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C o n t r a c t  No. AT(04-3)-893 ,  Task 18

189 No. SG028 FY76

STEAM GENERATOR PLANT MATERIALS DEVELOPMENT 

1. FY76 HIGHLIGHTS

• Uniaxial  creep t e s t s  on 2%Cr-lMo in s t ro n g ly  decarbur iz ing  sodium f a i l e d  
in much l e s s  time than con tro l  t e s t s  in Argon but with the same f r a c t u r e  
s t r a i n .

•  An undefined i n t e r a c t i o n  between sodium and tu b u la r  2%Cr-IMo weld metal 
creep specimens t h a t  r e s u l t e d  in severe  weld p o ros i ty  has occurred.

•  Simulated tubes  to  tube shee t  welds of  2?«Cr-lMo t e s t e d  in 482°C (900°F) 
superheated steam conta in ing  5 to  lOppm d is so lved  c au s t i c  did not s u f f e r  
s t r e s s  co rros ion  c rack ing .

•  No s t r e s s  co r ros ion  c racking was observed in s t r a in in g  e l ec t ro d e  experiments 
on 2%Cr-lMo t e s t e d  in 5% NaOH a t  316°C (600°F) with applied  p o t e n t i a l s  
ranging from - 0.1 to  + 0 .4  v o l t s .

•  A s in g le  co n s tan t  ex tens ion  r a t e  experiment has been completed with 

Incoloy 800 in the  Grade 1 co n d i t io n .  Compared with the  re fe rence  heat 

t r e a tm e n t .  Grade 2, the  a l l o y  e x h ib i te d  e x c e l l e n t  r e s i s t a n c e  to  c au s t ic  
crack ing a t  316°C (600°F) in 5% c a u s t i c .

•  P re l iminary  crack growth r a t e s  with up to  1 min. hold time determined fo r  
Type 316 SS in c a rb u r iz in g  sodium i n d i c a t e  no degredation of  t h i s  proper ty .  
However, c a l c u l a t i o n s  r e l a t i n g  crack growth to  c a r b u r iz a t io n  r a t e s  in d ic a te  
t h a t  fo r  the  cond i t ion  of these  t e s t s  a one hour hold time i s  required 
before  c a r b u r i z a t io n  e f f e c t s  should be observed.

• The second run, B-2, of  the  In te rm ed ia te  Heat Transpor t  System Loop (ISML) 
has been completed; the  t o t a l  loop opera t ion  time i s  now 1500 hours.



t ORNL has submit ted severa l  rev ised  m a te r i a l s  p roper ty  c o r r e l a t i o n s  fo r  
2*4Cr-lMo to  the  NSM Handbook f o r  review and approval.  These include : 
t e n s i l e  and creep e longat ion  and reduc t ion  in a re a ,  e l a s t i c  p r o p e r t i e s ,  
toughness f o r  t e n s i l e  i n s t a b i l i t y ,  t ru e  s t r e s s / s t r a i n  equa t ions ,  c y c l i c  
and s a tu r a t e d  s t r e s s / s t r a i n  cu rves ,  b i l i n e a r  y i e l d  s t r e n g t h ,  and 
s t r e s s / s t r a i n  parameters f o r  c y c l i c a l l y  hardened m a te r i a l s .

• No degredat ion  of  heat  t r a n s f e r  p r o p e r t i e s  due to  p a r t i c u l a t e  depos i t ion  
in loop 1 ope ra t ing  a t  650°C (1200°F) with low oxygen sodium has been 
observed a f t e r  4,000 hours.

I I n i t i a l  f r a c t u r e  toughness r e s u l t s  on 2!sCr-lMo, both VAR and a i r  melted,  

in severa l  d i f f e r e n t  heat  tr ea tm ent  cond i t ions  t e s t e d  a t  room temperature  
a l l  f a l l  above the  ASME Code, Appendix G, curve i n d ic a t in g  safe  
performance i f  Appendix G requirements  a re  followed.



2 . INTRODUCTION

The primary o b je c t iv e  of  Task 18 is  c h a r a c t e r i z a t i o n  of m a te r i a l s ,  
mainly 2%Cr-lMo and a u s t e n i t i c  s t a i n l e s s  s t e e l s ,  to  assure  t h a t  s a t i s f a c t o r y  
m a te r i a l s  c o m p a t ib i l i ty  i s  achieved with LMFBR steam genera to r  environments.

Subtask A wil l  determine the  k in e t i c s  and magnitude of deca rbu r iza t ion  

of 2LjCr-lMo in high tempera ture  l i q u id  sodium. In a d d i t io n ,  t h i s  Subtask r e l a t e s  
the  degree of d e ca rb u r i za t io n  to  subsequent e f f e c t s  on mechanical p ro p e r t i e s .
Subtask B i s  an assessment of  s t r e s s  co rros ion  s u s c e p t i b i l i t y  o f  2%Cr-lMo in 
water /s team environments of LMFBR steam g e n e ra to r s ;  both normal and var ious 
upset  cond i t ions  ( c a u s t i c  contaminat ion) a re  being in v e s t ig a te d .  Subtask C 
i s  f o r  study o f  s t a i n l e s s  s t e e l  mechanical p r o p e r t i e s  with in  a carb ru iz ing  
sodium environment a t  high tem pera tures .  The k in e t i c s  and magnitude of c a rb u r i z a t io n  
and d e ca rb u r iza t io n  a re  being determined from a model loop of the  Inte rmedia te  
Heat Transpor t  System (IHTS), Subtask D. Thus, Subtasks C and D de f in e ,  
r e s p e c t i v e l y ,  the  e f f e c t  o f  c a r b u r i z a t io n  on mechanical p ro p e r t i e s  and the 
magnitude of  c a r b u r i z a t io n .

In ad d i t io n  to  these  d i r e c t  c h a r a c t e r i z a t i o n  programs, two a c t i v i t i e s  
a re  in progress  t h a t  d i r e c t l y  support  LMFBR steam genera to r  design and 
f a b r i c a t i o n .  Under Subtask E, General E l e c t r i c  heads the working committee 
on steam g enera to r  m a te r i a l s  f o r  the  Nuclear Systems M ate r ia ls  Handbook.
Subtask F, an experimental  e f f o r t ,  i s  i n v e s t ig a t i n g  thermal degradat ion e f f e c t s  

produced by p a r t i c u l a t e  d epos i t ion  ( in  sodium) on heat  t r a n s f e r  su r faces .



3 .  DECARBURIZATION KINETICS AND DESIGN METHODS 

VERIFICATION TESTING (SUBTASK A)

L. V. Hampton/J. L. Krankota/P.  P. Pizzo

3.1 OBJECTIVE

The o b je c t iv e  o f  t h i s  program is  to d e f ine  the d e ca rb u r i za t io n  k in e t i c s  

o f  2?iCr-lMo base metal and weld metal exposed to  510°C(950°F) sodium, and to  eva lua te  

the  response of  these  m a te r i a l s  to  i n t e r r u p t e d  creep loading .

This i s  necessary  because one of  the  major concerns with the use of

2%Cr-lMo fo r  sodium-heated steam genera to rs  has been i t s  s u s c e p t i b i l i t y  to 

d e ca rb u r i za t io n .  However, i t  has been shown t h a t  the  d e ca rb u r i za t io n  k in e t i c s  of 

2%Cr-lMo base metal are  s u f f i c i e n t l y  slow to  permit  i t s  use f o r  steam genera to r  

tubing  in the  LMFBR with only a small (10%) design s t r e s s  pena l ty .  This small 

design penalty  i s  p o s s ib le  because the  c r e e p / r u p tu re  p r o p e r t i e s  of  2^Cr-lMo 

are  r e l a t i v e l y  i n s e n s i t i v e  to  bulk carbon con ten t  u n t i l  the  level drops below 

0.03-0.04% C, a value which w i l l  not be reached in the design l i f e  o f  steam 

g e nera to r  tubes  under LMFBR secondary sodium c o n d i t io n s .  D ecarbur iza t ion  t e s t s  

a re  being conducted in t h i s  ta sk  to  confirm the  p red ic ted  r a t e s .

Since the  a l lowable  s t r e s s e s  f o r  a welded tube a re  based on the  s t r e n g th  

p r o p e r t i e s  of the  weakeast  p a r t  o f  t h a t  tube ,  a "weak" weld in a steam genera to r

tube would govern the  a l lowable  s t r e s s  f o r  the  e n t i r e  tube .  There fore  a s e r i e s

of  d e ca rb u r i za t io n  and creep t e s t s  on welds a re  a l so  being performed to  confirm 

p red ic ted  behavior .



3.2 DECARBURIZATION KINETICS

The t e s t  matr ix  to  ob ta in  d e ca rb u r i za t io n  r a t e  data fo r  Z^jCr-lMo base 

and weld metal in 510°C (950°F) s t a t i c ,  t i t a n iu m - g e t t e r e d  sodium has been 

completed.  With the  conclusion o f  run DP-8 , weld metal specimens with 7,000 

hours t o t a l  exposure time and base metal specimens with 12,500 hours exposure 

have been ob ta ined .  Chemical analyses  to  determine le v e l s  of carbon losses  

of  these  specimens a re  in p rogress .

Weld metal pin specimens (0.318 cm. d ia .  x 7.62 cm) were f a b r i c a t e d  from

a 2 ^ r - lM o  l i n e a r  s imula ted tu b e - to - tu b e  sh ee t  weld made a t  ORNL.^ Af te r

f a b r i c a t i o n ,  the  pins were s t r e s s - r e l i e v e d  according to  Table 3 .1 .  Carbon

loss  da ta  f o r  1900 and 4500 hour exposures o f  weld metal specimens y i e ld s  a
-8  2

r a t e  c o n s ta n t  o f  5x10 g/cm -sec  f o r  t h i s  m a te r i a l .  This in te r im  r a t e  is  

in d ica ted  in Figure 3 .1 ,  along with p rev ious ly  repor ted  base metal d a ta .  

Analysis  o f  the  7,000 hour specimens wi l l  f u r t h e r  improve confidence in the 

d e f i n i t i o n  of  the  d e ca rb u r i za t io n  k i n e t i c s  of 2%Cr-lMo weld metal .

Figures 3 .2 a ,  b,  and c show m ic ro s t ru c tu re s  of  exposed base and weld 

meta l .  Figures 3.2 d and e show m ic ro s t ru c tu re s  fo r  23jCr-lMo base metal a f t e r  

annea ling  (F ig .  3.2d) and normaliz ing and tempering (F ig .  3 .2 e ) .  Heat tr ea tm ent  

d e t a i l s  a re  shown in Table 3 .1 .  Based on the  data  of  Figure 3 .1 ,  the  carbide  

d i sp e r s io n  shown in Figure 3.2 r e s u l t s  in a more s t a b l e  m ic ro s t ru c tu re ,  as ind ica ted  

in the  l a s t  r e p o r t .  A f te r  10,000 hours exposure in 510°C (950°F) sodium, 

ca rb ides  in both specimens tend to  coarsen and the  annealed mate r ia l  shows 

evidence o f  heavy ca rb ide  p r e c i p i t a t i o n  in the  g ra in  boundaries.

Decarbur iza t ion  s tu d ie s  a re  con t inu ing  with vacuum-arc and e l e c t r o s l a g



remelted (RDT, CRBR re fe re n ce  melt  p r a c t i c e )  m a t e r i a l s ,  inc lud ing  base metal 

and weld heat  a f f e c t e d  zones.  These m a te r i a l s  a re  being t e s t e d  a f t e r  severa l  

d i f f e r e n t  annealing and normalized and tempering tr ea tm ents  in order  to  f u r t h e r  

i n v e s t i g a t e  the  e f f e c t  of  p r i o r  thermal h i s t o r y  on the  d eca rb u r iza t io n  behavior 

of 2%Cr-lMo. Heat t rea tm en t  has been found to  e f f e c t  r a t e s  o f  deca rb u r iza t io n  

s i g n i f i c a n t l y ,  both as a r e s u l t  o f  t h i s  work and re c en t  work done in Japan and 

France.

3.3 MECHANICAL PROPERTIES OF 2^sCr-lMo STEEL IN DECARBURIZING SODIUM

Progress  con t inues  in the  c h a r a c t e r i z a t i o n  of  the  mechanical behavior 

o f  isothermal annealed 2%Cr-lMo s t e e l  in deca rbu r iz ing  sodium. Data f o r  the  

c u r re n t  phase o f  the  mechanical p r o p e r t i e s  program have been analyzed and the  

r e s u l t s  a re  presented  in t h i s  r e p o r t .  The mechanical p r o p e r t i e s  program 

c o n s i s t s  o f  t e s t i n g  tu b u la r  specimens under un iax ia l  s t r e s s  creep c o n d i t io n s ,  

and p ressu re  p ins  ( sea led  and p res su r ized  c y l in d e r s )  under b ia x ia l  s t r e s s  t e s t  

c o n d i t io n s .

T e s t  parameters used in the  un iax ia l  c r e e p / f a t i g u e  program are  presented 

in Table 3 .2 .  Both c o n s ta n t  load creep t e s t s  and c y c l i c  load creep t e s t s  are  

performed. Cycl ic  t e s t s  c o n s i s t  o f  a su s ta ined  monotonic load ,  with a pe r iod ic  

load inc rease  which r e s u l t s  in an approximate 69 MPa (lOksi)  s t r e s s  increment.

This peak load i s  app l ied  once each twenty -four  hours ,  and the  load i s  app l ied  

over an approximate 10 second per iod .  The r e s u l t s  o f  the  f i r s t  phase of t h i s  

t e s t  program a re  ta b u la ted  in Table 3 .3 .  C a l ib r a t i o n  of  ins trumented tu b u la r  

t e s t  specimens in d ic a ted  sources  o f  e r r o r  in e a r l i e r  ana lyses  o f  the  raw d a ta .

The data o f  Table 3.3 supersede r e s u l t s  p rev ious ly  repo r ted .

Minimum creep r a t e s  a re  i l l u s t r a t e d  in Figure 3 .3 .  No c l e a r  d i f f e r e n t i a t i o n  

was observed between the  decarbur ized  and contro l  t e s t  d a ta .  Creep rup tu re  data



from tu b u la r  creep specimens a re  shown in Figure 3.4.  Again, the  data  are  

l i m i t e d ,  and no c l e a r  d e ca rb u r i za t io n  e f f e c t  i s  apparent .  All data  l i e  beyond 

the  minimum expected value  o f  t ime to  rup tu re  fo r  a given applied  s t r e s s ,  as 

approximated from ASME Code Case 1592.

Typical  creep curves f o r  both c en t r a l  (Argon) and Na/Ti exposed uniax ia l  

tu b u la r  specimens a re  p resen ted  in Figure 3 .5 .  Both specimens were t e s t e d  a t  

241 MPa (35 ks i )  and a t  502°C (935°F). Another Na/Ti specimen (A14) was t e s t ed  

under e q u iv a len t  c o n d i t i o n s ,  and i t s  f r a c t u r e  time and f r a c tu r e  s t r a i n  have 

been p l o t t e d  in Figure 3 .5 .

The creep curves o f  Figure 3.5 al low d i r e c t  comparison of  the  behavior 

of both Na/Ti exposed and con tro l  specimens under equ iva len t  creep co n d i t io n s .

On the b a s i s  of  t h i s  i s o l a t e d  datum, a decarbur iz ing  e f f e c t  i s  observed. The 

Na/Ti exposed specimens are  l e s s  creep  r e s i s t a n t  than the  control  (helium 

exposed) specimens. This i s  t r u e  over a broad s t r a i n  range. A creep s t r a i n  

o f  2*5% i s  a t t a i n e d  a f t e r  180 hours f o r  the  Na/Ti exposed sample, while the 

con tro l  sample a t t a i n s  2*5% s t r a i n  a f t e r  approximately 1140 hours.  I f  found to 

be a d e f i n i t e  t rend  in subsequent t e s t s ,  t h i s  would suggest  t h a t  decarbur iz ing  

has a d i r e c t  in f luence  on e leva ted  temperature  deformation processes .

In formation on Table 3.3 and the  creep curves of  Figure 3.5 in d i c a t e  t h a t  

the  f r a c t u r e  s t r a i n  i s  e s s e n t i a l l y  c o n s t a n t ,  i r r e s p e c t i v e  of  the  t e s t  environment. 

The f r a c t u r e  s t r a i n  i s  a common measure of the  creep d u c t i l i t y  of an a l lo y .

A co n s tan t  s t r a i n  to  f a i l u r e  sugges ts  t h a t  the  decarbur iz ing  environment does 

not have a f i r s t  o rder  e f f e c t  on f r a c t u r e  processes .  I f  however, f r a c t u r e  

p rocesses  take  place  over a more l im i ted  range of  s t r a i n  (5 to 10%), as would 

be the  case  f o r  a more t r i a x i a l  s t r e s s  s t a t e ,  impor tant in f luences  on f r a c t u r e



p r o p e r t i e s  may be masked. In subsequent t e s t i n g ,  reduc t ion  o f  area a t  the  

f r a c t u r e  p lane ,  (known to  be more s e n s i t i v e  to  f r a c t u r e  p rocesses )  wi l l  be 

used to  monitor the  in f luence  o f  the  deca rbur iz ing  environment on t e r t i a r y  creep 

events  and f r a c t u r e .

In the next  phase of creep t e s t i n g ,  2%Cr-lMo s t e e l  w i l l  be t e s t e d  a t  

500°C (932°F) and a t  an app l ied  s t r e s s  level  o f  241 MPa (3 5 k s i ) .  Pre-exposure 

to the  deca rbu r iz ing  environment p r i o r  to  t e s t i n g  w i l l  be int roduced as an 

experimental  parameter.  Major e f f o r t  wi l l  be concentra ted  in quan t i fy ing  

deca rbur iz ing  in f luence  under monotonic creep s t r e s s  c o n d i t io n s .

Tes t  parameters  f o r  the  b ia x ia l  creep program are  summarized in Table 3 .4 .  

In t h i s  probram, c y l i n d r i c a l  t e s t  specimens 15.9 mn (.625") d iameter by 

95.4 mn (3 .75")  long were pre-exposed in deca rbur iz ing  sodium or  exposed to  

pure argon. The s e le c ted  t e s t  tempera ture  was 510®C (950°F).  Both base metal 

specimens ("B" d e s ig n a t io n )  and weld metal specimens ("W" des igna t ion )  were 

t e s t e d .

Weld metal specimens were f a b r i c a t e d  in the  fo llowing sequence;

(1) 2%Cr-lMo s t e e  weld over lays  were deposi ted  on ^"-Schedule  80, 

2%Cr-lMo s t e e l  p ipe .

