co n ten ts  o f  0 . 1 2 ,  0 . 1 3 ,  and 0.14%, and not  PWHT. Thus, i t  i s  c o n s i s t e n t  t h a t  

the VAR specimens which had carbon c o n ten t  o f  0.088% and had PWHT would be 
expec ted  to  f a l l  s l i g h t l y  below the b e s t  f i t  curve.

Thus, the  VAR f o r g in g  was found to  be homogeneous,within the s p e c i f i e d  

c h e m is tr y ,  m i c r o s t r u c t u r a l l y  very c le an  and almost com ple te ly  i s o t r o p i c  (sample  

o r i e n t a t i o n  and l o c a t i o n  in fo r g in g  show n e g l i g i b l e  d i f f e r e n c e s  in mechanical  

p r o p e r t i e s ) .  Furthermore,  the toughness  was found high and the d u c t i l i t y  

t r a n s i t i o n  temperatures  were s u f f i c i e n t l y  low so as to  a l low  room temperature  

h y d r o s t a t i c  t e s t i n g  o f  the assembled steam g enera tors .

2-9



^ ^ . 3  Tube-to-Tubesheet  Welding

2 . 3 . 1  J o i n t  Design
The j o i n t  i s  an autogenous b u t t  w e ld ,  made with an in te r n a l  bore 

welding  head.  As shown in Figure 6 , the tube i s  welded to a 1 - 3 / 4  i n .  pro­

j e c t i o n ,  or  n i p p l e ,  which i s  machined out  o f  the t u b e s h e e t  fo r g in g .  To 

a c h iev e  a c l o s e  f i t  between t h e s e  two p a r t s ,  the in terna l  bore o f  both the  

tu b e s h e e t  n i p p l e  and the tube are machined t o o , w i t h i n  + .0005 in .  and a c l o s e  

f i t t i n g  removable mandrel i s  used to  a l i g n  the two p a r t s .  The faces  o f  both 

the t u b e s h e e t  n i p p le  and the tube must be a c c u r a t e ly  perpend icu lar  to  t h e i r  

c e n t e r l i n e s ,  w i t h in  a t o l e r a n c e  o f  +.0005 in .

2 . 3 . 2  Welding Equipment

The system used f o r  t u b e - t u b e s h e e t  welding c o n s i s t s  o f  the f o l l o w i n g  

major equipment i tems:

1) Welding power supply

2) In-bore weld head

3) Purge gas contro l  panel

4) External  purge gas manifo ld

The weld ing  power supp ly  chosen f o r  t h i s  a p p l i c a t i o n  i s  manufactured by the  

Dimetr ics  Company and provides  an a d j u s t a b l e  pu lsed o utput ,  a h igh- frequency  

p ulse  o f  16 kHz, four  a d j u s t a b le  current  l e v e l s  during the weld c y c l e ,  and a 

v a r ia b le  c u r r en t  upslope  and downslope.  These f e a t u r e s  were found n ecessary  

to  make a c o n s i s t e n t ,  repr od u c ib le  weld.

The in -b ore  weld  head ( f i g u r e  7 )  i s  i n s e r t e d  through the tu b e s h e e t  and i s  

cente r e d  in the t u b e s h e e t  n i p p le  by means o f  the s i l i c o n  n i t r i d e  gas cup.

The copper e l e c t r o d e  h o ld e r  g r ip s  the  tu ngsten  e l e c t r o d e  t i g h t l y  by means o f  a 

nut which i s  screwed onto a tapered  shou lder .  This permits  ea sy  e l e c t r o d e  

replacement .  Purge gas f o r  the i n t e r i o r  o f  the weld i s  in troduced through the  

c e n te r  o f  a copper tube in to  which the e l e c t r o d e  h o ld e r  can be p o s i t i o n e d .  The 

copper tube a l s o  c a r r i e s  the we ld ing  c u r r e n t .  S l o t s  in the e l e c t r o d e  ho lder  

channel the  purge gas to the weld area .  The gas cup i s  r e s i s t a n t  to thermal 

shock and has been used f o r  300 welds and more with no d i s c e r n a b le  d e t e r i o r a ­

t i o n .  As a consequence ,  c o o l i n g ,  such as  w i th  w ater ,  i s  not  required .  The 

r e s u l t  i s  a s im ple  system which can be r e p l i c a t e d  a t  low c o s t .