(2) The I .D. o f  the  specimens was enlarged  to  remove the  base 

m e ta l /p ip e  m a t e r i a l .

(3) Specimens were f u r t h e r  f a b r i c a t e d  to  meet the  e s t a b l i s h e d  

dimensional to le r a n ce s  and p re s su re  pin c o n f ig u ra t io n .

(4) A f te r  f a b r i c a t i o n ,  the  specimens were pos t  weld hea t  t r e a t e d  

a t  732°C (HBG^F) f o r  4 hours.



The c u r re n t  r e s u l t s  of  the  b iax ia l  s t r e s s  creep program are  tabu la ted  

in Table 3 .5 .  The data  of Table 3 .5  a re  g ra p h ic a l ly  i l l u s t r a t e d  in the 

logar i thmic  s t r e s s  versus rup tu re  time p lo t  of Figure 3 .6 .  The trends ev ident 

in t h i s  t e s t  program a re  as fo l lows:

(1) The rup tu re  l i f e  f o r  a given app l ied  s t r e s s  i s  found to  be d isp laced  

to  s h o r t e r  t imes f o r  the  Na/Ti exposed specimens versus contro l  

specimens.

(2) A t e n - f o l d  rup tu re  s t r e n g th  reduc t ion  fo r  Na/Ti versus  control  

specimens data  i s  observed fo r  specimens pre-exposed a t  510°C (950°F) 

f o r  950 hours .

(3) Data from specimens not exposed p r i o r  to  t e s t i n g  f a l l  above the  

minimum ru p tu re  s t r e n g th  l i m i t  e s t a b l i s h e d  in ASME Code Case 1592, 

i r r e s p e c t i v e  o f  t e s t  environment.

The b iax ia l  creep data  o f  Figure  3.6 must f u r th e r  be analyzed in order  

to  q u a n t i t a t i v e l y  access the  l o s s  in rup tu re  s t r en g th  su f fe red  by the  d e ca r ­

burized 2^Cr-lMo s t e e l .  Meta llographic  examination and composit ional a n a ly s i s  

wi l l  be conducted on f a i l e d  p res su re  p ins .  E f fo r t  wil l  be devoted to  determine 

the  c r i t i c a l  exposure to Na/Ti ( e q u iv a l e n t ly ,  the  c r i t i c a l  bulk carbon conten t  

reduc t ion )  requ ired  f o r  a c c e le r a te d  lo s s  o f  creep rup tu re  s t r e n g th .  Deformation 

morphology s tu d ie s  w i l l  be c o r r e l a t e d  with the  mechanical p r o p e r t i e s  da ta  in 

o rder  to  i n v e s t i g a t e  the  mechanism re sp o n s ib le  fo r  creep rup tu re  s t r en g th  

r e d u c t io n .  Mechanical p r o p e r t i e s  d a ta  wi l l  be compared with the  d eca rbu r iza t ion  

s tu d ie s  being conducted in t h i s  subtask  to determine the  p r o p e r t i e s  degradation 

t h a t  can be expected in the  s e r v ic e  l i f e  o f  the  LMFBR.



The rup tu re  p r o p e r t i e s  da ta  f o r  the  weld metal specimens a re  inconclusive  

in the  p resen t  s tudy.  Although the  data  o f  Figure 3.6 appear to  in d ic a te  

e s s e n t i a l l y  eq u iv a len t  behavior fo r  the  base metal and weld metal specimens, 

a v a r i a t i o n  in f a i l u r e  mode was noted f o r  the  weld metal specimens.  Base 

metal f a i l u r e s  in the  p r e s s u r i z a t i o n  t e s t s  were c h a r ac te r i z ed  by long i tud ina l  

t e a r in g  (the  type o f  f a i l u r e  mode to  be expected in t h i s  type of  t e s t i n g ) .  Weld 

metal specimens f a i l e d  by e i t h e r  lo n g i tu d in a l  t e a r in g  or  by pinhole  p e r fo ra t io n s  

through the  w a l l .  An example o f  t h i s  l a t t e r  f a i l u r e  mode i s  i l l u s t r a t e d  in 

Figure 3 .7 .  Figure 3.7a i l l u s t r a t e s  a f a i l e d  p ressure  pin (weld metal specimen). 

In Figure 3 .7b ,  d e t a i l s  of  su r face  p e r fo ra t io n s  a re  dep ic ted .  A t r a n s v e r se  

s ec t io n  through ty p ica l  p o r e - l i k e  d e fe c t s  i s  presented  in Figure 3 .7c .  This 

s ec t io n  d e p ic t s  la rg e  pores ,  open in the o u te r  weld over lay  ( l a s t  pa ss ) .  

Reexamination o f  micrographs obta ined during weld over lay  c h a r a c t e r i z a t i o n  

in d i c a t e  t h a t  weld p o r o s i ty  was not e x ce s s iv e ,  however, i n c lu s io n  p a r t i c l e s ,  

approximately 1-2 pm in diameter were d isper sed  throughout the  weld metal .

Weld metal samples pre-exposed to  Na f o r  950 hours p r i o r  to  t e s t i n g  leaked 

upon p r e s s u r i z a t i o n .  Deta i led  ev a lua t ion  of these  weld samples has been 

i n i t i a t e d  to  determine the  cause f o r  the  apparent degredat ion  of the  weld 

metal dur ing exposure to  Na.
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Table 3.1 D ecarbur iza t ion  Rate Constants  f o r  Z^sCr-lMo 
Exposed to S t a t i c  Sodium, 510°C (950°F)
{t i  t an i  um -ge t te red)

Annealed* h r .  - 924°C (1695T)
f e e .  cool to  RT

K(gmc/cm - sec^)

10,000 hrs .  
-9

9.4X10

4100 hrs, 
-9

12X10

Normalized & 
Tempered

h r .  92AX  (1695°F) 
AC to  RT
1 h r .  677"C (1250°F) 
AC to  RT

2.5X10
-9

3.5X10

* Both t rea tm en ts  received  a f i n a l  s t r e s s  r e l i e f  anneal 
1 h r .  0 732°C (1350°F) with  subsequent a i r  cooling to  
room temperature .
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Table 3 .2  Creep F a t ig u e  T e s t  Parameters
Tubula r  Creep Specimens

Envi ronment

Test  Temperature 

Materia l

Loading Modes

Peak Load Frequency 

Hold Time a t  Peak Load

-  T i tan ium -get te red  sodium or 
helium ( in s id e  diameter)

-  Air (ou ts ide  diameter)

- 502°C (935°F)

- 23sCr-lMo Steel  
Isothermal Annealed

- Constant load fo r  creep

- Per iod ic  load inc rease  of 
approximately 69 MPa (lOksi)  
f o r  creep fa t ig u e

- 1 cyc le  per 24 hours

- 10 seconds
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Table 3.3 Uniaxial  Creep/Fat igue Tes ts  502°C (935°F)

Minimum
Test Stress  St ress  Peak Rupture Creep Rate

■[ (MCRH%/hr)

2.7 X 10
-3

1.9 X 10
-4

2.5 X 10

-3
6.9 X 10

Specimen Environment MPa ksi MPa ksi Rupture Time (hr) St rain

A02 Heli urn 310.2 45 - 39.9 18.2

A04 Heli urn 241.3 35 2296 29.2
(a) (a)

AOS Helium 172.4 25 - 1000

A13 Na/Ti 241.3 35 310.2 45 248.5 27.0

A14 Na/Ti 241.3 35 - 1021.6 25.0

A15 Na/Ti 241.3 35 - 397.3 26.8

A03 Heliurn 206.8 30 276 40 928 20.6

(a) Test  of specimen A05 discontinued a f t e r 1000 hours



Table 3 .4  B iax ia l  Creep Paramete rs
P re s s u re  Pin ( c y l i n d r i c a l ) Specimens

Environment high p ressu re  argon
25 MPa/3630 psi  ( i n t e r i o r  surface)

t i t a n iu m - g e t t e r e d  sodium or  argon 
( e x t e r i o r  su r face )

Test  Temperature 

Materia l

♦Pre-exposure  Condi tions

510°C (950°F)

2%Cr-lMo Steel
Isothermal annealed designated "B" 
fo r  base metal

2^Cr-lMo Stee l  Weld Metal 
Post  weld heat  t r e a t e d  (732°C/I350°F 
f o r  4 hours ) ;  designated "W" fo r  
weld metal

510°C (950°F) f o r  950 hours 
Control  and Na/Ti Specimens

* 7 o f  21 t e s t s  to  da te  have been pre-exposed p r i o r  to t e s t i n g
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Table 3 .5  B ia x ia l  Creep Program ( I  = 510°C/950°F)

S t r e s s______
Specimen Env. MPa ksi  Rupture Time ( h r s . )

B40-07 Helium 223.37 32.4 248.2

B40-08 Sodium 223.37 32.4 98.2

845-07 Helium 251.63 36.5 116.2

845-08 Sodium 251.63 36.5 168.5

B40-01 Helium 275.76 40.0 4 .0

840-02 Sodium 275.76 40.0 1.3

B45-01 Helium 310.23 45.0 0.5

845-02 Sodium 310.23 45.0 0.4

W40-07 Helium 223.37 32.4 200.0

W40-08 Sodium 223.37 32.4 116.2

W45-07 Helium 251.63 36.5 172.5

W45-08 Sodium 251.63 36.5 108.0

W40-01 Helium 275.76 40.0 0.1

W40-02 Sodium 275.76 40.0  0.9

W45-01 Helium 310.23 45.0  0 .3

*840-10 Sodium 223.37 32.4 17.1

*840-09 Helium 223.37 32.4 234.5

*840-04 Sodium 223.37 32.4 5.4

*840-03 Helium 223.73 32.4 152.9

*840-06 Sodium 223.73 32.4 5.9

*845-09 Helium 251.63 36.5 154.8

*835-01 Helium 195.44 28.35 473

8 = Base Metal 
W = Weld Metal
* Pre-exposed to  sodium fo r  950 hours a t  510°C (950°F)
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Figure 3-Z Decarburization of 2-1/4 Cr- IMo Base and Weid Metai, 5 lOP C) (95CPF) Ti-gettered Sodium (400X)
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Figure 3-7. 2-1/4 Cr-IMo Aii-weid Meta! Pressure Pins. Pre-exposed to 95CPF (51CPC) Static Sodium for 950 Hours.
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4. AQUEOUS STRESS CORROSION-WATER/STEAM 
SIDE CORROSION (SUBTASK B)

M. E. Indig

Subtask B s tu d i e s  c a u s t i c  s t r e s s  co r ro s io n  cracking  and co r ros ion  

f a t i g u e  damage f o r  s im ula ted  LMFBR e vapora to r  and s u p e rh ea te r  environments.

These s t u d i e s ,  with the  r e fe ren ce  m a t e r i a l  2%Cr-lMo, and the  a l t e r n a t e  m ate r ia l  
Alloy 800 H, a re  concerned with the  w ater /s team s id e  p o r t io n s  o f  th e  steam 

g e n e r a to r .  More s p e c i f i c a l l y ,  the  co r ro s io n  f a t i g u e  s tu d i e s  a re  planned to  

a s s e s s  and p r e d i c t  damage in an environment t h a t  mechanical ly  and chemically  
s im u la tes  the  Departure  from Nucleate  Boil ing (DNP) region o f  the  evapora to r  
s e c t io n  o f  th e  steam g e n e ra to r .

In a l l  o f  t h e se  s tu d ie s  high c o n cen t ra t io n s  o f  c a u s t i c  a re  used to 
s im ula te  o f f - c h e m i s t r i e s  in loca l  r eg ions .  The high concen t ra t ions  can 
o ccu r  as a r e s u l t  o f  in - l eak ag e  and normal concentra ting: mechanisms t h a t  
can e x i s t  in  LMFBR steam g e n e r a to r s .  H igh l igh ts  f o r  t h i s  r e p o r t in g  period a re  

as fo llows:
•  The f i n a l  s t r e s s  co r ros ion  experiments  with welded 2JsCr-lMo in super­

heated  steam have been completed.  This completes miles tone  B-5 and 
s u c c e s s f u l l y  te rm ina tes  a l l  planned t e s t i n g  in superheated  steam under 
f a u l t e d  c o n d i t io n s .

•  S t r a i n i n g  e l e c t r o d e  experiments have been completed f o r  annealed 
2%Cr-lMo in 5% NaOH a t  316°C (600°F) over the  e n t i r e  range o f  
r e q u i r e d  p o t e n t i a l s .

•  The e l e c t r o n i c  con tro l  and ex te rna l  hardware f o r  the  high temperature  
co r ro s io n  f a t ig u e  f a c i l i t y  has been ordered .  In a d d i t i o n ,  th e  load 
frame design work has been completed.

•  A s in g l e  c o n s ta n t  ex tens ion  r a t e  experiment (no app l ied  p o t e n t i a l )
has been completed with  Incoloy 800 in  the  Grade 1 cond i t ion  (Alloy 800).  
Compared to  the  r e fe r e n c e  m e ta l lu rg ic a l  t r e a tm e n t .  Grade 2 
(Alloy 800 H), the  a l l o y  with th e  lower tempera ture  anneal (Grade 1) 
e x h ib i t e d  e x c e l l e n t  r e s i s t a n c e  t o  c a u s t i c  c rack ing  a t  316°C (600°F) 
in 5% c a u s t i c .

4 .1  S t r a i n in g  E lec t rode  Stud ies
The s t r e s s  corros ion  s tu d i e s  f o r  2%Cr-lMo a t  316°C (600°F) in  5% NaOH 

a t  c o n t r o l l e d  p o t e n t i a l s  have been completed. Separa te  experiments were 
conducted a t  -0 .100 ,  0 .050, 0 .100,  0 .150, and 0.400 v o l t s  vs.  a platinum 
re fe re n ce  e l e c t r o d e .  All o f  the  experiments were conducted a t  approximate 
ex tens ion  r a t e s  o f  0.025 mm/hr (O.OOl'Vhr) o r  s t r a i n  r a t e s  o f  10":^/min.
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Although the  r e s u l t s  o f  the  l a s t  experiment conducted a t  -0.100 vo l t s  
a re  no t  y e t  a v a i l a b l e ,  a l l  o th e r  sample examinations from the s t r a in in g  
e lec t ro d e  experiments i n d i c a t e  no s t r e s s  corros ion .  Metallographic examination 
in d ic a te s  t h a t  the  p o s i t i v e  p o t e n t i a l s  r e s u l t e d  in some inc rease  o f  oxide 
formation,  s p e c i f i c a l l y  manifes ted  by the  formation o f  f inge rs  of  oxides 
which pene t ra ted  severa l  g ra ins  in to  the  metal before  te rmina t ing .  Figures 
4 .1a  and b are  examples o f  t h i s  l o c a l i z e d  a t t a c k .  Table 4.1 summarizes the 
mechanical ,  e lec t rochemical  and s t r e s s  corros ion  r e s u l t s  a v a i l ab le  from the 
5% c a u s t i c  t e s t s .  The major e f f e c t  o f  p o te n t i a l  appears to  be the 
lowering in reduc t ion  in a rea  va lues ,  probably caused by the l o c a l i z e d  a t t a ck  

shown in Figures 4.1a  and b.

In ad d i t io n  to the  t e s t i n g  o f  2%Cr-lMo samples,  a s in g le  constan t  
ex tens ion  r a t e  exper iment  was conducted with Incoloy 800 in the  Grade 1 
(Alloy 800) cond i t ion  (927°C (1700°F) anneal)  in 5% NaOH. Prev ious ly ,  i t  
had been determined t h a t  Incoloy in the  Grade 2 condi t ion  was q u i te  su sc e p t ib le  
to c a u s t i c  c rack ing  dur ing cons tan t  ex tens ion  r a te  t e s t i n g  and we had 
thought  s im i l a r  behavio r  could be expected from the lower temperature anneal.  

The t e s t  with the  Grade 1 condi t ion  was te rminated a t  the  onse t  o f  p l a s t i c  
i n s t a b i l i t y  (before  mechanical f r a c t u r e )  and thus reduction in area  is  not 
a v a i l a b l e .  However, only minor s t r e s s  corros ion  cracks were observed in 
the  necked a r e a ,  and the  m ate r ia l  appeared q u i te  r e s i s t a n t  to  s t r e s s  corros ion .  
Table 4.2 compares the  r e s u l t s  ob ta ined  with the two m e ta l lu rg ica l  c o nd i t ions .  
Figure 4.2  shows the  appearance o f  the Grade 1 sample a f t e r  t e s t i n g ,  compared 

to a s i m i l a r  un te s t ed  sample.

In the  f u t u r e ,  s t r a i n i n g  e l e c t r o d e  experiments with annealed 2%Cr-lMo wil l  

be conducted in 10% NaOH, and Incoloy 800 w i l l  be t e s t e d  in 5 and 10% NaOH 
in both the  Grade 1 and Grade 2 co n d i t io n s .  A f te r  conclusion o f  the  s t r a i n i n g  
e l ec t ro d e  exper iments ,  the  experimental  por t ion  o f  the  s t r e s s  corrosion 
program f o r  s imula ted  LMFBR evapora to r  and superhea te r  opera t ional  cond i t ions  

w i l l  be completed.

4 .2  Superheat  S t r e s s  Corrosion S tu d ie s ,  Weldments
The f in a l  s t r e s s  co r ro s ion  experiment with p re s su r ized  2^Cr-lMo tubes in 

superheated steam a t  482°C (900°F) has been completed.  In t h i s  experiment,  

f i f t e e n  tubes s t r e s s e d  from 103 (15) to  276 (40) MPa (k s i )  were exposed to 
steam a t  12.1 (1750) MPa ( p s i )  con ta in ing  5 to  10 ppm d isso lved  c a u s t i c .
ORNL prepared the tubes with cen te r  o r b i t a l  welds. End cap weldments and cap­

i l l a r y  connect ions to the tubes were coniileted a t  GE.
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The run was te rm ina ted  a f t e r  133 hrs .  and the  r e s u l t s  a re  tab lua ted  in 
Table 4 .3 .  In g en e ra l ,  in t h i s  r a t h e r  ag re ss ive  environment,  some mechanical 
f a i l u r e s  r e s u l t e d  from general  c o r ro s io n ,  which caused tube th inn ing  and 
eventual s t r e s s  ru p tu re .  I n i t i a l  observa t ions  in d ica ted  no s t r e s s  corros ion  
o f  the  o r b i t a l  welds.  Meta llographic  examination i s  in progress  to determine 

the  e x t e n t  o f  the  general co r ros ion  and whether any sign o f  s t r e s s  corros ion  

can be de tec ted .