The weld  head i s  r o t a t e d  by a DC motor and current  i s  in troduced to  

i t  v ia  copper s l i p  r in g s .  Overal l  e l e c t r i c a l  r e s i s t a n c e  o f  the head assembly  

i s  low and r e p r o d u c ib le ,  a f t e r  the  f i r s t  we ld  i s  made with a new e l e c t r o d e .

S ince  the e l e c t r o d e  gradua l ly  erodes during w e ld in g ,  i t  i s  r e p la c e d ,  as a pre­

c a u t i o n ,  every  seven  we lds .
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As a means o f  weld geometry c o n t r o l ,  the purge gas contro l  panel  

measures the pr e s su re s  and gas f lows on the in te r n a l  and ex terna l  diameter o f  

the weld  and mainta ins  a p r e s e t  d i f f e r e n c e  in pressure  between the i n s i d e  and 

o u t s i d e  o f  the weld during the weld c y c l e .  This p a r t i a l l y  n u l l i f i e s  the  

e f f e c t  o f  g r a v i t y ,  minimiz ing weld  "sag" and c o n c a v i t y ,  s i n c e  the weld i s  made 

in the h o r i z o n ta l  p o s i t i o n .

An e x te r n a l  purge gas manifo ld  i s  clamped around the j o i n t  

and s e r v e s  the m u l t i p l e  f u n c t io n s  o f  ho ld ing  the tube in al ignment with the  

tu b e s h e e t  n i p p l e ,  m ain ta in in g  a f low o f  i n e r t  gas over  the ex terna l  weld

s u r fa c e  and provid in g  f o r  weld preheat  us ing  e l e c t r i c a l  c a r t r id g e  h e a ter s  w i th in  
the m anifo ld .

2 . 3 . 3  Welding Procedure

To make the t u b e - t u b e s h e e t  w e ld ,  both the  tube and t u b e s h e e t  n ipp le  

are f i r s t  c l eaned  us ing a d e t e r g e n t  s o l u t i o n  ( trade  name Alconox) ,  then r in sed  

with  ammoniated water  o f  pH about 9. Pr ior  to w e ld ing ,  the mating su r fac e s  

are p o l i s h e d  to an 8 rms f i n i s h  us ing a s lo w ly  r o t a t i n g  s p o t  f a c in g  t o o l .

The tube and tu b e s h e e t  are then a l ig n e d  with the a id  o f  an in terna l  

c l o s e - f i t t i n g  mandrel i n s e r t e d  through the t u b e s h e e t .  A s p e c i a l l y  designed  

clamp f o r c e s  the tube a g a i n s t  the t u b e s h e e t  n i p p l e  with  about 30 lb.  o f  f o r c e .

The e x terna l  purge gas manifo ld  i s  then clamped in p lace  around the  

j o i n t ,  and the in t e r n a l  mandrel i s  removed. Any la ck  o f  freedom o f  motion o f  

the mandrel i s  an i n d i c a t i o n  o f  misa l ignment  a t  the weld j o i n t .

The weld head i s  then i n s e r t e d  and clamped in p la c e .  A precheck  

p r io r  to j o i n t  f i t u p  a s s u r es  e x a c t  p o s i t i o n i n g  o f  the e l e c t r o d e  r e l a t i v e  to 

the j o i n t .  I t  has been found t h a t  the e l e c t r o d e  must be d i s p la c e d  .045 in .  

toward the  tu b e s h e e t  s i d e  o f  the  weld j o i n t  to  e q u a l i z e  the  f u s io n  o f  i t s  tube  

and the  s p i g o t .

Purge gas f low on both the ID and CD i s  then i n i t i a t e d  and the  

j o i n t  i s  preheated  to 430°F u t i l i z i n g  the e x te r n a l  purge gas manifold  with  

e l e c t r i c  h ea ters  i n s t a l l e d .

The weld sequence  i s  then i n i t i a t e d .  The ty p ic a l  current  va lues as 

a fu n c t io n  o f  e l e c t r o d e  r o t a t i o n  are shown in F i g u r e s .

Visual  examinat ion o f  the completed weld a f t e r  di sassembly o f  the 

e x te r n a l  manifo ld  may then be performed.  The v i su a l  examinat ion ,  although  

q u a l i t a t i v e ,  can u s u a l ly  e s t a b l i s h  in a pre l im inary  way t h a t  the weld i s  

g e o m e t r i c a l l y  a c c e p t a b l e .