4 .3  Corrosion Fatigue Stud ies
S i g n i f i c a n t  progress  in the  development o f  a high temperature  aqueous 

corros ion  f a t ig u e  f a c i l i t y  in suppor t  o f  the  DNB t e s t i n g  program has been 
made. The e l e c t r o n i c  con t ro l  package with ex terna l  hardware has been 
designed and o rdered .  A func t iona l  diagram o f  the  system i s  shown in Figure 

4 .3 .  The load frame and specimen arrangement method f o r  conducting 0 to 
te n s io n ,  o r  tens ion  to tens ion  f a t ig u e  t e s t s  in simmulated DNB environments 

a re  shown in Figures  4 .4  and 4 .5 .  Cycling of  the  specimen wi l l  be under load control  
al though c y c l i c  s t r a i n  w i l l  be monitored by an LVDT in the a c tu a to r .  Specimens 
wi l l  be t e s t e d  s in g ly  o r  in s e r i e s  with d i f f e r e n t  i n t e r n a l  arrangement.
The system wi l l  be capable  o f  opera t ion  up to  343°C (650°F).

Fab r ica t ion  o f  the  load frame assembly and au toc lave  m odif ica t ion  w i l l  

begin s h o r t l y .
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4 .4  STEAM/WATER-SIDE CORROSION TESTING OF 2^Cr-lMo (SNE/ORNL/GE) - 

L. V. Hampton

4 .4 .1  In t roduc t ion

This program i s  a coopera t ive  program between GE and ORNL and was

undertaken to  provide an engineer ing  assessment of the  corros ion  r a t e s  of 2%Cr-lMo

s te e l  under simula ted CRBRP su perhea te r  co n d i t io n s .  Under these  c o n d i t io n s ,

m a te r ia l  degradat ion  w i l l  occur by two corros ion  mechanisms. Isothermal and heat

t r a n s f e r .  High tempera ture  isothermal co r ros ion  of  the  superhea te r  tubes can

be expected a t  the  steam e x i t  end of  the  module where no heat  i s  t r a n f e r r e d  by

the  sodium. For the  heated leng th  o f  the  superhea te r  tu b es ,  however, heat

t r a n s f e r  e f f e c t s  w i l l  tend to  compound normal steam corros ion  behavior of

2^Cr-lMo and lead to  h igher co r ros ion  r a t e s ,  e s p e c i a l l y  a t  the  sod ium-in le t  to

the module where metal tempera tures  as high as 493°C (920°F)

Pre l im inary  design  c o r r e l a t i o n s  f o r  the  corros ion  of  2^Cr-lMo in super-
1

heated steam are  provided by the  Nuclear M ate r ia l s  Systems Handbook . The hand­

book de r ives  a c o r r e l a t i o n  based on previous  corros ion  experiments performed on 

2 ^ r - lM o  by severa l  independent i n v e s t i g a t o r s  (see r e f .  1 f o r  r e f e r e n c e s ) .  The 

design equation derived from these  s tu d ie s  r e l a t e s  the  isothermal corros ion  r a t e ,  r ,  

to  temperature  as shown below:

r  = 551.6 exp (-10460/RT)

where T = s teady s t a t e  co rros ion  r a t e ,  m i l /y r
cal

R = gas cons tan t  = 2 /mole-deg.
o

T = tem pera ture ,  K

To account f o r  heat t r a n s f e r  e f f e c t s  in the  corros ion  p rocess ,  a f a c t o r  of

1.5 was applied  to  the  isothermal co r ros ion  r a t e  d a ta .  This f a c to r  was der ived 

from previous  hea t  t r a n s f e r  t e s t s  conducted on Alloy 800 where a f a c t o r  of  2
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accounted fo r  the  increased heat  t r a n s f e r  co r ros ion  r a t e  of t h i s  m a te r ia l  

over isothermal r a t e  d a ta .  At the  o th e r  extreme, i t  was found t h a t  th e re  was 

no e f f e c t  of heat  t r a n s f e r  on the  co r ros ion  r a t e  of  p la in  carbon s t ee l  (see 

r e f .  1 f o r  r e f e r e n c e s ) .  Thus, f o r  the  low-a1loy s t e e l ,  2?^Cr-lMo, a 1.5 

heat  t r a n s f e r  f a c t o r  was p o s tu la te d .  To confirm the NSM Handbook c o r r e l a t i o n  

fo r  23sCr-lMo steam c o r ro s io n ,  heat  t r a n s f e r  cor ros ion  t e s t i n g  of  t h i s  mate r ia l  

i s  being conducted a t  the  F lo r ida  Power Tes t  F a c i l i t y  (Bartow P lan t )  opera ted 

by N.U.S. Corpora tion .

M ate r ia ls

The chemical composit ion of  the  a i r -m e l t e d  2i4Cr-lMo mater ia l  used i s  

l i s t e d  in Table 4 .4 .  The tubes were made from seamless pipe 2.23 cm (0.875 i n . )  

O.D. with 0.434 cm (0.171 i n . )  w a l l .  The pipe was reduced in d iameter to  1.45 cm 

(0.570 i n . )  O.D. and 1.23 cm (0.484 i n . )  I.D. by a combination of swaging and 

honing s t e p s .  The specimens were annealed in an i n e r t  atmosphere a t  913°C (1675°F) 

f o r  o n e -h a l f  hour,  fu rnace cooled to  704°C(1300°F) and held a t  t h i s  temperature  

f o r  2 hours .  The f i n a l  leng th  o f  the  heat t r a n s f e r  specimens was 80 cm (31.5 i n . )  

while the  isothermal specimens (which were cu t  from the  same tubing)  had a length 

o f  approximate ly  7.1 cm (2 .8  i n . ) .  P r io r  to  exposure,  the  specimens were pickled 

in i n h i b i t e d  s u l f u r i c  acid  and weighed.

F a c i l i t i e s

The High Pressure  Steam Corros ion Loop opera ted by Souther Nuclear 

Engineering (SNE), under the  d i r e c t i o n  o f ,  and funded by, the  Oak Ridge National 

Laboratory  was ued f o r  the  heat t r a n s f e r  and isothermal co rros ion  t e s t i n g .

The loop was modif ied to  s imula te  the  ac tua l  steam gen e ra to r  cond i t ions  as 

c lo se ly  as p o s s ib le .
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A ca lrod  h e a te r  through the  heat t r a n s f e r  specimen I.D. provided the 

heat input necessary  to  ob ta in  a heat t r a n s f e r  cor ros ion  rriode in the superheated 

steam. A l i s t  o f  the  design t e s t  cond i t ions  i s  shown in Table 4 .5 .  From the 

parameters l i s t e d  in Table 4 .5 ,  metal wall temperatures  a t  the entrance  and e x i t  

of the  specimen were c a lc u l a t e d .

Water and steam q u a l i t y  measurements fo r  the  F lor ida  Loop are  shown in 

Table 4 .6 .

During the  heat  t r a n s f e r  run ,  two specimens were t e s t ed  simultaneously .

One specimen was exposed to  a s p e c i f i e d  t ime po in t  (500, 1000, 2000, 3000, 6000 

hours) while the  o th e r  accumulated exposure t ime. This method o f  t e s t i n g  

e l im ina ted  the  need o f  s t a r t i n g  from zero time to  obta in  the longer term da ta .

As ind ica ted  in Table 4 .5 ,  only 610mm (24 inches) of  the  to t a l  specimen 

length  was corrod ing .  There was a 28°C(50°F) temperature d i f f e r en c e  between the 

heated en t rance  and the  heated e x i t  of the  tube and a design temperature  d i f f e r en c e  

o f  50°F between the  metal and the  steam a t  any poin t  along the  tube .

The isothermal specimens were placed a t  the  499°C(930°F) steam temperature  

region of  the  co r ros ion  loop. These specimens were corroded on both the  ins ide  and 

o u t s id e  diameters  as opposed to  the  heat t r a n s f e r  specimens which were corroded 

only on the o u t s id e .

4 .4 .2  Result s

The co r ros ion  r a t e s  r epo r ted  are  derived from data  generated a t  ORNL.

The t o t a l  amount of  metal involved in the corros ion  process  i s  obtained by
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su b t r a c t i n g  the desca led  specimen weight from the  i n i t i a l  weight and mormalizing 

with the  corroding a rea .  The r e s u l t s  f o r  both isothermal and heat t r a n s f e r  

specimens t e s t e d  to  da te  a re  shown in Figure 4 .6 .

There i s  a l i n e a r  v a r i a t i o n  in metal temperature  along the length  of 

the  heat  t r a n s f e r  tube s e c t io n .  The da ta  shown in Figure 4 .6  f o r  the  heat 

t r a n s f e r  t e s t  would th e r e f o r e  r e p re se n t  co r ros ion  of  2%Cr-lMo a t  an average 

temperature  of 524°C (975°F) while the  isothermal curve was obta ined in 499°C 

(930°F) steam.

From the graph, an obvious d i s p a r i t y  in the  behavior of the isothermal  and 

heat t r a n s f e r  curves i s  apparen t .  A f te r  3,000 hours the isothermal corros ion  

r a t e  has dropped o f f  to  0.0076 mm/yr^ (0.3 m i l /y r ) ,  c o n t r a s t i n g  the 0.0152 mm/y" 

(0 .6  m i l / y r )  p r ed ic ted  by the  Handbook. The heat t r a n s f e r  co r ros ion  r a t e  i s  

0.051 mm/yr (2 .0  m i l / y r )  a t  524°C(975°F) as opposed to  0.030 mm/yr (1.2 m i l /y r )  

from the Handbook c o r r e l a t i o n .

4 .4 .3  Discussion

The data obta ined  to da te  a re  inconclus ive  r e l a t i v e  to  the Clinch River 

superhea te r  co r ro s ion  r a t e  because the  t e s t s  have been conducted a t  non-pro to typic  

c o n d i t io n s :  There i s  a l i n e a r  tempera ture  v a r i a t i o n  along the  length  of  each 

t r a n s f e r  t e s t  s e c t io n  from 510°C (950°F) to  538“C (1000°F) and a 22°C (72“F) 

temperature  d i f f e r e n c e  between the  steam and the  metal a t  any po in t  along the  

tube .  Each hea t  t r a n s f e r  s ec t io n  opera ted  a t  a heat f lux  of  approximately

126,000 W/m̂  (40,000 ^ ^ ^ / h r - f t ^ ) .  Whereas the  p re sen t  thermal hydrau l ic  design  

of the  su p e rh ea te r s  f o r  CRBRP r e s u l t s  in maximum metal tempera tures  of 

approximately 493°C (920°F) and the  steam/metal  AT of  about 15°F a t  the
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maximum temperature .  The average heat  f lu x  expected in the  superhea te rs  will  

be ~ 250,000 W/m  ̂ (80,000 ^ ^ ^ / h r - f t ^ ) .  Thus, the  corros ion  r a t e s  r e s u l t i n g  

from the  p re sen t  experiment a re  h igher  than would be expected in the CRBRP. 

Attempts to  develop a co r ros ion  model to  e x t r a p o la t e  these  da ta  to the  CRBRP 

co n d i t io n s  has been unsuccessfu l  due to  a lack of information regarding the 

r e l a t i o n s h i p  amoung co r ros ion  r a t e s  and metal tempera ture ,  steam/metal AT, 

and heat f lu x .

T here fo re ,  longer term t e s t i n g  (> 10,000 hours) under the  condi t ions  

l i s t e d  in Table 4 .7  i s  c u r r e n t l y  being conducted in an e f f o r t  to  f u r t h e r  

d e f in e  the  heat  t r a n s f e r  behavior shown in Figure 4 .6 .  As shown in the  t a b l e ,  

the  c r i t i c a l  parameters  of metal wall  tempera ture  and steam-to-metal  

tempera ture  d i f f e r e n c e  have been reduced t o  more c lo se ly  s imula te  the  

c ond i t ions  in supe rhea te rs  of  the  CRBRP. The tubing to  be t e s t e d  in t h i s  

phase o f  the  experiment i s  vacuum arc  remelted 2%Cr-lMo manufactured to  the  

CRBRP steam g e n e ra to r  tubing  s p e c i f i c a t i o n ,  ROT M3-33.

4 .5  EVAPORATOR CORROSION RATES

Numerous programs have been i n i t i a t e d  to  i n v e s t ig a t e  the  e f f e c t s  of the 

Inco rpo ra t ion  o f  the  d e p a r tu re  from n u c lea te  bo i l ing  (DNB) in the evaporato r
3

tubes o f  the  Clinch River P la n t .  These programs a re  concerned, however, with 

the  lo c a l i z e d  e f f e c t s  o f  DNB r e l a t i v e  to  enhanced e x f o l i c a t i o n  and /or  increased 

metal co r ro s ion  r a t e s  in the  DNB zone. There i s  no program c u r r e n t ly  being 

run to  y i e l d  o v e ra l l  evapora to r  co r ro s ion  r a t e s .

The need fo r  such a program is  warranted in the  l i g h t  of  new corros ion
4

data  coming from the  French Phenix breeder  r e a c to r  p r o j e c t .  The steam genera to r  

of  t h i s  p la n t  c o n s i s t s  o f  a Type 321 s t a i n l e s s  s t e e l  superhea te r  and re h e a te r
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and a 2%Cr-iMo evapora to r  s e c t io n .  Sodium-side hydrogen measurements in d ic a te  

an o v e ra l l  co r ros ion  r a t e  o f  16 m ic rons /year  (0 .64 m i l /y r )  f o r  the  Phenix 

steam genera to r^  ( the  NSM Handbook c o r r e l a t i o n ^  p re d i c t s  ~ 0.1 m i l /y r  corros ion

under th e se  c o n d i t i o n s ) .  The r a t e  value i s  not conserva t ive  because i t

assumes t h a t  a l l  o f  the  co r ros ion  product  hydrogen d i f f u s e s  through the  steam 

g e n e ra to r  tube wal ls  in to  the  sodium. However some of the  hydrogen can be 

expected to  e n t e r  the  steam and, t h e r e f o r e ,  not give a good in d i c a t io n  of  the  

o v e ra l l  c o r ros ion .

I t  i s  a l s o  expected t h a t  the  l e s s  r e s i s t a n t  evapora to rs  are  corroding  a t  

a much f a s t e r  r a t e  than the  higher  temperature  superhea te r  and r e h e a te r  modules

o f  the  Phenix system.

In an a l l  2?sCr-lMo system (such as CRBRP), the  f lux  o f  hydrogen in to  the 

sodium due to  co r ros ion  would be expected to  be much g r e a t e r  due to  the  higher 

temperature  ope ra t ion  o f  the  s u p e rh ea te r .  Cold t r a p  design f o r  the  CRBRP i s  

a t t e n d a n t  upon a knowledge of  the  amount of hydrogen expected to  e n t e r  the  

sodium from the  w a te r - s id e  o f  each module.

Experiments are  being conducted a t  NUS-SNE to  determine maximum supe r ­

hea te r  co r ro s ion  r a t e s  a n d , t h e r e f o r e , t u b e  l i f e t i m e s  fo r  t h i s  module. These 

steam co r ro s io n  t e s t s  cannot p r e d i c t  the  high temperature  water co r ros ion  r a t e s  

o f  the  evapora to r  module,however. The bas ic  co r ro s ion  mode of  each module wil l  

be d i f f e r e n t  due to  the  d i f f e r e n c e s  in f l u i d  c h a r a c t e r i s t i c s  o f  the  superhea te r  

and evapora to r .

Chemical co r ros ion  o f  the  evapora to r  due to  the  d ep o s i t io n  o f  c a u s t i c  

spec ies  and the  i n t r u s io n  o f  condenser s a l t s  can lead to  h igh ly  lo c a l i z e d  

c o r ros ion  in t h i s  module as opposed to  the  general  a t t a c k  expected in the super-
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h e a te r .  DNB enhanced damage mechanisms can a lso  be expected to  inc rease  the  

co r ros ion  of the  evapora to r  tube wall in t h i s  reg ion . A l i s t  of  poss ib le  

mechanisms i s  shown below:

(1) The temperature  o s c i l l a t i o n s  may cause thermal f a t ig u e  damage to ,

and e x f o l i a t i o n  o f , t h e  p r o t e c t iv e  oxide layer  on the steam side  

o f  the  b o i l e r  tube ,  leading to  increased w a te r - s ide  co r ros ion .

(2) The temperature  o s c i l l a t i o n s  may cause cy c l ic  thermal s t r a i n

f a t i g u e  o f  the  b o i l e r  tube wall with poss ib ly  a t t en d an t  corros ion 

f a t i g u e .

(3) Water impur ity  concen t ra t ion  caused by r e c i r c u l a t i o n ,  evaporat ion

in the  b o i l e r  tube and local  dryout a t  the c r i t i c a l  heat  f lux  poin t

may cause g r e a t l y  a cc e le ra te d  c o r ro s io n ,  poss ib ly  augmented by local 

porous d ep o s i t s  o f  co r ros ion  products  such as iron oxide ac t ing  as 

co n cen t ra t in g  s i t e s .

(4) Local buildup o f  p r e c i p i t a t e d  d e p o s i t s  may lead to unpredic ted local  

heat  t r a n s f e r  p e r tu rb a t io n s  which could adverse ly  a f f e c t  corros ion  

and /o r  f a t i g u e  p o t e n t i a l .

A program to  determine evapora to r  co r ros ion  r a t e s  under simulated Clinch 

River water c ond i t ions  i s  proposed. The experiment wi l l  be conducted in 

coopera tion  with ORNL a t  the  Bull Run Steam P lan t  opera ted  by the T.V.A.