. 3 . 4  Weld C h a r a c t e r i s t i c s

Engineering  c a l c u l a t i o n s  have e s t a b l i s h e d  t h a t  concav ity  o f  up to 

.010 in .  on e i t h e r  the i n s i d e  diameter (ID) or  the o u t s i d e  diameter (CD) i s
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a c c e p ta b le .  Thinning o f  the  weld i s  a l s o  a c c e p ta b le  provided i t  does not  

exceed .010  i n .  Figure 9 i s  a p l o t  o f  measured co n c a v i ty  on both the ID 

and 00 o f  50 welds made in s u c c e s s i o n .  All  welds had a c c e p ta b l e  c o n c a v i t i e s .

Figure 10 shows measured wall  th in n in g  o f  the same 50 we lds .  The 

number o f  measurements shown in Figure 10 were o b ta in ed  a t  s e ver a l  p o s i t i o n s  

around the weld c ircum ference .  All  welds are a c c e p t a b l e .

2 . 3 . 5  Weld Examination

P a r t i c u l a r  emphasis  was p laced  on the in s p e c t i o n  o f  the tubes and 

the t u b e - t o - t u b e s h e e t  j o i n t .  The small i n s i d e  diameter o f  the t u b e s ,  about  

lOrmn ( 0 .400" )  r e s t r i c t e d  th e  means to radiograph t h e se  welds to i s o t o p i c  

sources  and a rod annode x -ray .  The rod annode x -ray  was proven to be fa r  

s u p e r io r  to i s o t o p i c  sources  in s e n s i t i v i t y . F o u r  o f  th e se  machines,  

manufactured by Technish Phys i sch e  D i e n s t ,  D e l f t ,  Nether la nds ,  were ordered  

fo r  the  i n s p e c t i o n  o f  the  t u b e - t o - t u b e s h e e t  j o i n t s  on the  e le v e n  steam generators ,  

In t h i s  d e v i c e ,  a small tungs ten  t a r g e t  i s  p o s i t i o n e d  with the tube a t  the  

c e n t e r l i n e  o f  the  weld .  This  t a r g e t  i s  bombarded by an a c c u r a t e ly  focused  

e l e c t r o n  beam. The e n t i r e  d e v i c e  i s  i n s e r t e d  through the  steam holes  in the  

tu b e s h e e t .  The f i l m  i s  wrapped around the  o u t s i d e  o f  the weld.  The t a r g e t  end 

o f  the  d e v i c e  i s  shown s c h e m a t i c a l l y  in Figure  11.

The small geometr ic  source  o f  the  x-rays  permits r e s o l u t io n  o f  very 

f i n e  d e t a i l .  Under idea l  c o n d i t i o n s ,  pores in the weld as small as  2 to  3 

mils  can be r e g i s t e r e d  on the  x-ray  f i lm .  Even under product ion co n d i t io n s  

and us ing  automatic  f i l m  p r o c e s s i n g ,  pores as small as 5 mils  can be r e a d i ly  

disce r n e d .

Pre l iminary  work was performed a t  ORNL in conjunction with Atomics  

I n t e r n a t io n a l  Development Program and General E l e c t r i c  Company (EBRD) to 

e s t a b l i s h  c r i t e r i a ,  techn iqu es  and methods o f  i n t e r p r e t a t i o n  f o r  the t u b e - t o -  

t u b e s h e e t  weld .  This e f f o r t  he lped e s t a b l i s h  the requirements  o f  the four  rod 

anode x -ray  machines,  and e s t a b l i s h m e n t  o f  the j o i n t  accep tance  and i n s p e c t i o n  

cr i  t e r i a .

The rod anode microfocus x -ray  machine can be made s u f f i c i e n t l y  

s e n s i t i v e  to show up " l i n e a r  i n d i c a t i o n s "  which resemble crack s ,  but  which are  

in f a c t  minute ox ide  i n c l u s i o n s  about .0005 in .  in diameter.  These have been 

reduced a lmost  to  zero in the weld by carefu l  design o f  the external  purge gas 

manifold to  exc lu de  oxygen from the immediate v i c i n i t y  o f  the weld bead.  In 

any e v e n t ,  they  are not  cause  f o r  r e j e c t i o n  o f  the weld.

Weld p o r o s i t y  r e c e i v e d  a g r e a t  deal  o f  a t t e n t i o n  in the development
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o f  the  j o i n t  preparation  p r o c e s s .  I t  was found t h a t  low p o r o s i t y  could c o n s i s ­

t e n t l y  be ach ieved  by d e t e r g e n t  c l e a n i n g ,  r i n s i n g  with a weak ammonia s o l u t i o n ,  

and ( th e  most important  s t e p )  p o l i s h i n g  o f  the mating s u r f a c e s  mechanical ly  with  

a s p o t  f a c i n g  too l  to  a f i n i s h  o f  approximate ly  8 rms. The r e s u l t a n t  s t a t i s ­

t i c a l  occurrence  o f  p o r o s i t y  i s  shown in Figure 12. The p o r o s i t y  " f i g u r e - o f -  

m eri t" ,  f o r  s i m p l i c i t y ,  i s  s imply  the  sum o f  the diameters  o f  a l l  pores .005  

in.  o r  over ,  d e t e c t e d  by the h i g h l y  s e n s i t i v e  rod anode x -ray  machine. All  

welds would have been con s id er e d  com p le te ly  p o r e - f r e e  i f  examined using conven­

t io n a l  r a d i o i s o t o p e  t e c h n iq u e s .

CONCLUSIONS

Experimental  v e r i f i c a t i o n  shows t h a t  steam generator  tubing and tube she et  

f org in gs  have been s u c c e s s f u l l y  produced in l a r g e  q u a n t i t i e s  us ing m e l t - r e f i n ­

ing t e c h n iq u e s ,  e l e c t r o  s l a g  ( tub ing )  and vacuum arc ( f o r g i n g s ) .  Samples taken 

from s e ver a l  o f  the heats  show the products  to  have mechanical  p r o p e r t i e s  which 

s a t i s f y  the ASME Code. In a l l  o t h e r  r e s p e c t s ,  the m a te r ia l s  were w i th in  a l l  

p r o v i s i o n s  o f  the o r i g i n a l  s p e c i f i c a t i o n s ,  which in many r e sp ec t s  were much 

t i g h t e r  than e x i s t i n g  commercial s tan dards .

The we ld ing  development program to  produce r e l i a b l e  procedures fo r  the  

t u b e - t o - t u b e s h e e t  weld i s  in i t s  l a s t  s t a g e s  o f  com plet ion .  The a p p l i c a t i o n  o f  

a s p e c i a l ,  s e n s i t i v e  x -ray  apparatus has been adopted fo r  i n s p e c t io n  o f  w e ld s ,  

y i e l d i n g  extrem ely  sharp rad iographic  images which show weld  im p erfec t ions  

with  a high degree o f  r e l i a b i l i t y .
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TABLE 1

ORDERING SPECIFICATIONS FOR CRBRP STEAM GENERATOR TUBING

ITEM
ASME CODE 

SECTION I I I  CLASS 1
MODIFIED 
RDT M3-33

1. Bas ic  S p e c i f i c a t i o n ASME SA-213 ASME SA-213

2. Melt P r a c t i c e E l e c t r i c  Furnace VAR or ESR

3. I n c l u s i o n  Rating f o r  
Tube Hollows

Not S p e c i f i e d ASTM E45, Method D 
< 1^ Thin < 1 Heavy

4.  Manufacture Seamless  
Cold Drawn

Seamless
Cold Drawn or  Cold Reduced

5. Heat Treat Slow Cooling thru 
A3 - Ai or  
Normalized + Temper 
(> 675C)

926^28C/15-30 minutes  
+ 717+28C/80-100 minutes  
Temper a t  726±19C/1 hr min

5. Chemical Composition SA-213 
Grade T22

SA-213
Grade T22 + c l o s e r  c o n t r o l  
o f  C, P, S i , S ,  N i , T i ,
V, Cu

7. OD T o l e r a n c e ,  mm ( i n . ) +0 .1 0  (+ 0 .0 0 4 )  
- 0 . 1 0  ( - 0 . 0 0 4 )

+0 .13  (+0 .0 05)  
- 0  ( - 0 )

8 . Wall T o l e r a n c e ,  mm ( i n . ) +0 .51  ( + 0 .0 2 )  
- 0  ( - 0 )

+0 .25  (+0 .010 )  
-0  ( - 0 )

9. Total  D e c a r b u r iza t io n  
mm ( i n . )

Not S p e c i f i e d 5% Wall 
0 .1 4  ( 0 .0 0 5 5 )