33



REFERENCES

1) NSM Handbook, Water Side C orros ion ,  Vol I I ,  pp. 1-14

2) Chakiaborty,  A.K.,  " L i t e r a tu r e  Review and Test  Plan on General Corrosion 
o f  F e r r i t i c  and A u s t e n i t i c  Steam Generator M ate r ia ls  in Superheated 
Steam Under Isothermal and Heat T rans fe r  Condit ions"  NEDG 13860, May 1972

3) Memo to  P. Lowe from D. D u t ina /J .  R. Peterson  " I n t e r r e l a t i o n s h i p  of Ongoing 
and Proposed DNB Damage Support Testing"  A p r i l ,  1975

4) Cambil la rd ,  E . ,  LaCroix,  A. e t  a l , "Phenix Steam Generators Measuring 
Hydrogen Concentra tion of  Sodium For Tightness  Inspect ion  o f  Water-Steam 
Tubes." Paper p resen ted  a t  I .A.E.A. Study Group Meeting on LMFBR Steam 
G enera tors ,  Bensberg, Oct. 1974

5) P r iv a t e  Communication: M. G. Robin (Commissariat a L 'Energ ie  Atomique)
to  P. Roy (G .E .-F .B .R .D .) August 1975

34



TABLE 4 .1

S t r a in in g  Elec t rode  R esu l t s ,  Annealed 
2%Cr-lMo, 5% NaOH, 316°C (600°F) 

2xlO^/n iin  S t r a in  Rate

Applied P o ten t ia l  
Versus P t ,  

Volts

Tens i le  
S t rength  

MPa (k s i )

Elognation
%

Red. 
in area

%

Observation

0* 492 (71.3) 22.0 53 No SCC**
V

0 491 (71.2) 18.0 31

.050 >434 (>63)'" 11.6 27.4

.100 510 (74) 11.4 31.0

.150 504 (73.1) 12.5 33

.400 487 (70.7) 14.2 39.6

* Standard in  pure w a te r . t e s t e d a t  10"^/min s t r a i n  r a t e .

** S t r e s s  co r ro s ion  c rack ing .

^ E lec t ro n ic  malfunction in load c e l l  a f t e r  a load eq u iva len t  to  434 MPa 
was reached; t e s t  was continued to  f a i l u r e  of the  sample.
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TABLE 4 .2

Constant Extension Rate Testing o f  

Grade 1 and Grade 2 Incoloy 800 316°C (600°F),  

5% NaOH 2x10” ^/min S tran  Rate

Meta l lurg ica l  
Condi t ion

Grade 2 

Grade 1

Tens i le  
S trength  

MPa (ks i )

302

506

(43.8)
(73.4)

Elongation

38
44.7

Reduction 
in area

% __

15
38.2*

Observation

F a i lu re  by IGSCC 

Duct i le  f a i l u r e

★ ★

* Measurement ob ta ined  a t  the neck o f  u n fa i l e d  sample 

** IGSCC - I n t e r g r a n u la r  S t r e s s  Corrosion Cracking
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TABLE 4 .3

Summary o f  Caus t ic -Superhea t  S t r e s s  Corrosion Run 

508, 482°C (900°F) 12.1 (1750) MPA ( k s i ) ,  133 h r s . ,  2%Cr-lMo Weldments*

Sample No S t r e s s Results
MPa (k s i )

1290 138 (20) No f a i l u r e

1291 138 (20) Mechanical f a i l u r e ,  between 
99 and 113 h rs .

1292 138 (20) II

1293 172 (25) No fa i  1 ure

1294 172 (25) n

1295 172 (25) II

1296 207 (30) Mechanical f a i l u r e ,  between 
49 and 65 h rs .

1297 207 (30) Mechanical f a i l u r e ,  120 h r s .

1298 207 (30) No f a i l u r e

1299 241 (35) Mecahnical f a i l u r e ,  98.5 hrs

1300 241 (35) Mechanical f a i l u r e ,  120 h r s .

1301 241 (35) Mechanical f a i l u r e ,  between 
73 and 89 h r s .

1302 276 (40) Mechanical f a i l u r e ,  between 
15.5 and 18 h rs .

1303 276 (40) Mechanical f a i l u r e ,  between 
42 and 43.5 h rs .

1304 276 (40) Mechanical f a i l u r e ,  between
49 and 65 h rs .

* Annealed s e c t io n s  o f  2i4Cr-lMo tube jo ined  in an o r b i t a l  weld,  followed by 
by a s t r e s s  r e l i e f  a t  732°C (1350°F)

NOTE; Metallography in progress  to  determine any s t r e s s  corros ion  in weldments.

37



Table 4 .4

Composition of 2%Cr-lMo M ate r ia ls  (Weight Percent)  fo r  
Superheat Corrosion Tests

Carbon 0.11
Manganese 0.43
Sulphur 0.017
Phosphorous 0.017

S i l i c o n  0.29
Chromium 2.36
Molybdenum 0.93
Iron Balance
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Table  4 .5

Specimen Design and Tes t  Requirements 
General"Corrosion Under Heat Transfe r  (Reference 2)

System Requirements

Steam to  each t e s t  sec t ion
Temperature Steam in to  t e s t  sec t ion
Heater Power with Variac Control
Temperature d i f f e r e n c e  between steam 

and heated specimen (AT)
Temperature Steam out of  t e s t  s ec t ion
Veloci ty  a t  o u t l e t  of t e s t  s ec t ion
Specimen metal temperature  - i n l e t  end
Specimen metal temperature  - o u t l e t  end

O.OSS^S- (300 l b s / h r . )  
468°C ( 8 7 5 ^ )

3.5KW - 220V

40°C (72°F)
499°C (930°F) 

34.4m/sec (113 f t / s e c )  
510°C (950°F)
538°C (lOOOT)

Heater Requirements

Outer d iameter 
Length
Heated Length 
Power

Non-heated length  - both ends

12.662 + 0.013mm (0.4985 + 0.0005")
25mm (32.5")

610mm (24")

5KVA a t  230V, 60 cycle  
109mm (4.25")

Speciment Requirements

Outer d iameter 
Inner d iameter 
Length

14.40 + 0.05mm (0.567 + 0.002") 
12.727 + 0.013mm (0.5005 + .0005") 

800mm (31.5")
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Table  4 .6

Allowable Ranges of Im pur i t ie s  and Chemical Analyses of Boi le r  Water 
and Steam a t  Bartow P lan t  (Ref. 3)

pH

Im p u r i t i e s ,  ppm 
Na2S03 

NaCl 
PO.

Nâ SÔ

Si02

NH.,

Boi le r  Water 
Allowable ranges of concen t ra t ions

10.1 - 10.7

0 . 6  -  1. 0

3 - 1 0
1.0 - 5.0

5 - 2 5

0 . 1 2  -  0 . 2 0

Cl
Conductance,  micromhos 
IDS

Satura ted  Steam 

8 .8  - 9.0

30 - 50

0.005 max

1.0 max

0.5 max
2.2 - 4.5 
0.5 - 1.0

Chemical Analyses a t  Random Dates

pH 10.7 10.7 10.3 8 .8 8.9

Im p u r i t i e s ,  ppm 

Na2S03 1.0 0.6 0.7 ____ ___

NaCl 4 3 4 — —

PO4 5 2 3 — —

Na2S0^ 8 13 14 — —

Si02 0.14 0.13 0.15 0 0

NH3 — — — 0.153 0.180

Conductance,  micromhos — — — 4.5 4.0
IDS . . . . . . . . . 0.7 0.7
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Table 4 .7  Tes t  Requirements
General Corrosion Under Heat T rans fe r

Steam to  each t e s t  s e c t io n  0.061 (483 l b / h r )
s

Temperature steam in to  t e s t  s e c t io n  486°C(906'*F)

Heat Power with Variac  con t ro l  3.5 KW

Temperature d i f f e r e n c e  between steam
and heated specimen (AT) 16.7°C(30°F)

Temperature steam ou t  o f  t e s t  s e c t io n  507°C(945°F)

V e loc i ty  a t  o u t l e t  of  t e s t  s ec t io n  34.14 mps(112fps)

Specimen metal tempera ture  - i n l e t  end 502°C(936°F)

Specimen metal tempera ture  - o u t l e t  end 524°C(975°F)
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Figure 4. la. 2 1/4 Cr-1 Mo Annealed, 5% NaOH, 316°C (60(f F i 
ICr^/M in Strain Rate, 0.100 Volts Versus Ft

Figure 4 .1b. 2  1/4 Cr-1 Mo Annealed, 5% NaOH, 316°C (60(f F), 
10~^/Mln Strain Rate, 0.150 Volts Versus Ft
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AUTOCLAVE  
(SEE 4.5)

Figure 4.4. Load Frame
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AUTOCLAVE VESSEL

TWO SPECIMEN ARRANGEMENT

ONE SPECIMEN ARRANGEMENT

Figure 4.5, Specimen Arrangement
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5. MECHANICAL PROPERTIES OF STAINLESS STEEL 
IN CARBURIZING SODIUM (SUBTASK C)

5.1 FATIGUE CRACK GROWTH STUDIES - J .  F. Copeland/G. R. Dodson

The o b je c t iv e  o f  t h i s  program is  to determine the  environmental  in f luence

of  l i q u id  sodium on the  f a t i g u e  crack propagation r a t e s  for  annealed Type 316

s t a i n l e s s  s t e e l .  To be p ro to ty p ic  o f  expected LMFBR In te rm edia te  Heat Transport

System (IHTS) p ip ing  c o n d i t i o n s ,  t h i s  t e s t i n g  i s  being done a t  low frequency

(0.5 cyc les  per minute (cpm) and a t  510°C(950°F). A d d i t io n a l ly ,  the  ex i s t ence

of a high c a r b u r iz in g  p o te n t i a l  in the  l i q u id  sodium environment i s  a d i s t i n c t  
1

p o s s i b i l i t y  . Since the  exac t  c a rb u r i z in g  p o te n t i a l  o f  the  IHTS sodium has not 

been determined, t h i s  experiment i s  being run under the  most severe c o n d i t i o n s ,  

of  c a rb o n -sa tu ra ted  sodium. The use o f  c a rb o n -sa tu ra te d  sodium a lso  allows the  

a c c e l e r a t i o n  of c a r b u r i z a t io n  in o rde r  to  r e p re se n t  design  l i f e  cond i t ions  with 

a r e l a t i v e l y  sh o r t - t e rm  t e s t .  Control  t e s t s  in a i r  a re  a l so  being performed 

under the  same loading c o n d i t i o n s ,  in order  to  t r u l y  d i sce rn  environmental  

e f f e c t s .  These r e s u l t s  w i l l  show whether or not p e n a l t i e s  or al lowances fo r  

crack growth in secondary system sodium are  requ ired  o r  warranted .

ASTM E399, 12.7 mm. (0 .5  i n . )  t h i c k ,  3 -p o in t  bend specimens were machined 

from annealed 15.9 mm. (5/8 i n . )  Type 316 pla te^  and f a t ig u e  precracked.  Spec i­

mens to be t e s t e d  in a i r  were aged a t  510°C(950°F) f o r  1000 h r s .  in a i r .  Those 

to be fa t igued  in high carbon sodium were pre-exposed in Loop A sodium with a 

Grade 1050 carbon s t e e l  source a t  510°C(950°F) fo r  1000 h rs .  The c a r b u r i z a t io n  

incurred  by these  specimens during sodium pre -exposure  i s  shown in Figure 5 .1 ,  

and i s  typ ica l  o f  t h a t  a n t ic ip a te d ^  f o r  a 30-year  LMFBR design l i f e  with  a 

2%Cr-lMo s tee l  carbon source .
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Fatigue  crack growth t e s t s  were performed in a i r  and flowing,  high

carbon sodium in  two s p e c i a l l y  designed f a t i g u e  t e s t  f a c i l i t i e s ^  Three t e s t s

could be run concu r ren t ly  in each f a c i l i t y .  A f te r  loading f o r  an est imated

number o f  c y c l e s ,  the  specimens were withdrawn and examined fo r  crack growth.

When the  crack growth approximated 0.76 mm. (30 mils )  the  specimen was f r ac tu re d

to a c c u ra te ly  measure c rack  growth. A crack growth r a t e  was then computed from

the  r a t i o  o f  c rack ex tens ion  to  cyc le s .  The s t r e s s  i n t e n s i t y  f a c to r  range (AK)

was c a lc u la t e d  a t  h a l f  the  c rack ex ten s io n .  Preliminary  r e s u l t s  fo r  t e s t s  in
2 ,3 ,4 ,5

a i r  and sodium are  shown in Figure 5 .2 ,  and compared to  o the r  da ta
2 3

The con t ro l  da ta  ( a i r )  i s  in e x c e l l e n t  agreement with previous r e s u l t s  ’ . 

Several more t e s t s  w i l l  be run to  more ex ac t ly  determine t h i s  crack growth l i n e .  

The sodium r e s u l t s  f a l l  below the a i r  t e s t  values  (slower crack growth in 

sodium) f o r  the  low AK v a lu es ,  where crack growth is  slower and environment i s  

expected to  have more in f lu en ce .  These r e s u l t s  f a l l  s l i g h t l y  above the  lower 

carbon sodium r e s u l t s  a t  427'^C(800°F) and 600°C(1112°F) of HEDL and CE6B. This 

may i n d i c a t e  a s l i g h t  environmental  e f f e c t .  At higher AK le v e l s  the re  appears 

to  be l i t t l e  environmental  in f luence  on crack propagation r a t e s .  I t  should 

be noted t h a t  r e fe ren ce  f o i l  moni tors i n d i c a t e  a f a i r l y  low carbur iz ing  

p o te n t i a l  of the  sodium during th e se  s ix  t e s t s .  This wi l l  be v e r i f i e d  and 

c o r re c t e d .  Fur ther  t e s t i n g  i s  being pursued to  v e r i f y  these  p re l iminary  t r en d s .  

Also,  fu tu r e  t e s t i n g  w i l l  inc lude  slower cycle  r a t e s  and the in f luence  of 

hold-t imes under load.  Addit ional specimens, inc luding some from GTA weldments, 

a re  being prepared.

In analyz ing  the  r e s u l t s  shown in Figure  5 .2 ,  an assessment o f  f a t ig u e  

crack growth r a t e  versus  c a r b u r i z a t io n  r a t e  was performed. Special  a t t e n t i o n  

was given to  fu tu r e  t e s t  planning with ho ld - t im es ,  where c a r b u r i z a t io n  could
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occur dur ing the  hold-t ime period between cyc les .  Hold-tiine must be ad jus ted  to

allow the  d i f f u s i o n  of  carbon in to  the  sample to  a f f e c t  crack growth. The carbon

must d i f f u s e  through the  f a t i g u e  p re -c rack  to the  sur face  of the  growing crack

t i p  and in to  the  meta l .  Simple e s t im a te s  of the  time requ ired  f o r  carbon d i f f u s io n

to  in f luence  c rack growth have been made and hold-t imes  of approximately 1 hour
-3

are  i n d ic a te d .  The d i f f u s io n  c o e f f i c i e n t  fo r  carbon in sodium l i e s  between 10 
-5 o

and 10 a i r  a t  the  t e s t i n g  tem pera tures .  The f a t ig u e  p re -c rack  length  of  the  
sec

specimen i s  approximately 1.4 mm (55 m i l s ) .  During a time in te rv a l  o f  1 minute,

carbon can e f f e c t i v e l y  d i f f u s e  from 0.2 to  2.5 mm (7.9 to 98 m i l s ) ,  depending

upon the  value o f  the  d i f f u s i v i t y  o f  carbon in sodium. In 1 hour t h i s  d i s tan ce

i s  approximately 2 to  20 mm (.079 to  .79 i n . ) .  Since carbon must d i f f u s e  through

the  sodium in the  f a t i g u e  crack before  i t  reaches the  crack t i p ,  hold-t imes of

approximately 1 hour a re  r e q u i r e d .  The e f f e c t i v e  d i s t a n ce  o f  carbon d i f f u s io n

i n to  the  s t a i n l e s s  s t e e l  crack t i p ,  provided the  sodium can f r e e l y  supply carbon,
“4

is  approximate ly  2X10 mm (7 .9  X 10" i n . )  fo r  a hold-t ime o f  1 minute and 
-T -51.6 X 10“ mm (6 .3  X 10 i n . )  f o r  a hold-t ime o f  1 hour.  The value o f  10“^ mm 

(3 .9  X 10"^ i n . )  i s  approximately the  c rack growth d i s ta n ce  per f a t i g u e  cyc le .

I f  hold-t imes o f  l e s s  than 1 minute a re  employed, the  crack extens ion  should 

o u t s t r i p  the  d i f f u s i o n  length  o f  the  metal and no s i g n i f i c a n t  e f f e c t  o f  c a r b u r i z a ­

t i o n  or  crack ex tens ion  w i l l  occur .  For 1 hour ho ld - t im e,  the  e f f e c t i v e  d i f f u s io n  

d i s t a n c e  o f  carbon through the  f a t i g u e  pre-cr^ack and in to  the  s t a i n l e s s  s t e e l  is

t h e o r e t i c a l l y  l a rg e  enough fo r  the  e f f e c t  of  c a r b u r i z a t io n  on crack growth to
*"4 “5 -6appear.  For c rack growth r a t e s  on the  o rde r  o f  10 or  10 mm/cycle (3.9 X 10“

or  3 .9  X 10"^ i n . / c y c l e ) ,  as a t  lower AK v a lu es ,  even the  one or  two minute

hold-t ime could reveal  the  in f luence  of  c a r b u r i z a t io n  on crack growth r a t e s .

Several  longer hold-t ime t e s t s  w i l l  be run in the  near  f u tu r e .
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5.2 CREEP/FATIGUE STUDIES - P. P. Pizzo

The o b je c t iv e  of  t h i s  program i s  to  eva lua te  the  tens ion  creep p ro p e r t i e s  

of Type 316H s t a i n l e s s  s t e e l  in a c a rb u r iz in g  sodium environment. P a r t i c u l a r  

a t t e n t i o n  has been given creep behavior under both sus ta ined  and c y c l i c  load 

c o n d i t io n s .  Analysis  o f  the  p re l im inary  da ta  r e s u l t s  has been presented e lsewhere .^  

In the  following d i s c u s s io n ,  r e c e n t ly  acquired data  i s  p resen ted .  Also,

p rev ious ly  repo r ted  da ta  has been modified to  incorpora te  t e m p e ra tu re / s t r e s s  

c o r r e c t io n s  based on da ta  obta ined on ins trumented t e s t  specimens.  The data 

presented in t h i s  d i s cu s s io n  supersede data  repor ted  in previous GE(FBRD) 

documents.

Table 5.1 l i s t s  the  t e s t  parameters ap p l i c ab le  to  the  c re ep - f a t i g u e  program.

A tu b u la r  sample co n f ig u ra t io n  i s  used to  provide  a continuously  ca rbur iz ing  

environment dur ing t e s t i n g .  Specimens are  f i l l e d  with e i t h e r  high p u r i t y  sodium 

and a Grade 1095 s t e e l  (wire) carbon source ,  or with Argon fo r  con tro l  t e s t i n g .  

Tens i le  t e s t  data  c h a r a c t e r i z in g  the  316H s t a i n l e s s  s t e e l  t e s t  mate r ia l  are  

included in Table 5 .2 .