10. U l t r a .  T e s t ,  Wall ’ Not S p e c i f i e d ASME SE-113

11. U l t r a .  T e s t ,  D e f e c t s  
mm ( i n . )

ASME SE-213 
5% Wall 
0 . 1 4  (0 .0 0 5 5 )

ASME SE-213 
3% Wall 
0 .0 8  (0 .0 0 3 3 )

12. Liquid Penetrant Not S p e c i f i e d ASME SE-165 
A2, A3, 82 ,  or B3

13. Hydro. T e s t ,  MPa ( k s i ) 6 .8 9  (1000) 3 1 .0  (4500)

14. Helium Leak'Check Not S p e c i f i e d ASME Code S e c t i o n  V

15, Surface  F i n i s h Not S p e c i f i e d 63 rms

15. T e n s i l e  P r o p e r t i e s

Y . S . ,  MPa ( k s i )  
UTS, MPa ( k s i )  
Elong.

207 (30)  min.  
414 (60)  min.  
30% min.

207 (30)  min.  
414-586 ( 60 -85 )  
30% min.

17. Hardness 85 Rĵ  max. 85 R|  ̂ max.

18.  Q u a l i ty  System ASME Code 
NA-3700

ASME Code 
NA-3700
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TABLE 2

ORDERING SPECIFICATION FOR CRBRP STEAM GENERATOR TUBESi^EET FORGING

ITEM

1.  Ba s i c  S p e c i f i c a t i o n

2.  Melt P r a c t i c e

3. I n c l u s i o n s

4.

5.

Manufacture  

Heat Troatnent

6 .

7.

8 .

Chemical Composit ion  

Liquid P e netran t

U l t r a s o n i c  T e s t  
D e f e c t s

9 .  Sur face  F i n i s h

10.  T e n s i l e  P r o p e r t i e s
Y.S.
U.T.S.
Elong.
Red. in Area

11.  Hardness

12.  Impact T e s t s
Drop Wgt. T es t

13.  Weld Repair

14. Q u a l i t y  System

15. Grain S i c e

ASME CODE 
SECTION III  CLASS 1 RDT M2-19

ASME SA-335

Open-h ear th ,  b a s i c  oxygen o r  
E l e c t r i c  Furnace

Not S p e c i f i e d

2:1 Reduct ion

Annealed or  
Normalized + Temper a t  
> 1250F

SA-336 
Grade F22A

NB-2540

ASME SA-336 

VAR o r  ESR

<1 1 / 2  Thin 
<1 Heavy .

2:1 Reduction

1700F/1 h r . / i n .  o f  t h k n s . t o  
1700F/4 h r s . , 

coo l  a t  <.100r/l hr .  
t o  6G0F, coo!  in a i r

SA -336 ,  Grade F22A
+C, P,  S i , S ,  N i , T i , V, Cu

NB-2540
> 0 .0 2 0  i n .  long  ( i n f o . )  f o r  
s p i g o t  area

SA-388
E n t i r e  Volume 
<5% Ful l  Sca.le

Machined

35 k s i , min.
60 -  85 ks i  
20% min.
35% min.

Not S p e c i f i e d  

RT
0 <RT ^^50 f t . - l b .
^ E x p .>35 m i l s

NB-2539

ASME Code 
NA-3700

HcQuaid-Ehn 1 -  5 
2-16

SA-388
E n t i r e  Volume 
1/2" Dia .  F.B.  Hole  

Dia.  F.B.  Holc  
S p i g o t  Area s . D .  Hole ( i n f o . )

: s250 /

35 k s i , min.  
60 -  85 ks i  
20% min.
35% min.

<85 Rw

RTNOT
n r>T F 50_^ft.—l b .
^  ^ ’L at .  Exp..i35 mils

NB-2539
P u r c h a s e r ' s  P erm iss ion  Required

ASME Code 
NA-3700

HcOua1d-Ehn 3 - 5



Parent 
ht. No.^

PATCO
Product

TABLE 3

CHEMICAL COMPOSITION OF CRBRP STEAM GENERATOR TUBING

Composition iii % By Weight o f  Each Element
ESR No.2 Lot N o . 3 c Mn P S Si Ni Cr Mo V Cu Ti

RDT MS- 33 as 0 .0 7 0 . 3 0 0 .0 1 5 0 .0 1 5 0 .1 0 0 .2 5 1 .90 0 .87 0 .03 0 .3 5 0 .03
Modified by PC to to max max t o max to to max max max