Table 5 .3  i s  a comprehensive t a b u la t i o n  of  creep data  obtained a t  502°C(935°F), 

The s t r e s s  ru p tu re  da ta  from t h i s  t a b l e  a re  g ra p h ic a l ly  presented in Figure 5 .3 .

No d e f i n i t e  t rend  e x i s t s  f o r  t h i s  d a ta .  Data rep re sen t in g  the main experimental 

parameters  (mode o f  loading and environment) f a l l  w i th in  a common s c a t t e r  band.

All data  f a l l  above the  minimum expected va lue f o r  s t r e s s  rup tu re  approximated 

from ASME Code Case 1592 d a ta .

Figure 5.4 i s  a logar i thm ic  p l o t  of  the  minimum creep r a t e  as a function 

o f  the  app l ied  s t r e s s .  Again,  no d e f i n i t e  t rend  e x i s t s  in d i s t in g u i s h in g  the
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data  as a func t ion  of  t e s t  parameter.  I t  i s  to  be noted th a t  l im i ted  contro l  

data  i s  a v a i l a b l e  f o r  comparison. Major e f f o r t  in the  c u r r e n t  phase of 

t e s t i n g  i s  focused on ob ta in ing  con tro l  t e s t  (Argon f i l l e d )  da ta .

The data  of  Table 5.3 in d i c a t e  t h a t  a la rge  p l a s t i c  s t r a i n  i s  incurred 

upon specimen load ing .  This loading s t r a i n  i s  equ iv a len t  to t h a t  obta ined in 

a s tandard  t e n s i l e  t e s t ,  e 2 10~^s‘ \  a t  the  t e s t  tem pera tu re ,  510°C(950°F). That 

i s ,  f o r  the  s t r e s s  c ond i t ions  o f  t h i s  t e s t  program (365 to  565 MPa/53 to  82 k s i ) ,  

the  app l ied  s t r e s s  i s  g r e a t e r  than the y i e l d  s t r e s s  a t  the  t e s t  temperature  

(173 MPa/25 k s i ) .  Thus upon load ing ,  the  sample deforms ( s t r a i n s ) ,  u n t i l  

s u f f i c i e n t  work hardening takes  p lace  to r e s i s t  f u r t h e r  time independent 

deformation.  Subsequent to  t h i s  i n i t i a l  s t r a i n ,  time dependent flow (or creep)  

occurs .  These events  a re  i l l u s t r a t e d  in the  s t r a i n / t i m e  curves o f  Figure  5 .5 .  

Creep s t r a i n s  l e s s  than 3% a re  nominally observed fo r  e x i s t i n g  d a ta .

The s t r a i n  upon loading f o r  contro l  t e s t  specimens is  p l o t t e d  in Figure 5.5,  

Control specimens a re  found to  undergo a l a r g e r  in s tan taneous  s t r a i n  than Na/C 

exposed samples under e q u iv a len t  t e s t  c o n d i t io n s .  This in format ion w i l l  be used 

in subsequent t e s t i n g  to  i s o l a t e  p o te n t i a l  environmental in f lu en c es .
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Table  5.1 C reep -F a t ig u e  Tes t  Parameters
Tubular  Tension Samples

Environment

Test  Temperature 

Mate ria l  

Loading Modes

Load Increase  Frequency 

Hold-Time a t  Peak Load

- Carbon s a tu r a te d  Na or argon 
( in s id e  diameter)

- Air  (ou ts ide  diameter)

- 502°C (935°F)

- Annealed Type 316H s t a i n l e s s  s t e e l

- Constant load f o r  creep
Per iod ic  load inc rease  of  approx­
imate ly  69MPa
(lOksi)  f o r  c re e p - f a t i g u e

- 1 cycle  per hr.

-  15s and 1800s
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Table 5.2 Test Material Charac terizat ion- 
Tensile Tests

0 . 2%
Y. S. U.T S %

316H Sta in less  Steel MPa ( Ksi) MPa (Ksi) % E l . R.A.

1/4 Sched. 80 Pipe Tests*

Room Temp. 272 (39.4) 623 (90.4) 50.0 55.3

300 (435) 612 (88.7) 44.0 48.5

510°C (950*F) 173 (25.1) 479 (69.4) 28.5 36.3

166 (24.0) 491 (71.2) 32.5 36.6

* 8.9 mm (0.35 in . )  O.D. X 0.46 mm (0.018 in . )  wall X 50.8 mm (2 in . )  
reduced section
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Table 5.3 Creep Data a t  502“C(935‘’F) for
Annealed Type 316H S ta in le ss  Steel

Specimen
Stress

(Ksi) (MPa)
Peak Stress 
Hold-Time

Pre-exposure/Test
Environmentfal

Rupture
Time

Strain  
Upon Load 

Application
Creep
Strain

Creep
Rate

(Hr) (Hr) {%) (%) (%/Hr)

CIO 57 393 - Na/0 2430 4.3 1.1 3.6X10"^

06 63 434 - Na/0 680 7.2 0.7 7.0X10'^

09 69 476 - Na/0 917 9.5 0.9 8.0X10"^

07 76 524 - Na/0 428 13.4 0.7 1.3X10"^

cn 01 48/59 331/407 0 Ar (b) 7.4 (b) 2.5X10"^

022 61/71 421/490 0 Ar 2584 22.0 3.2 4.7X10'^

Oil 54/66 372/455 0 Na/0 2108 9.8 0.7 3.1X10"^

015 62/75 428/517 0 Na/0 842 10.9 3.3 9.2X10'^

018 62/75 428/517 0 Na/0 1860 12.0 - -

016 63/76 434/524 0 Na/0 4.6 15.5 <.l -

013 70/82 483/565 0 Na/0 1585 21.2 4.9 4.6X10"^

012 53/64 365/441 .5 Na/0 904 12.3 1.0 8.8X10'^

019 60/72 414/496 .5 Na/0 2322 - - -

014 60/72 414/496 .5 Na/0 423 12.3 0.9 1.3X10'3

\ a ) MM baMifJici uu
(b) Test  discontinued p r io r  to f a i l u r e
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6 . SIMULATION OF THE INTERMEDIATE HEAT TRANSPORT SYSTEM - ISML (SUBTASK D)

J .  L. Krankota

6.1 OBJECTIVE

The o b je c t iv e  of  s imula t ing  the  IHTS with the  ISML (In te rm ed ia te  System 

Mockup Loop) i s  to confirm the  p red ic ted  c a r b u r iz a t io n  and d e ca rb u r iza t io n  r a te s  

o f  s t a i n l e s s  s t e e l  and 2^Cr-lMo in no n - i so th e rm a l , f lowing sodium. In a d d i t io n ,  

the  a n t i c i p a t e d  p a t t e r n  o f  carbon t r a n s p o r t  in sodium throughout a b im e ta l l i c  

piping  system a t  p ro to ty p ica l  tempera tures  can be v e r i f i e d .  This in format ion ,  

when coupled with mechanical p ro p e r t i e s  data  on carbur ized  s t a i n l e s s  s t e e l s  and 

decarburized 2%Cr-lMo, w i l l  permit  the des igners  to  account fo r  p o s s ib le  degrada­

t io n  o f  the  p re ssu re  boundary i n t e g r i t y .

6.2 CURRENT PROGRESS

Run B-2

The second t e s t  run (Run B-2) was completed a f t e r  912 hours a t  t e s t  condi­

t i o n s .  The loop performed without s i g n i f i c a n t  in c id e n t  a t  ope ra t ing  temperatures  

which var ied  not more than ±3°C (±5.4°F) dur ing the  run.  The samples removed from 

the  loop included some with 912 hours and some with 1503 hours ( the  cumulative 

exposure dur ing Runs B-1 and B-2.)

The m a jo r i ty  of  the  samples a re  s t i l l  being analyzed fo r  carbon and prepared 

fo r  m e ta l lograph ic  examination.

During t h i s  run the  heating  and cooling c a p a b i l i t y  of the  Specimen E q u i l i b r a ­

t io n  System was checked out with no specimens in the  sample holder .  The temperature 

of  the  sodium pass ing through the  sample holder  was mainta ined a t  750 ± 5°C 

(1382 ± 9°F) f o r  four  hours as requ i red  in RDT F3-40 (June 1975 d r a f t ) .  The sodium
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flow r a t e  o f  0.00126 l i t e r / s e c  (0 .2  gpm) v/as g r e a t e r  than the  niinimum required 

in the s tandard  (0.00063 l i t e r / s e c ,  0.01 gpni) fo r  the  length  of  0.25 mm diameter 

vanadium wire  to be used.  The specimen holder  i s  designed to hold 18Cr-8Ni s tee l  

f o i l s  and e lec t rochemical  meters and can be emptied by means o f  an i n e r t  cover 

gas p re s su re .  Vanadium wire and 18Cr-8Ni s t e e l  (supplied by R. McCowen, HEDL) will  

be included in the  Specimen E q u i l ib ra t io n  System during the  next run (B-3).

Run B-1

Resu l ts  o f  carbon and m eta l lograph ic  analyses  from samples from the f i r s t  run 

(B-1, 591 hours) in d i c a t e  t h a t  the  trends  observed in the  shakedov;n run were repeated.  

As shown in Figure 6 .1 ,  the  th in  (0.025 cm, 0.010 inch) samples of Type 304SS 

carbur ized  s l i g h t l y  (50-130 ppm ca rb o n ) , in  general ,  throughout the  loop. The t e s t  

r e s u l t s  a re  t a b u la ted  in Table 6 .1 .  S im ilar  samples o f  2%Cr-lMo with a s t a b l e  

m ic ro s t ru c tu re  (20% tempered p e a r l i t e ,  80% f e r r i t e )  decarburized to 900 ppm C in 

the isothermal hot l e g ,  which s im ula tes  the  en trance  region of  the steam genera to r .  

(Samplesare c h a r a c te r i z e d  with r e s p e c t  to  microstructut^e because conventional heat  

trea tm ent  terms do not always convey the  s t a t e  o f  the m ic ros t ruc tu re  in 2^Cr-lMo.)

The m ic ro s t ru c tu re s  of these  two heats  o f  m ate r ia l  in the  a s - rece ived  condi t ion  are 

shown in Figure 6 .2 .  Samples loca ted  f u r t h e r  downstream a t  the  en trance  to the 

f i r s t  heat  exchanger (which s im ula tes  the  su perhea te r  tubing reg ion)  decarburized 

to  1100 ppm C. Samples o f  2%Cr-lMo with the  same s t a b l e  m ic ro s t ru c tu re  loca ted  

f u r t h e r  downstream in the  coo le r  regions  of the  two heat exchangers (which s imula te  

the length  o f  the  steam g enera to r  tubing) experienced only minor d eca rb u r iza t io n  

from the o r ig i n a l  carbon con ten t  of 1350 ppm C. Samples of  2 4̂Cr-lMo with a micro­

s t r u c t u r e  o f  15% B a i n i t e ,  85% F e r r i t e ,  loca ted  in the second 2i4Cr-lMo heat exchanger 

(HX-4), decarbur ized  from 1100 ppm C to  800 ppm C. This r a t e  of carbon loss  was 

l a r g e r  than t h a t  fo r  samples with a r e l a t i v e l y  s t a b l e  m ic ro s t ru c tu re .  The deca r ­

b u r iz a t io n  r a t e  c o n s ta n ts  c a lc u la t e d  fo r  each heat of 2?sCr-lMo are  shown in
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Figure 6 .3 .  The r a t e  cons tan ts  fo r  the two samples in HX-3 anT the orie in 5fi-? 

with s t a b l e  m ic ro s t ru c tu re s  f a l l  wi th in  the  band nf daLa fnjm a l l  o the r  i n v e s t i ­

g a t io n s .  The two saiiiples o f  l e s s  s t a b l e  microstructur'^'  in gave ra te

cons tan ts  about one order  of  magnitude above the  sca t te rband  of data from a l l  

o the r  i n v e s t i g a t i o n s .  The d i f f e r e n c e  in the r a t e  of deca rbu r iza t ion  between 

the uns tab le  and s t a b l e  2ijCr-lMo wil l  be determined more a cc u ra te ly  during the 

course o f  the  next few runs;  the  unusually  high r a t e  for the  uns tab le  2 4̂60-1 fo 

wil l  probably decrease  as the  a l lo y  ages .

The m ic ro s t ru c tu re s  of  exposed samples of  the  tvio heats  of 2fCr-lMo are 

shown in Figure 6.4 and those of  exposed samples of the two heats of 304SS are 

shown in Figure 6 .5 .  The samples o f  the  s t a b l e  m ic ros t ruc tu re  Z^Cr-lMo exh ib i ted  

a lower den s i ty  o f  carb ide  p a r t i c l e s  with no d i s c e r n ib l e  g rad ien t  from the 

sur face  inward. The e l e c t ro n  microprobe which had been modified fo r  d e tec t io n  

o f  low l e v e l s  of  carbon (1000 ppm) was not used to determine carbon concen t ra t i cn  

p r o f i l e s  because i t  proved to be i n s e n s i t i v e  below 1000 ppm carbon. The th i r d  

photomicrograph in Figure 6.4 i l l u s t r a t e s  the  rapid  decomposit ion of the  b a in i t e  

during d e ca rb u r i z a t io n .  The decomposit ion apparen t ly  precedes d eca rb ru z ia t io n  

because very few decomposition products  ( p e a r l i t e  or  agglomerated carb ides )  

a re  e v id en t .  The tempering o f  the  b a i n i t e  was not expected to proceed a t  a 

s i g n i f i c a n t  r a t e  a t  t h i s  low tempera ture  (406°C [767°F]).  The m ic ro s t ru c tu re s  

o f  the  a u s t e n i t i c  s t a i n l e s s  s t e e l  samples reveal  l i t t l e  evidence of 

c a r b u r i z a t io n ;  some decora t ion  of s l i p  l i n e s  in cold worked reg ions  was the  

only in d i c a t io n  t h a t  carbon ingress  had occurred .  The amount of  carbon 

picked up by the  f i r s t  sample in Figure 6.5 and by a th in n e r  (0.076mm, 0.003 in . )  

sample during the  shakedown run (175 hours) i s  compared with o th e r  data 

in Figure 6 . 6 . The r a t e s  a re  s im i l a r  to  those  fo r  s t a i n l e s s  s t e e l  in o the r  

b i m e ta l l i c  (2%Cr-lMo/stainless s t e e l )  systems a t  s im i la r  tempera tures .
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Weight changes measured during the f i r s t  two runs are  shown in Figure 5.7.

No s i g n i f i c a n t  changes were no t iced  between the f i r s t  and second runs in the 

s t a i n l e s s  s t e e l  heat  exchangers and in the cold leg piping sec t io n .  In the hot 

leg pip ing s ec t io n  and the  2^Cr-lMo heat  exchangers the  weight losses  increased 

with  inc rease  in exposure.  The primary cause of the weight changes i s  from change 

in carbon con ten t .  This i s  shown in Figure 6 .8  where the  weight changes ca lc u la te d  

from the  change in bulk carbon con ten t  of the  th in  (0.25 mm, 0.010 i n . )  samples are 

compared with the  t o t a l  weight changes measured on samples before and a f t e r  

exposure.  The weight changes c a lc u la te d  from carbon content changes are  from 50 

to 80% of  the  t o t a l  measured weight change.

The use of the  low carbon 2’4Cr-lMo pip ing in the cons t ruc t ion  of the 

ISML r e f e r r e d  to  in the  l a s t  q u a r t e r ly  has been thoroughly reviewed and modif i ­

c a t i o n s  to  the  loop i n i t i a t e d .  A r e p o r t  d iscuss ing  t h i s  work is  a t tached  to 

t h i s  r e p o r t  as Appendix A.
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Figure 6.2. Microstructure of as Received 2  1/4 Cr-1 Mo
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Figure 6.4. Microstructures of 2  1/4 Cr-1 Mo Decarburized in Sodium in the ISML During Run B-1 (591 Hours) 
Note: As received carbon contents *  1345ppm (No. 25443) 

1083ppm (No. 870326)



o

- f  r p - '  t Z  / ,

SAMPLE: H421
HEAT NO.: 89023
TEMPERATURE: 458°C (857°F) 
CARBON: 741 ppm

SAMPLE: S201
HEAT NO.: 89023
TEMPERATURE: 352°C (666°F)
CARBON: 632 ppm

SAMPLE; S401
HEAT NO.: 127824
TEMPERATURE: 520°C (967°F) 
CARBON: 417 ppm
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7 NUCLEAR SYSTEM MATERIAL HANDBOOK 
(SUBTASK E)

J .  F. Copeland

During the  f i r s t  q u a r t e r  (July-September 1975) ex tens ive  review and 

rean a ly s i s  o f  2?3Cr-lMo s t r e s s  rup tu re  and t i m e - t o - s t a r t  t e r t i a r y  creep c o r r e l a ­

t io n s  fo r  the  NSMH (Nuclear Systems M ate r ia ls  Handbook) was achieved a t  PRNL and

GE. A j o i n t  meeting was held to  exchange viewpoints and to  s o l i d i f y  a p o s i t i o n .

This work was continued during the  second q u a r t e r ,  and these  c o r r e l a t i o n s  appear 

to be near ing completion.  The r e s u l t s  of  t h i s  impor tant work were presented  by 

ORNL and GE to p e r t i n e n t  groups o f  the  ASME B oi le r  and Pressure  Vessel Code fo r  

t h e i r  co n s id e ra t io n  in r e e v a lu a t in g  p re sen t  Code methods o f  a n a l y s i s .  There 

a re  th ree  bas ic  d i f f e r e n c e s  between the NSMH an a ly s i s  and the Code a n a ly s i s :

a) NSMH uses time as the  dependent v a r i a b l e ,  in s tead  of  s t r e s s ,  in 

r e g re s s io n ,

b) the  models used f o r  a n a ly s i s  a re  s l i g h t l y  d i f f e r e n t ,  and

c) the  s t a t i s t i c a l  methods used in s e t t i n g  a lower l i m i t  fo r  p re d ic t io n

( e x t r a p o la t io n  to  long t imes) a re  d i f f e r e n t

Although these  d i f f e r e n c e s  in an a ly s i s  may cause a s l i g h t  d isc repancy ,  

in some c ase s ,  between NSMH and Code va lu es ,  i t  is  impera tive to remember t h a t  the 

Code is  involved; with the  development of  design va lu es ,  whereas the  NSMH goal i s  

to compile s t a t i s t i c a l  ev a lu a t io n s  of expected and p red ic ted  va lues .