0 .1 2 0 . 6 0 0 . 4 0 2 .6 0 1 .13

C1005
91154 .09 .42 .008 .011 .22 .18 2 .2 6 .96 <.01 .10 < .01

183 .09 .46 .012 .005 .16 .20 2 .25 .94 <.01 .09 < .01

Cl 038 .09 .41 .015 .006 .30 .06 2.31 1 .00 <.01 .07 < .01
91232 .09 .42 .015 .009 .28 .06 2 .32 .99 <.01 .07 < .01

430 .085 .37 .012 .001 .18 .06 2 .3 8 .99 < .01 .06 < .01

91234 .08 .41 .015 .006 .31 .06 2 .3 0 .99 < .01 .07 < .01
442 .105 .36 .012 < .001 .15 .03 2 .3 0 .95 < .01 .01 < .01

91235 .09 .42 .015 .007 .31 .09 2 .3 6 .99 < .0 1 .07 < .01
439 .085 .41 .015 < .001 .31 .06 2 .3 6 1.02 < .01 .04 < .01

Cl 089 .10 .33 .014 .009 .30 .12 2 .0 7 .96 < .01 .07 < .01
9l240 .10 .32 .013 .010 .24 .12 2 .0 7 .95 < .01 .07 < .01

644 .095 .34 .014 .002 .22 .17 2 .0 8 .98 < .01 .06 < .01
91242 .10 .32 .012 .008 .23 .12 2 .0 8 .96 < .0 1 .07 < .01

657 .095 .32 .015 .004 .23 .14 2 .13 .99 < .01 .07 < .01

91243 .11 .32 .013 .013 .22 .12 2 .0 9 .96 < .01 .06 < .01
655 .095 .32 .015 .006 .23 .15 2 .1 8 .99 < .01 .07 < .01

C1012 .10 .43 .009 .010 .25 .10 2 .11 .98 < .01 .10 < .01
Q ieo .11 .42 .011 .007 .27 .11 2 .13 .97 < .01 .10 < .01

650 .085 .40 .013 .002 .26 .12 2 .08 .98 < .01 .09 < .01

Cl j 73 .10 .50 .011 .008 .38 .08 2 .3 6 1.02 < .01 .08 < . 01
.09 .47 .010 .007 .31 .07 2 .33 .99 < .01 .08 < .01

429 .095 .52 .012 < .001 .36 .05 2 .35 1 .08 < .01 .03 < .01

‘ neat a n a l y s i s  shown in l i n e  with parent  Heat No. (B&W A n a ly s i s )
2 ESR ingot  a n a l y s i s  shown in l i n e  w i th  ESR No. (B&W A n a ly s i s )
 ̂ Final Product Check A n a ly s i s  shown in l i n e  w i th  Lot No. (PATCO A n a ly s i s )
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TABLE 4
COMPARISON OF TUBING SPECIFICATION 

FOR LOCATING FLAWS

GE Specification  
22A3634, Rev. 3

ASME Code 
NB 2552

RDT M3-33T 
Feb. 1975

Rejectable Nominal 
Notch Size in sq. in . ,  

(Normalized degree of 
severity)

O.OOOS
( 1 . 0 )

0 .0055

(6 .9 )
O.OOOi

( 1 . 3 )

Calibration Interval, 

Hours

1/2

Number of times the 

notch must be detected  

(pitch of test)

Not Specified

Probability of D efect 

Detection

95% * * Not Specified Not Specified

Statistical Control Required Not Required Not Required

Qualification 

(detailed error analysis)

Required* Not Required Not Required

* Qualification is required initially and whenever the equipment is changed in any 
substantial way.

** In t e n t  o f  Rev i s ion  3 S p e c i f i c a t i o n
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TABLE 5

CALIBRATION AND SET-UP STANDARDS FOR TUBING

LOCATION LONGITUDINAL NOTCHES TRANSVERSE NOTCHES

.0022" { 2%) .0022" (20)
0 . 0 . .0033" (3%) .0033 (30)

SURFACE .0055 i s %) .0055 (50)

.0022" (20) .0022" (20)
I .D .0033" (30) .0033" (30)

1 SURFACE .0055" (50) .0055" (50)

CALIBRATION AND SET-UP STANDARD 
OF O.D. AND I .D.  EDM NOTCHES 

(NOTCH DEPTH TOLERANCE = + .0002")
(NOTCH LENGTH 0 .2 5")
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TABLE 6
CHEMICAL ANALYSIS OF ZLCr-lMo STEEL