During the  f i r s t  q u a r t e r ,  ORNL d e l iv e red  Z^^Cr-lMo t o t a l - l i f e  f a t i g u e  curves 

in a submitta l  to  the  Handbook. These curves take on spec ia l  importance in view 

of t h e i r  a p p l i c a t i o n  to  an eva lu a t io n  o f  Departure from Nucleate Boiling (DNR) 

fa t ig u e  damage in LMFBR steam g e nera to r  evapo ra to r s .  I t  was concluded t h a t  the 

f a t ig u e  da ta  s e t  i s  r e l a t i v e l y  good. Several minor r e v i s i o n s ,  such as the
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e l im in a t io n  o f  design cu rves ,  a re  c u r r e n t l y  ongoing a t  ORNL, and a resubmit ta l  

in the near f u tu r e  i s  expected.

A meeting o f  the  NSMH Advisory Group was hosted a t  GE in October 1975.

One r e s u l t  o f  t h i s  meeting was the r e e v a lu a t io n  o f  NSMH submitta l  requirements
1

and p r i o r i t i e s .  A c u r re n t  l i s t i n g  o f  P r i o r i t y  1 proper ty  requirements fo r  the

Working Group on Low Alloy S te e l s  i s  given in Table 7 .1 .  Completion dates  wil l

be s e t  f o r  these  items by January 12, 1976, and these  t a r g e t  da tes  w i l l  be

submitted to  HEDL. Note t h a t  th re e  o f  these  t h i r t e e n  requirements were re c en t ly
2

received  a t  GE, from ORNL , and are  c u r r e n t l y  undergoing review by the  Working 

Group.

During the  p a s t  q u a r t e r ,  the  NSMH subm i t ta l s  on p ropor t ional  l i m i t  and 

on t r u e  f r a c t u r e  s t r e s s  were approved f o r  i s sue  in Volumes I and II  of  the  NSMH.

Review o f  an o u t l i n e  f o r  Volume I I I  o f  the  NSMH was performed, and comments 

were submitted to  HEDL.

As mentioned, a s i z e a b le  submit ta l  was received from ORNL in December 1975. 

The con ten t  o f  t h i s  submitta l  i s  l i s t e d  in Table 7 .2 .  Review by the Working Group 

i s  proceeding.  Emphasis w i l l  a l so  be placed on ob ta in ing  r e su b m i t ta l s  from ORNL 

on the creep and f a t i g u e  p r o p e r t i e s  l i s t e d  in Table 7 .1 ,  during the  next q u a r t e r .
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Table 7.1 LISTING OF PRIORITY 1
MATERIALS DATA REQUIREMENTS 

FOR
WORKING GROUP ON 

LOW ALLOY STEELS (A.2)

(Reference 1)

Mater ia l
Proper ty

Code Proper ty  T i t l e

2 1/4 Cr-lMo Steel 2108
2 1/4 Cr-lMo Steel 2205
2 1/4 Cr-lMo Steel 2206
2 1/4 Cr-lMo Steel 2302
2 1/4 Cr-lMo Steel 2401
2 1/4 Cr-lMo Steel 2411
2 1/4 Cr-lMo Steel 2421*
2 1/4 Cr-1Mo Steel 2422*
2 1/4 Cr-1Mo Steel 2423*
2 1/4 Cr-lMo Steel 2424
2 1/4 Cr-lMo Steel 2431

2 1/4 Cr-lMo Steel 2432

2 1/4 Cr-lMo Steel 4103

Eng. S t r e s s - S t r a in  
Time to  T e r t i a r y  Creep 
Creep
Impact Strength 
S t ra in -C o n t ro l led  Fatigue 
S t r e s s -C o n t ro l led  Fatigue 
Equiv. B i l in e a r  YS vs.  Max S t r a in  
Parameters K and K.
Parameters C and cJ*
Cyclic S t r e s s - S t r a in  Curves 
Frac tu re  Mechanics Parameters

(Ktc ^ '^Ic)
Frac tu re  Mechanics Parameters

(da/dN)
Reactions with Aqueous Media

* Items submitted f o r  review by ORNL on Dec. 18, 1975 (Reference 2),
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Table 7.2 ORNL Submittal  o f  Dec. 18, 1975 
to  NSM Handbook

(Reference 2)

T i t l e Proper ty  Code No.

Total Elongation - T e n s i l e ,  Vols .  I and II  
Total  Elongation -  Creep, Vol. II  
Reduction o f  Area - Creep, Vol. II  
Reduction of  Area -  T e n s i l e ,  Vols ,  I and II  
Young's Modulus, Vol. I and I I  
Shear Modulus, Vols.  I and I I  
P o is son 's  R a t io ,  Vol. I and I I  
Toughness f o r  T ens i le  I n s t a b i l i t y ,  Vols.  I and II  
True S t r e s s - S t r a i n  Curves/Equat ions ,  Vols.  I and II 
a / e  Curve Cycl ic  and S a tu ra te d ,  Vols I and II 

Equivalent B i l i n e a r  Yield S trength  v s .  Maximum S t r a in  
S t r e s s - S t r a i n  f o r  C y c l i c a l l y  Hardened Materia l  - 

Parameters k j , k , , Kj ,
S t r e s s - S t r a i n  fo r  C y l i c a l l y  Hardened M ate r ia ls  - 

Parameters C, Em

2105 
2208 
2208
2106 
2111 
2112 
2110 
2306 
2107

2421*

2422*

2423*

* P r i o r i t y  1 items per Reference 1.
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8 . PARTICULATE DEPOSITION 
(SUBTASK F)

P. Roy/R. Akbari-Kenari

8.1 OBJECTIVE

The o b je c t iv e  o f  Subtask F i s  to  study the  e f f e c t  of p a r t i c u l a t e  depos i t ion  

in a non-isothermal sodium loop on the  performance of sodium heat exchangers.

Previous i n v e s t ig a t i o n s  at w-ARD̂  have shown t h a t  p a r t i c u l a t e  depos i t ion  can 

produce a s i g n i f i c a n t  reduc t ion  in the  ov e ra l l  heat  t r a n s f e r  c o e f f i c i e n t  of  a 

heat  exchanger.  Subtask F i s  designed to  s imula te  the  depos i t ion  t h a t  w i l l  occur 

in f u l l - s c a l e  LMFBR heat exchangers and a n t i c i p a t e  r e s u l t i n g  changes in the  heat 

t r a n s f e r  e f f i c i e n c y  of these  hea t  exchangers.

8 .2  EFFECT OF PARTICULATE DEPOSITION ON THE HEAT TRANSFER COEFFICIENT 

Heat t r a n s f e r  t e s t s  a re  performed in loop IR which i s  equipped with an

ins trumented hea t  exchanger and a hot leg con ta in ing  weighable corros ion  samples.

The t e s t  heat  exchanger i s  a h e l i c a l ,  s i n g l e  pass ,  sodium-to-sodium heat exchanger 

with counter  c u r r e n t  f low. A schematic o f  loop IR and the  t e s t  heat  exchanger 

appears  in Reference 2.

The f i r s t  hea t  t r a n s f e r  t e s t  performed in t h i s  loop accumulated 2600 t e s t  

hours.  The parameters o f  the  t e s t  appear in Table 8 .1 .  At the  o u t s e t  o f  the  

f i r s t  t e s t ,  the  ove ra l l  hea t  t r a n s f e r  c o e f f i c i e n t  o f  the  heat exchanger was 

53.35 watts/m^ - °K. (9.4 B tu /h r - f t ^  - °F) a f t e r  580 hours the  heat t r a n s f e r

c o e f f i c i e n t  had increased  8.7% to  a value o f  57.9 W/m̂  - °K (10.3 B tu /h r - f t ^  - °F) .

At t h a t  t ime a small sodium leak  occurred in the  loop, and the  t e s t  was temporar i ly  

ha l ted  f o r  r e p a i r .  A f te r  r e p a i r s  and s t a r t  up,  the  t e s t  continued fo r  an accumulated 

per iod  o f  2600 hours .  At the  end of  t h i s  t ime the  heat t r a n s f e r  c o e f f i c i e n t  had 

dropped to  the o r ig i n a l  value of  53.4 W/m - °K (9.4 Btu/^^-^^^ - °F) .  The f i r s t
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heat t r a n s f e r  t e s t  was te rminated a t  t h i s  p o in t  in order  to  inst rument  loop 1 

fo r  more accu ra te  tempera ture  and heat  t r a n s f e r  c o e f f i c i e n t  measurements. E x i s t ­

ing type K (chromel-alumel) thermocouples were augmented with newly i n s t a l l e d ,  and 

h igher  o u tp u t ,  type E (chromel-cons tentan) thermocouples.  This increased the 

number o f  thermocouples monitoring the  t e s t  heat  exchanger temperatures  from 4 to 

12 (3 thermocouples per heat exchanger i n l e t / o u t l e t ) .  A d i g i t a l  vo l tmeter  was 

a l so  included with  the  loop ins t rum en ta t ion  f o r  f a s t e r  and more accura te  thermo­

couple read ings .

The second heat  t r a n s f e r  t e s t  was i n i t i a t e d  in J u ly ,  1975. Table 8.1 

includes  the parameters  fo r  the  second t e s t .  To d a t e ,  4000 hours have been 

accumulated and no change in the  heat t r a n s f e r  c o e f f i c i e n t  of the  heat  exchanger 

has been d e tec te d .  These r e s u l t s  a re  considered r e l i a b l e  and do not confirm the  

r e s u l t s  o f  the  f i r s t  t e s t .  Figure 8.1 shows a p lo t  of the  ove ra l l  heat  t r a n s f e r  

c o e f f i c i e n t  during the  second t e s t .  The heat t r a n s f e r  c o e f f i c i e n t  has remained 

c ons tan t  a t  60.4 W/m̂  - °K (10.7 Btu/^^ ^^2 _ °p) during the  e n t i r e  t e s t .  The 

second t e s t ,  as the  f i r s t ,  employs a cold t r a p  temperature  of  121°C(250°F). This 

corresponds to an oxygen co n cen t ra t ion  in the  sodium of  approximately 1 ppm. 

Vanadium wire e q u i l i b r a t i o n  t e s t s  have confirmed t h i s  oxygen concen t ra t ion  during 

loop o p e ra t io n s .  W-ARD exper ience  i n d i c a t e s  t h a t a t h i g h  oxygen concen t ra t ions  

the  fou l ing  e f f e c t  due to  p a r t i c u l a t e  depos i t ion  i s  q u i te  s i g n i f i c a n t .  There fore ,  

t h i s  t e s t  w i l l  be te rmina ted  s h o r t l y  and the  loop w i l l  be prepared fo r  t e s t s  with 

higher cold t r a p  tempera tures  and oxygen c o n ce n t ra t io n s .
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Table 8.1 F i r s t  and Second T es t  Run Parameters

Duration 

Flow Rate

Maximum Temperature 

Minimum Temperature 

Cold Trap Temperature

F i r s t  Test  

3000 hrs 

0 .2 2 V se c  (3.5 gpm) 

705°C(1300“F) 

~300°C(~700°F) 

1 2 rC (2 5 0 ‘’F)(<l ppm Og)

Second Test  

4000 hrs 

0 .2 2 V se c  (3.5 gpm) 

650°C(1200°F) 

~300°C(~700°F) 

121°C(250°F)(<1 ppm 0^)
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FRACTURE TOUGHNESS OF LMFBR STEAM GENERATOR MATERIALS 
(SUBTASK G)

J .  F. Copeland/G. R. Dodson

The o b je c t iv e  o f  t h i s  program is  to determine f r a c t u r e  toughness values

(K̂  a t  24°C[75°F]) and higher tem pera tu res ,  f o r  p o te n t i a l  LMFBR Steam Generator 
Ic

she l l  and tubeshee t  m a te r i a l s .  These r e s u l t s  w i l l  be combined with Charpy V-notcf:

and drop-weight t e s t  values  de te rm ina t ions)  and t e n s i l e  t e s t  r e s u l t s  to

eva lua te  r e s i s t a n c e  to  f r a c t u r e .  The essence of  t h i s  approach to prevent f r a c t u r e

i s  s e t  fo r th  in the  curve o f  Appendix G to  Section I I I  o f  the ASME Boi le r  and

Pressure  Vessel Code. No toughness data  on Z^sCr-lMo s tee l  was included in the

d e r iv a t io n  o f  the  Code Kj^̂  curve .  There fo re ,  t e s t i n g  i s  required  a t  h yd ros ta t i c

t e s t  and a t  s e rv ice  tempera tures  to  a ssu re  t h a t  the p re sen t  K curve approach
IR

is  adequate f o r  t h i s  m a te r i a l .  In o rder  to eva lua te  the  f r a c t u r e  toughness of 

2?sCr-lMo above the  Nil D u c t i l i t y  T ran s i t io n  Temperature (NDTT), i t  i s  necessary  

to employ e l a s t i c - p l a s t i c  f r a c t u r e  toughness t e s t i n g  methods, such as the  J - I n t e g r a l  

approach.

Thick s ec t io n  2%Cr-lMo s t e e l  p l a t e s  were procured fo r  t h i s  program and 

heat  t r e a t e d  to  r e p re se n t  p o te n t i a l  LMFBR m ate r ia l  c o n d i t io n s .  The emphasis is  on 

a i r -m e l te d  m a t e r i a l ,  al though some t e s t i n g  was done on Vacuum Arc Remelted (VAR) 

s t e e l ,  and these  r e s u l t s  are  presented  f o r  comparison. The chemical compositions 

and heat t rea tm ents  a re  given in Tables 9.1 and 9 .2 .  Su l f id e  inc lus ion  

c h a r a c t e r i z a t i o n  i s  shown in Figure 9.1 and v e r i f i e s  a lack of d i r e c t i o n a l i t y  

( lon g i tu d in a l  versus  t r a n s v e r se )  fo r  the  a i r -m e l t e d  p l a t e s .  Also,  as shown 

in Figure 9 .2 ,  the re  i s  no s i g n i f i c a n t  in f luence  of  heat trea tment  on the 

m ic ro s t ru c tu ra l  phases p re sen t  a t  the  q u a r t e r  th ickness  (k T) lo ca t io n  of  t h i s  

89 mm. (3.5 i n . )  th ick  p l a t e .
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Table 9 .3  gives room temperature  t e n s i l e  t e s t  r e s u l t s  which, as p redic ted  

by the  m ic r o s t r u c tu r e s ,  reveal no s i g n i f i c a n t  e f f e c t  of  heat  t rea tm en t .  One 

exception i s  t h a t  aging fo r  1000 hr .  a t  510°C(950°F) does decrease  the room 

temperature  y i e l d  s t r e n g th .  Charpy V-notch (CVN) impact t e s t  r e s u l t s  are  tabu la ted  

in Table 9 .4 ,  and the  t r a n s i t i o n  curves fo r  the  a i r -m e l ted  s tee l  are  given in 

Figures 9 .3 - 9 .6 .  The s i g n i f i c a n t  CVM c r i t e r i a ,  along with drop-weight t e s t  NDTTs 

a re  summarized in Table 9 .5 .  The values  are  l im i ted  in a l l  cases by the

drop-weight NDTTs which a re  approximately e q u iv a l en t ,  a t  -1°C(30°F), fo r  a l l  f ive  

m ate r ia l  c o n d i t io n s .  Condition B (annealed and tempered a i r - m e l t )  has the  g r e a t e s t  

Charpy upper s h e l f  energy.

The CTS design used in the  J - I n t e g r a l  f r a c t u r e  toughness t e s t s  is  i l l u s t r a t e d  

in Figure 9 .7 .  A f te r  f a t ig u e  p rec rack ing ,  t h i s  specimen was loaded monotonically 

a t  24°C(75°F) under cons tan t  s t ro k e  r a t e  control  u n t i l  r a p id ,  b r i t t l e ,  crack 

extens ion  (pop- in) occurred  or u n t i l  app rec iab le  deformation r e s u l t e d  in s t a b l e ,  

d u c t i l e  crack ex tens ion .  The e x te n t  o f  crack extension  was determined a f t e r  the  

t e s t  by examination of  the  f r a c t u r e  s u r f a c e ,  as shown in Figure 9 .8 .  Load versus 

lo ad -p o in t  d isplacement  curves were recorded fo r  each specimen and used to  compute 

J - I n t e g r a l  values a t  the  poin t  of specimen unloading. The r e s u l t s  of these  t e s t s  

a re  given in Table 9 ,6  and p lo t t e d  in Figure 9.9 fo r  the dete rmination  o f  a t  

the  onse t  of  rea l  crack ex tens ion .  values  were then computed from these  values

of  and a re  a lso  given in Table 9 .6 .
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The r e s u l t s  of  Table 9.6 f a l l  in e s s e n t i a l l y  two groups: The a i r - m e l t

r e s u l t s  which a re  a l l  a t  or above 206 MPa /m(187 Ksi\/inT) and are  approximately 

equa l ,  and the  VAR r e s u l t s  which a re  a t  or above 121 MPa\/m(110 Ksi \ /Tn .) .  Scanning 

Electron Microscopy (SEM) was performed on f r a c t u r e  su r faces  to  attempt expla in ing  

the following phenomena: (a) why the  VAR r e s u l t s  were lower than the  a i r - m e l t

r e s u l t s ,  and (b) why b r i t t l e  pop- in ,  as noted in Table 9 .6 ,  occurred in some 

specimens.  For heat  t rea tm en t  B, specimens G7 and G6 (which did not and which d id ,  

r e s p e c t iv e ly )  have b r i t t l e  pop-in were examined. The r e s u l t s  are  shown in Figures 

9.10a and b. The pop-in reg ion i s  c h a rac te r i z ed  by q u a s i - c l e a v a g e , which d i f f e r s  

from t ru e  c leavage  in t h a t :  (a) some d u c t i l i t y  i s  seen ,  as with microvoid

coalescence ,  (b) r i v e r  p a t t e rn s  tend to  r a d i a t e  from the c en te r  of  the  cleavage 

f a c e t s ,  and (c) f r a c t u r e  is  not confined to  s t r i c t l y  c leavage p lanes .  Large 

s u l f i d e  inc lu s ions  were found in the  d u c t i l e  crack extens ion  regions  o f  both 

specimens.  No reason fo r  the  d i f f e r e n c e  in behavior  of the  two specimens was 

apparen t ,  except t h a t  the  t e s t  temperature  was very c lo se  to  the  CVM 50% Frac tu re  

Appearance T r an s i t io n  Temperatures (Table 9.6),  and s t a t i s t i c a l  s c a t t e r  in the  f r a c t u r e  

mode would be expected.  Figures 9.10c and d i l l u s t r a t e  s im i la r  behavior fo r  a 

condit ion  E specimen which had pop-in .  Figure 9.10e shows a CVN f r a c t u r e  fo r  

condi t ion  D, a p o t e n t i a l  temper embrit t l ement t re a tm en t .  Although the CVN values  

are  lower fo r  D than f o r  B, no in t e r g r a n u l a r  f r a c t u r e  ( c h a r a c t e r i s t i c  o f  temper 

embrit t l ement)  i s  observed. These CVN values  a re  being rechecked. Figure 9 .1 0 f ,  

rep re sen t in g  the  VAR m a t e r i a l ,  shows no s t a b l e  crack ex tens ion  on the microscopic 

s c a l e ,  but i l l u s t r a t e s  the  immediate i n i t i a t i o n  of cleavage f r a c t u r e .  CVM specimens 

will  be run from t h i s  p l a t e  (broken CTS piece)  to  determine the  t r a n s i t i o n  tempera­

tu r e s .
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The Kt- r e s u l t s  o f  t h i s  study a re  shown in comparison to the Code curve
IR

in Figure 9.11.  The values  a l l  f a l l  above the  curve fo r  t h i s  tempera ture ,  and

in d i c a t e  sa fe  performance when Appendix G and the K curve ,  des ign ,  loading and
1K

inspec t ion  approaches a re  followed.  This must a l so  be v e r i f i e d  a t  the  higher 

s e rv ice  tempera tures .  Also,  f u r t h e r  s t a t i s t i c a l  confidence ( e s p e c ia l ly  h e a t - t o - h e a t  

v a r i a t i o n )  i s  d e s i r ed  a t  the  h y d ro te s t  temperature  of approximately room tempera­

t u r e .  Figure 9.12 i l l u s t r a t e s  the  e f f e c t  o f  f r a c t u r e  toughness and app l ied  s t r e s s  

on the  maximum crack  s i z e  allowed to  prevent  f a s t  f r a c t u r e .  For app l ied  s t r e s s e s  

above 138 MPa(20 Ksi ) ,  i n sp ec t io n  f o r  flaws becomes c r i t i c a l ,  e s p e c i a l l y  fo r  the 

lower f r a c t u r e  toughness .

Fur ther  specimens a re  c u r r e n t l y  being machined fo r  e leva ted  temperature  

J - I n t e g r a l  t e s t s  o f  a i r - m e l t  m a t e r i a l .  SMAW weldments a re  a l so  being prepared f o r  

weld metal and HAZ t e s t i n g .
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Table 9.1 Chemical Composit ions o f  2^iCr-lMo S tee l  P l a t e s  f o r
F r a c t u r e  Toughness T e s t i n g  (wt.  %)

Melting Heat
Process No. C

AM 86693 0.11

Check 0.11

Mn Si

0.45 0.009 0.028 0.20

0.41 0.014 0.026 0.19

Cr Ni 

2.01 

2 .00  0.12

Mo 

1.04

A1 As Sb Sn

1.00 <0.005 0.013 0.007 0.012

VAR 55262 0.09 0.52 0.016 0.014 0.08

Check 0.10 0.50 0.013 0.016 0.07

2 . 2 2  -  0.01  ...................

2.26 0.15 1.00 <0.005 0.008 <0.002 O.OOA
CO00



Table  9 .2  Heat Trea tment o f  2%Cr-lMo Stee l  P l a t e s
f o r  F r a c t u r e  Toughness Tes t ing

A. Anneal (AM)

927°C (1700°F) fo r  3 h r . ,  furnace cool a t  max. r a t e  of 
55.5°C (100°F) per hr .  to  room temperature

B. Anneal + Temper (AM)

927°C (1700°F) fo r  3 h r . ,  furnace cool a t  max. r a t e  of 
55.5°C (100°F) per hr .  to room temperature
+727°C (1340°F) fo r  4 h r s . ,  a i r  cool

C. Anneal + Temper (VAR)

927°C (1700°F) fo r  3 h r . ,  furnace cool a t  max. r a t e  of
55.5°C (100°F) per hr .  to  room temperature

+

727°C (1340°F) f o r  4 h r . ,  a i r  cool

D. Anneal + Temper + Embrit t lement Treatment (AM)

927°C (1700°F) f o r  3 h r . ,  furnace cool a t  max. r a t e  of
55.5°C (100°F) per hr .  to  room temperature

+

727°C (1340°F) f o r  4 h r . ,  a i r  cool 

+

510°C (950°F) f o r  1000 h r . ,  a i r  cool

E. Normalize + Temper (AM)

927°C (1700°F) fo r  3 h r . ,  a i r  cool 

+

727°C (1340°F) fo r  4 h r . ,  a i r  cool

89



Table 9.3 Tens i le  Test  P ro p e r t i e s  a t  24°C(75"F) for 2%Cr-lMo Heat 86693.
Air-Melt  89 mm, (3.5 i n . )  Tfiick P l a t e ,  P roper t ie s  a t  ^ T Location.

m i n . ' l .S t r a in  Rate = 0.04 mil Also, r e s u l t s  fo r  VAR Heat 55262.

Heat
Treatment

Yield 
Point 

MPa (Ksi)

0.2% 
Y.S. 

MPa (Ksi)
U.T.S.

MPa (Ksi)
%E1 

(25.4 mm)
/o

R.A.

A
(Anneal)

270 (39.2) 
262 (38,0)

243 (35,2) 
243 (35,2)

472 (68,5) 
466 (67,6)

39,6
38,2

65,3
66,1

B
(Ann. + Temp,) 295 (42,8) 261 (37,9) 466 (67,6) 33,3 65,9

297 (43.1) 267 (38,7) 467 (67,7) 34,6 65,1

C, VAR*
(Ann, + Temp.)

- - 275 (39,9) 439 (63,7) 36,1 51 ,6

D 234 (33.9) 221 (32.1) 459 (66,6) 34,8 64,4
(Ann, + Temp, 
+ 510°C,
1000 h r , )

223 (32.4) 220 (31.9) 465 (67,4) 38,1 67.2

E 298 (43,2) 285 (41.4) 462 (67.0) 38,4 68,7
(Norm, + Temp.) 285 (41,4) 264 (38.3) 460 (66,7) 40,0 68,8

* Resu l ts  by H. P. Offer  (GE) on same VAR Heat No. (55262) - d i f f e r e n t  p la te ,  
funded under 189a-SG029,
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Table 9 .4  Charpy V-Notch Impact Tes t  P ro p e r t i e s  f o r  2?jCr-lMo Heat 86693.
Alr -Melt  89 mm.(3 .5  I n . )  Thick P l a t e ,  P roper t ie s  a t  T Location. 
Rol l ing  Rat io o f  1 ,0 .

Heat Treatment A 

(Anneal)

Tes t Frac tu re Lateral Fracture
Spec. Temp. Energy Expan. Appearance,

No. "C (°F) J .  ( f t - l b ) mm. (mils) % Ducti le

G3-1 -12 (10) 8 (6) 0.20 (8) 8
-2 -12 (10) 30 (22) 0.61 (24) 12

^3 24 (75) 73 (54) 1.40 (55) 42
-4 24 (75) 52 (38) 1.09 (43) 43
-7 24 (75) 64 (47) 1.24 (49) 35

-8 43 (110) 58 (43) 1.17 (46) 38
-9 43 (110) 95 (70) 1.70 (67) 54

-10 43 (110) 77 (57) 1.47 (58) 68

-5 66 (150) 87 (64) 1.60 (63) 85
-6 66 (150) 130 (96) 2.14 (84) 95

-11 66 (150) 109 (80) 1.73 (68) 83

-12 93 (200) 103 (76) 1.83 (72) 93
-13 93 (200) 127 (94) 2.06 (81) 99
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Table  9 .4  ( c o n t in u e d )

Heat Treatment B 

(Anneal + Temper)

Tes t Frac tu re Latera l Frac ture
Spec. Temp. Energy Expans. Appearance,

No. °C (°F) J .  ( f t - l b ) mm. (mils) % Duct i le

G5-1 -12 (10) 39 (29) 0.69 (27) 13
-2 -12 (10) 76 (56) 1.22 (48) 20

-3 24 (75) 22 (163) 2.11 (83) 91
-4 24 (75) 107 (79) 1.75 (69) 53

-8 43 (110) 172 (127) 2.16 (85) 97
-9 43 (110) 153 (113) 2.31 (91) 97

-5 66 (150) 175 (129) 2.26 (89) 96
-6 66 (150) 195 (144) 2.34 (92) 99

-11 93 (200) 195 (144) 2.08 (82) 98
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Table 9.4 (continued)

Heat Treatment D

(Anneal + Temper + 510°C, 1000 h r . )

Test f r a c t u r e Latera l Frac ture
Spec. Temp Energy Expan. Appearanc

No. °C (°F) J .  ( f t - l b ) mm. (mils) % Ductil

G12-13 -12 (10) 11 (8) 0.25 (10) 5
-14 -12 (10) 11 (8) 0.15 (6) 5

-1 24 (75) 61 (45) 1.17 (46) 30
-2 24 (75) 56 (41) 1.07 (42) 30
-8 24 (75) 46 (34) 0.89 (35) 30

-10 43 (110) 71 (52) 1.27 (50) 40
-11 43 (110) 75 (55) 1.40 (55) 40

-3 66 (150) 79 (58) 1.52 (60) 75
-4 66 (150 87 (64 1.52 (60 70
-12 66 (150) 88 (65) 1.57 (62) 80

-5 93 (200) 107 (79) 1.78 (70) 99
-6 93 (200) 98 (72) 1.63 (64) 99
-7 93 (200) 107 (79) 1.73 (68) 95
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Table 9 .4  ( c o n t in u e d )

Heat Treatment E 

(Normalize + Temper)

Tes t Frac ture Latera l Frac ture
Spec. Temp Energy Expans. Appearance,
No. *C (°F) J .  ( f t - l b ) mm. (mils ) % Duct i le

G13-1 -12 (10) 11 (8) 0.23 (9) 10
-2 -12 (10) 14 (10) 0.36 (14) 11

-3 24 (75) 131 (97) 1.96 (77) 98
-4 24 (75) 69 (51) 1.22 (48) 32
-7 24 (75) 77 (57) 1.40 (55) 37

-8 43 (110) 88 (65) 1.55 (61) 53
-9 43 (110) 117 (86) 1.91 (75) 82

-5 66 (150) 121 (89) 1.78 (70) 90
-6 66 (150) 127 (94) 1.93 (76) 89

-10 66 (150) 126 (93) 1.98 (78) 99

-11 93 (200) 123 (91) 2.01 (79) 99
-12 93 (200) 130 (96) 1.98 (78) 99
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Table 9.5 Charpy V-Notch Toughness C r i t e r i a  and
P-3 Drop-Weight Nil D uc t i l i ty  Transit ion  (NOT) 
Results fo r  2%Cr-lMo Heat 86693. Air-Melt (3.5 in . )  
Thick P la te ,  Proper ties  a t  T Location. Rolling 
Ratio of 1.0.  Also, Transverse Results for VAR 
Heat 55262.

* Determined according to ASME B&PV Code, Section I I I ,  NB-230C.

** Results by H. P. Offer (GE) on same VAR Heat No. (55262) - d i f f e r en t  p la te .  
Funded under 189a-SG029.

Heat
Treatment

68 J .  (50 f t - l b )  
Trans it ion  Temp 

°C (°F)

0.89 mm, (35 mils) 
Lateral  Expans. 
Trans it ion  Temp. 

°C (°F)

50% Fract .  
Appear. 

Transit ion  Temp. 
°C (°F)

NOT 
°C (°F)

Reference 
NOT 

(RT. NOT)*

Upper Shelf CVN 
Fracture Energy 
(93°C (200°F))

J.  ( f t - l b )

A 29 (84) 11 (52) 32 (90) (30) (30) 118 (87)

B -10 (14) -13 (8) 22 (72) (30) (30) 203 (150)

C (VAR)** 2 (35) -4 (25) 29 (85) (20) (20) 125 (92)

D 36 (96) 14 (58) 46 (114) (20) (20) 102 (75)

E 13 (56) 7 (45) 19 (66) (30) (30) 129 (95)



Table 9.6 Compact Tension Specimen (50.8 mm. (2 in . )  Thick)
Fracture Toughness Results for  2%Cr-lMo Heat 86693.
Air-Melt 89 mm. (3.5 i n . )  Thick Plate  with Rolling
Ratio of  1.0,  Also, Transverse Results for  VAR
Heat 55262, 50.8 mm. (2 i n . )  Thick P la te .  Specimen
Load Point Displacement Rate of 1.52 mm/min. (0.06 in . /m in . ) .
All t e s t s  a t  24°C (75°F).

Stable Crack

Spec.
No.

Heat
Treatment

Extension, Aa, 
a t  Unload, 
mm. ( in . ) Remarks

p
^ . / m r

a t
Unload

( in - lb / in

J a t  COS*,

.^) J./mm^ ^ ? in - lb / i n .^ l
■̂ Ic

MPa (Ksi \ f \

G1 0.25 (0.0099) COS* only. 18.4 (1050)
G2 A 3.00 (0.1180) Stable Aa. 22.6 (1290) 18.4 (1050) 206 (187)
G3 0.76 (0.030) Aa, Pop-in. 24.9 (1425)

G6 0.70 (0.0276) Aa, Pop-in. 20.3 (1160)
G7 B 3.00 (0.1180) Stable Aa. 44.5 (2540) 20.3 (1160) 216 (196)
G8 2.90 (0.1140) Stable Aa. 60.2 (3440)

GVl Pop-in. 9.3 (530) 9.3 (530) 145 (132)
GV2 C (VAR) Pop-in. 11.7 (670) 11.7 (670) 164 (149)
GV3 Pop-in. 6.5 (370) 6.5 (370) 121 (110)

GIO 0.30 (0.0118) Aa, Pop-in. 23.1 (1320)
Gll D 0.90 (0.0355) Aa, Pop-in. 38.8 (2220) 24.5 (1400) 236 (215)
G12 2.00 (0.0790) Stable Aa. 42.8 (2450)

G14 0.30 (0.0118) Aa, Pop-in. 22.6 (1290)
G15 E 1.00 (0.0394) Stable Aa. 37.6 (2150) 22.9 (1310) 229 (208)
G16 3.50 (0.1380) Stable Aa. 54.9 (3140)

* Crack Opening St retch  - No Real Crack Extension
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Figure 9.8. Typical 50.8 mm (2 in.) Thick Compact Tension Specimen Fracture Surface After Jj,. Test, 
Heat Treatment A, 24°C (75°F). Shows (From Top) Machined Chevron Notch, Fatigue 
Precrack, Crack Extension During Test (Dark Cresent), and Srittie Separation Fracture 
(—J96PC [—32CPF] for Convenience).
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Figure 9.10. Scanning Eiectron Micrographs Characterizing Specimens for Various
Materiai Conditions Which Did and Did N ot Experience Brittle Pop-in
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C. SPECIMEN G14 (TREATM ENT E), CTS, SHOWING FATIG U E PRECRACK (R IGHT), SM ALL REGION OF 
DUCTILE, STABLE CRACK EXTENSION (TOP, LEFT), AND OUASI-CLEAVAGE (BOTTOM, LEFT) 
CH AR AC TER IZ IN G  POP-IN.
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D. SPECIMEN G14 (TREATM ENT E), CTS, SHOWING FATIG U E PRECRACK (RIGHT) AND QUASI-CLEAVAGE 
(LE FT) CHARACTERIZIN G  BR ITTLE POP-IN. DIFFERENCE IN ELEVATIO N BETWEEN PRECRACK AND 
Q UASI-CLEAVAGE ZONES INDICATES CRACK OPENING STRETCH PRIOR TO CRACK GROWTH.

Figure 9.10. Scanning Electron Micrographs Characterizing Specimens for Various
Materia! Conditions Which Did and Did N ot Experience Brittle Pop-in. (Continued)
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Figure 9.10. Scanning Electron Micrographs Characterizing Specimens for Various
Materiai Conditions Which D id and Did N ot Experience Brittle Pop-in (Continued)
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CONTRACT NO. AT(04-3) 893-10 TASK G

189-SG029 FY 76

STEAM GENERATOR MATERIALS QUALIFICATION 

FY 76 HIGHLIGHTS

t Negot ia tions  have led to  the  placement of a purchase order with Pac i f ic
Tube Company (Patco) f o r  the  CRBRP prototype and p lan t  steam generator
tubing

•  Tens i le  t e s t  r e s u l t s  in d ic a te  t h a t  post  weld heat t rea tments  considered
f o r  CRBRP steam genera to r  tubing  produce a s tab l e  shor t  term m ic ros t ruc tu re ,  
as shown by almost constan t  t e n s i l e  s t reng th  values between one and 
twenty hours o f  PWHT a t  727°C (1340°F)

•  Above 454°C (850°F) the  y i e ld  s t r en g th  fo r  VAR and ESR materia l  genera lly  
f e l l  below the  ASME Code Case 1592 expected minimum value

•  Charpy v-notch t e s t s  in d ic a te  t h a t  the  fu l l  anneal plus post  weld heat
t rea tm ent  provides the bes t  r e s i s t a n c e  to  b r i t t l e  f r a c tu r e .  The ESR
materia l  was found to be super io r  to  the  VAR materia l  in t h i s  respec t

i The remelted s t e e l  c reep-rup tu re  d a ta ,  fo r  the  few heat trea tments  and
two remelted techniques  considered ,  f a l l s  with in  the  to le rance  l im i t s  of 

the  NSMH and above the minimum values e s tab l i shed  by the  ASME Code

•  Frac ture  toughness t e s t i n g  o f  compact tension  specimens ind ica tes  safe
behavior with re spec t  to  f r a c tu r e  f o r  components o f  VAR materia l  designed 
in accordance with the curve o f  Appendix G to  Section I I I  of the 

ASME Code

•  F r i c t io n  and wear t e s t i n g  in sodium of a tube - to - tube  support  model has been

i n i t i a t e d

$ Results  o f  Phase I of  the  f r i c t i o n  and wear model t e s t s  in d ica te  some

wear o f  2 1/4 Cr -  1 Mo but t e s t i n g  i s  incomplete
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•  A p o s i t io n  paper desc r ib ing  the nondes t ruct ive  examination needs o f  the 
Clinch River Breeder Reactor IHTS and steam generators  has been completed,  and 
reviewed by CRBR p r o je c t  personnel

•  An u l t r a s o n ic  examination s p e c i f i c a t i o n  fo r  CRBRP steam generator tubing 
has been issued and included in the  ordering data

•  Weld p o ro s i ty  s tandards  have been s e t  fo r  examination o f  tu b e - to - tubeshee t  

welds using a rod anode x-ray  machine

•  Neuces Bay t e s t i n g  o f  feedwater chemistry has shown f e a s i b i l i t y  of  0.1 ppb 
maximum Na ion concen t ra t ion  in p o l i s h e r  e f f l u e n t .  A repor t  summarizing 
t h i s  r e s u l t  wil l  be is sued in January 1976 (NEDG-14086)

•  Design of  a t e s t  sec t ion  f o r  the  Bull Run evaporator corros ion  study 
has been completed

I  A ho t-wire  GTA weld system has been purchased, i n s t a l l e d  and made opera tional

•  Low d i l u t i o n ,  de fec t  f r e e  welds have been made between Type 316 SS and 

Incoloy 800
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CONTRACT NO. AT(04-3) 893-10 TASK G 

189-SG029 FY 76 

STEAM GENERATOR MATERIALS QUALIFICATION

I.  INTRODUCTION

The Steam Generator Mate ria ls  Q u a l i f i c a t io n  Task was i n i t i a t e d  Ju ly  1974 
in support  o f  the  development o f  m a te r ia l s  and processes used in Clinch River 
Breeder Reactor (CRBR) steam genera tors .  The ob jec t ive  of  t h i s  Task i s  to 
(1) develop and q u a l i fy  materia l  s p e c i f i c a t i o n s ,  (2) develop fa b r i c a t io n  
procedures and p rocesses ,  (3) purchase tubing and tubesheet materia l  fo r  
development programs, (4) a p p l ic a t io n  and development o f  nondest ruct ive  

examination techniques  f o r  the  In te rmedia te  Heat Transport  System (IHTS) of  the  
CRBRP, (5) guide and coordina te  the  design o f  the  steam genera tors  in the  area 
o f  water chemistry ,  (6) provide technica l  management to  wear and f r i c t i o n  
t e s t i n g  o f  IHTS m a te r i a l ,  and (7) develop the  design and f a b r i c a t io n  procedures 
fo r  the  a u s t e n i t i c  s t a i n l e s s  to  f e r r i t i c  s t e e l  t r a n s i t i o n  j o i n t s  of  the  CRBR.