Tubesheet Forging - Heat VAR 56448

IS)O

El einent Ingot*
Top Edge 

(Sp igo t  S ide) Bottom Edge Bottom Center
Top Center  

(Sp igot  S ide)
Estimated
Accuracy

KUI - l a

Minimum Maximum
Aluminum 0.002% 0.002% 0.002% 0.002% ±0.01%
Antimony <0.002% <0.002% <0.002% <0.002% ±0.005%
Arsenic 0.006% 0.009% 0.007% 0.005% ±0.005%
Carbon 0.087% 0.091% 0.088% 0.088%
Carbon 0.10% 0.086% 0,090% 0.088% 0.089% ±0.005% 0.070% 0.110%
Carbon 0.090% 0.087% 0.087% 0.089%
Chromium 2.14% 2.18% 2.17% 2.17% 2.18% ±0.01 or r? 1.90% 2.60%
Cobalt 0.007% 0.007% 0.007% 0.007% ±0.01 or  1%
Copper 0.09% 0.10% 0.11% 0.11% 0.10% ±0.02  or 2% 0.35%
Hydrogen 0.0002% 0.0002% 0.0001% 0.0003% ±0.0002%
Manganese 0.54% 0.52% 0.58% 0.59% 0.59?''. ±0.02  or  1% 0.30% 0.60%
Molybdenum 1.01% 0.98% 0.99% 0.99% 0.99% ±0.02  or  2% 0.87% 1.13%
Nickel 0.15% 0.14% 0.14% 0.15% 0.14% ±0.01 or  1% 0.25%
Ni trogen 0.005% 0.005% 0.005% 0.005% ±0.001%
Oxygen 0.001% 0.002% 0.001% 0.002% ±0.001%
Phosphorus 0.010% 0.013% 0.013% 0.013% 0.014% ±0.003  or  3% 0.015%
Si 1 icon 0.26% 0.28% 0.30% 0.30% 0.30% ±0.02  or  2% 0.20% 0.40%
Sul fur 0.006% 0.006% 0.006% 0.006% 0.007% ±0.003  or  2% 0.015%
Tin <0.002% <0.002% <0.002% <0.002% ±0.01%
Titanium 0.01% <0.002% <0.002% <0.002% <0.002% ±0.01% 0.03%
Vanadium 0.01% 0.004% 0.005% 0.004% 0.005% ±0.01% 0.03%

Vendor's A n a ly s i s  - Average o f  4 Values



Ai.' Melt

Ingots

i
Hot Roll  -

Cold Reduce < -

V
Process
Anneal

Final  Cold 
Draw

i
Isothermal
Anneal

Package ^  
and Ship

Ingots

ESR

8" Dia .  Bars

4" 00 X 0.6"  
Wall Tubes

1 3 /4" 00 X 0 .2"  
Wall Hollows

P rocess  Anneal < -

Temper Anneal

T e s t in g  and ^  
I n s p e c t io n

Hot Roll

V
E le c tr o d e s

Extrus ion B i l l e t s

i
—  Hot Extrude

Surface  
Condi t i o n

i
Cold Draw

R o l l e r  S t r a ig h t e n

Grind 00 
Gri t  B l a s t  10

Figure  1 Flow Plan I l l u s t r a t i n g  F a b r ic a t io n  Sequence f o r  Producing  
CRBRP Steam Generator Tubing
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SECTION A-A
LONGITUDINAI. FLAW CHANNELS

O U T S lO e NOTCH O R FLAW

INSIDE NOTCH OR FLAW

SOUND BEAM
XCDR

VUBE

BOTH XCOR'i DETECT 
OUTSIDE AND INSIDE 
NOTCH ONCE PER 
REVOLUTION OF TUBE

OUTSIDE
NOTCH

XDCH

XCOR

SECTION B -8
TR A N SV ER SE FLAW  CH A N N EL

NOTE: Transmitted pulse (I) of sound travels from transducer (XDCR) into the tube

wall and returns along the same path when reflected from the notch (2). Pulses reflected  

from the outer surface of tube are separated out electronically while the pulse from the 
flaw is converted to a signal on a strip chart recorder.

Figure 2.  Sound paths t o  determine tube q u a l i t y
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