The to p ic s  d iscussed a re :

II  LMFBR Steam Generator Tubing
I I I  LMFBR Steam Generator Tubesheet Forgings (Charac te r iza t ion  of  

VAR/ESR Melted 2 1/4 Cr - 1 Mo)
IV F r i c t i o n ,  Wear and Self-Welding 
V Nondestructive  Examination Development 

VI Water Chemistry Studies 
VII T ran s i t io n  J o i n t  Development

The d e sc r ip t i o n  of  each sub jec t  inc ludes  a statement of  i t s  ob jec t ive  and 
the  r e s u l t s  to  da te .  The program i s  keyed to the  design and f a b r i c a t io n  schedule 

o f  the  CRBR and assoc ia ted  development programs.
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I I .  LMFBR STEAM GENERATOR TUBING

The ob jec t iv e  o f  t h i s  a c t i v i t y  i s  to  provide the technica l  support  
necessary fo r  the  procurement of pro totype and p lan t  tubing fo r  the  CRBRP 
steam genera to rs .

Concentrated techn ica l  n eg o t ia t ions  have been ca r r ied  out with f iv e  tubing 
m i l l s  ( th ree  domestic and 2 fo re ign)  t h a t  have shown i n t e r e s t  in t h i s  program. 
These nego t ia t ions  have led to  the placement of a purchase order with P ac i f ic  
Tube Company (Patco) fo r  the  CRBRP prototype and p lan t  steam genera to r  tubing.

During preprocurement a c t i v i t i e s  f o r  steam tubing fo r  the  SG's, i t  
became apparent t h a t  tubing meeting the  requirements o f  the  ROT Standard would 
be very expensive.  Discussions with various vendors were undertaken to  see 
whether s u b s ta n t i a l  economies would r e s u l t  from modif ica tions  o f  the  Standard.

I t  was determined t h a t  su b s ta n t i a l  savings and an increased number o f  
bids  would r e s u l t  with small changes in the  Standard.  Final proposed changes 
t h a t  GE be l ieves  are  acceptable  were made as a r e s u l t  o f  the  recommended tubing  
vendor 's  bid .  The changes a re  summarized below.

1. Increase  maximum carbon on the  product a n a ly s i s  from 0.11 to  0.12%; increase  
s i l i c o n  range on the  product a n a ly s i s  from "0.20 to 0.40%" to  "0.10 to
0.50%". This change was required  by Pa tco 's  tube hollow su p p l ie r  (B & VI)
to  r e f l e c t  the  f a c t  t h a t  the  e l e c t r o - s l a g  remelt  process r e s u l t s  in a 
wider s i l i c o n  range.

2. Permit the  removal o f  local  su r face  de fec ts  t h a t  the  recommended tubing
vendor s t a t e d  w i l l  be found by l iq u id  penet ran t  Examination. GE has the 
choice o f  accepting the  de fec ts  and re lax  the  requirements o f  an " ind ica t ion  
f ree  s u r fa ce " ,  o r  to  permit de fec t  removal. GE recommends the  l a t t e r  

because the  de fec t s  could be c racks ;  the re  i s  s u f f i c i e n t  excess materia l
to  permit removal o f  most d e fec t s .

3. Permit use of  the  red dye l iq u id  pene tran t  method to  r e f l e c t  the  recommended
vendor ' s  p resen t  c a p a b i l i t y ,  which GE be l ieves  w i l l  r e s u l t  in t e c h n i c a l ly  

acceptable  tubing.
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4. Permit more l a t i t u d e  in s e l e c t in g  a packaging procedure to  r e f l e c t  the 
experience o f  the  tubing vendor and the  steam genera to r  manufacturers.

5. Change the  m e ta l lu rg ica l  c l ea n l in e s s  requirement from the  f in ished  tube 
to  the tube hollow to  r e f l e c t  the  f a c t  t h a t  the tubing vendor has no 
control  over t h i s  requirement.

An a l t e r n a t e  heat trea tment was a lso  se lec ted  p r im ar i ly  due to  furnace 
l im i t a t i o n s  a t  P ac i f ic  Tube Company. The Patco furnace can only provide a 
maximum isothermal heat trea tm ent of  90 minutes assuming the  tubing en te rs  the 
l a s t  two zones of the  th ree  zone furnace a t  704°C (1300°F). To add assurance 
t h a t  the  tubing will  be heat  t r e a t e d  as s p e c i f i e d ,  the  a u s t e n i t i z in g  temperature 
w i l l  be decreased from 927 to  916°C (1700 to  1680°F) and furnace adjustments 

wi l l  be made to  minimize the  time required to  decrease temperature from 
916 to  704°C (1680 to  1300°F). The a l t e r n a t e  heat treatment  shown below will  
be q u a l i f i e d  using t r a v e l in g  thermocouples ins ide  re p re se n ta t iv e  steam 
generator tubing.

1. Anneal a t  916°C ± 14°C (1680°F ± 25°F) [Zone 1 of  furnace]  f o r  15 
to  30 minutes maximum.

2. Cool d i r e c t l y  to  704°C ± 14°C (1300°F ± 25°F) [Zones 2 & 3 o f  furnace] 
fo r  approximately 90 minutes.

3. Follow f in a l  anneal with a furnace treatment of  727°C ± 14°C 
(1340°F ± 25°F) f o r  one hour.

4. The furnace atmosphere sha l l  be commercial grade DX gas.

GE-FBRD data  on isothermal t ransformat ion  (Figure 7 of  l a s t  semiannual 
r e p o r t )  show t h a t  f o r  th ree  heats  of  ESR and VAR 2 1/4 Cr - 1 Mo a l loy  s tee l  
i n v e s t ig a te d ,  90 minutes i s  s u f f i c i e n t  to  reduce hardness to  minimum values .
This adds confidence t h a t  the  maximum p ra c t i c a l  f e r r i t e  transformation  can be 
a t t a in ed  in 90 minutes.

DEVELOPMENT TUBING FOR LMFBR STEAM GENERATORS

The ob jec t iv e  o f  t h i s  a c t i v i t y  i s  to  quickly provide steam generator tubing 
as c lose  to  RDT M3-33 as p oss ib le .  This tubing i s  required fo r  s p e c i f i c  
development programs inc luding tu b e - to - tu b esh ee t  welding programs, mechanical 

t e s t i n g ,  and Few Tube Test  Model program.
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Two procurements were i n i t i a t e d :  one for  shor t  tubes (2.1 m; 7 f t . )  
produced by CarTech and the  o the r  fo r  long tubes (21 m; 69 f t . )  produced by 
Southwest Tube (SWT). The CarTech tubes have been received and c h a rac te r i z a t i o n  
of  these  tubes has been i n i t i a t e d .  The SWT tubes have been manufactured and 
heat t r e a t e d .  However, a measurable decrease in UTS was observed in both tubing 
heats  because o f  the  required  pos t  weld heat trea tm ent of  t e n s i l e  t e s t  
specimens. This in d ic a te s  t h a t  a s t a b l e  mic ros t ruc tu re  was not a t t a in e d  a f t e r  
the  isothermal heat trea tm ent and temper heat trea tm ent of these  tubes.
Extensive t e s t i n g  a t  GE o f  CIW heat #55262 has shown t h a t  both y i e l d  s t reng th  
and u l t im ate  t e n s i l e  s t r en g th  should remain r e l a t i v e l y  cons tan t  a f t e r  the  temper 
heat trea tm ent f o r  iso thermal ly  heat  t r e a t e d  m a te r ia l .  This d i f f e r en c e  in 
post  weld heat trea tm ent response can be i n te rp re te d  as i n d ic a t in g  th a t  the  
isothermal heat trea tm ent given the  long tubing did not produce the  desired  
m ic ros t ruc tu re .  Therefore ,  n e go t ia t ion  with the  vendor has been i n i t i a t e d  to 
have the  tubing rehea t  t r e a t e d .  The following paragraph d iscusses  a shor t  study 
made of the  m ic ros t ruc tu ra l  s t a b i l i t y  o f  iso thermal ly  annealed 2 1/4 Cr - 1 Mo.

I
MICROSTRUCTURAL STABILITY OF ISOTHERMALLY HEAT TREATED 2 1/4 Cr -  1 Mo ALLOY

A program was i n i t i a t e d  to  e s t a b l i s h  the  m ic ros t ruc tu ra l  s t a b i l i t y  o f  VAR 
2 1/4 Cr -  1 Mo a l lo y  tubing given the  isothermal heat  trea tm ent sp ec i f ied  
in RDT M3-33. Short  term t e n s i l e  t e s t s  were performed on t h i s  mate ria l  a f t e r  
i t  had been given a s p e c i f i c  temper trea tment and varied post  weld heat treatments .  
This approach i s  based on the  premise t h a t  a s t a b l e  m ic ros t ruc tu re  should 
r e s u l t  in a r e l a t i v e l y  constan t  s e t  of  t e n s i l e  p ro p e r t i e s .

A Cameron Iron Work (CIW) heat  (#55262) was se lec ted  fo r  t h i s  program.
Tubing was manufactured to  15.9 mm O.D. X 2.8 mm minimum wall (0.625" X 0.109") 
and given the  isothermal heat  t rea tment  (see Table I)  sp ec i f ie d  in RDT M3-33 
in a batch type vacuum furnace.  The tubing was then cu t  to  s h o r t e r  lengths  
and heat t r e a t e d  a t  727°C (1340°F) fo r  s p e c i f i c  lengths  of  time and t e s t e d  as 

described below.

Fi f teen  inch (38.1 cm) long s ec t ions  o f  i so thermal ly  heat t r e a t e d  tubing 
were sealed in a r e t o r t  f i l l e d  with high p u r i t y  argon a t  room temperature .  
Cal ib ra ted  thermocouples t r a c ea b le  to  the  National Bureau of  Standards were 
mounted in s ide  the  sea led r e t o r t  a t  the  cen te r  and one end of  the  specimen to
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determine the  hot zone g rad ien t ;  t h i s  was found to  be n e g l ig ib le .  The specimens 
were heat t r e a t e d  in a tube furnace according to  Table I with continuous 
temperature record ing . All specimens receiv ing  the  same treatment were heated 
as one batch.  The r e t o r t  was not opened to  the atmosphere un t i l  the  tubing was 
a t  approximately room temperature .  This procedure produced a b r igh t  surface  
with n e g l ig ib le  oxida t ion  and deca rbu r iza t ion .

The tubing was then t e n s i l e  t e s t e d  according to  ASTM Standard E8-69 
without a reduced diameter gage sec t io n .  An LVDT-type extensometer was used 
to  generate  a s t r e s s - s t r a i n  curve up to  about 5% s t r a i n ,  from which the 0.2% 
o f f s e t  y i e ld  s t r e n g th  was determined. The t e n s i l e  p rope r t ie s  r e s u l t i n g  from 
the  various  heat t rea tments  a re  given in Table I I .  The y ie ld  and ult imate  
t e n s i l e  s t ren g th s  a re  p lo t t e d  in Figure 1.

Figure 1 shows t h a t  very l i t t l e ,  i f  any, change occurs in the  y ie ld  
s t r e s s  o f  i so thermal ly  heat t r e a t e d  mate ria l  due to  f u r th e r  exposure to  21 hours 
a t  727°C (1340°F). A s l i g h t  drop (~8%) in  u l t imate  t e n s i l e  s t reng th  (UTS) 
does occur however, during the  i n i t i a l  hour a t  727°C, but the  UTS remains 
r e l a t i v e l y  s t a b l e  t h e r e a f t e r .

The r e s u l t s  in d ic a te  t h a t  both post  weld heat t rea tments  considered 
produce a s t a b l e  sho r t - te rm  m ic ro s t ru c tu re ,  as shown by almost constant s t reng th  
values between one and twenty hours o f  PWHT a t  727°C (1340°F).

MECHANICAL TEST PROGRAM FOR STEAM GENERATOR TUBING

This s ec t ion  desc r ibes  the  t e s t  plans  fo r  the  mechanical t e s t  program fo r  
steam genera to r  tubing. The t e s t  plan i s  designed to  provide a d e sc r ip t ion  of 
the  response of  p ro to typ ic  steam genera to r  tubing to  both shor t  term and long 
term s t r e s s  a p p l i c a t i o n s .  The program should provide an es t imate  of  the  degree 
o f  conservatism used in c u r re n t  steam genera to r  creep design c r i t e r i a  based on 
ac tua l  t e s t  da ta  from pro to typ ic  (remel ted) steam generator tubing.

The i n i t i a l  plan i s  based on th ree  m a te r i a l s .  Additional m a te r ia l s  shall  
be added as they become a v a i l a b l e .

Material

P re se n t ly ,  th e re  are  th r e e  heats  of  ASME SA-213, Grade T22 tubing av a i lab le
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fo r  t e s t i n g :  two VAR h e a t s ,  #55262 and #91506 and one ESR hea t ,  #91505.
The chemical a na lys is  f o r  each heat i s  shown in Table I I I .  All tubing was 
manufactured by CarTech and given the  isothermal heat trea tm ent spec i f ied  in 
RDT M3-33. This heat t rea tment  was performed in a batch type vacuum furnace.

Biaxial  specimens wi l l  be f a b r ic a ted  in accordance with Figure 2 fo r  both 
shor t  term burs t  t e s t i n g  and longer  term creep t e s t i n g .  All specimens will  
be given a temper and pos t  weld heat t rea tment s im i la r  to  the CRBRP steam 
generator tubing . All heat  trea tments  a re  shown in Table I I .

Test  Methods

Biaxial  bu r s t  t e s t i n g  w i l l  be conducted in the  two r ig s :  1. Hydrosta tic
bu rs t  r i g  and 2. Pneumatic b u rs t  r i g .  The h y d ro s ta t i c  bu rs t  t e s t  w i l l  be fo r  
ambient t e s t i n g  only and can t e s t  f u l l  s ized tube samples having a 2 .8  mm 
(0.109 i n . )  minimum w al l .  The pneumatic burs t  r i g  w i l l  t e s t  specimens as 
shown in Figure 2. Both r ig s  wi l l  be equipped to  measure and record in te rna l  
p ressure  and ou ts ide  d iameter .

To insure  t h a t  s im i la r  data  a re  obtained by both t e s t i n g  r i g s ,  ambient 
t e s t  r e s u l t s  fo r  tube samples having th ree  d i f f e r e n t  wall th icknesses  wi l l  be 
compared. These r e s u l t s  w i l l  be taken in to  account in the  method used fo r  
s t r e s s  c a l c u l a t i o n s .

Each tube l o t  wil l  be bu rs t  t e s t e d  as described in Table IV. Duplicate 

t e s t s  w i l l  be performed where app l ic ab le .

Biaxial  s t r e s s  rup tu re  t e s t s  wil l  be conducted in the SR-III  r i g  a t  
510°C (950°F). The s t r e s s  l e v e l s  and est imated times to  rupture  a re  shown in 
Table V. Spec i f ic  samples wil l  be removed a t  1, 10, 100, 1000, and 10,000 hours 
to  measure s t r a i n .  These samples may or may not be re turned  to  t e s t  condit ions  
based on e a r l i e r  s t r a i n  measurements.
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TABLE I

EFFECT OF HEAT TREATMENT ON TENSILE PROPERTIES 
OF 2 1/4 Cr - 1 Mo ALLOY TUBING AT ROOM TEMPERATURE

0.2% YIELD ULTIMATE TENSILE 
HEAT STRENGTH STRENGTH TOTAL ELONGATION

TREATMENT''^ M P a(k s i )  MPa (k s i )  IN 51mm (2")
, ( 2 ) 264 (38.3) 481 (69.8) 35%
1 264 (38.3) 485 (70.4) 36%
1 264 (38.3) 490 (71.1) 34%

2 268 (38.81) 444 (64.34) 42%
2 265 (38.42) 441 (63.89) 41%

2 268 (38.88) 444 (64.41) 37%

3 270 (39.13) 437 (63.41) 39%
3 260 (37.65) 430 (62.40) 37%
3 260 (37.71) 434 (62.92) 37%

4 261 (37.84) 428 (62.01) 40%
4 257 (37.25) 425 (61.65) 39%
4 258 (37.45) 422 (61.23) 42%

( 1 )

( 2 )

Heat Treatment
1. Isothermal anneal in vacuum a t  927°C (1700°F) fo r  1/2 hr.

Cool to  704°C (1300°F) in 1 1/2 h rs .  and hold 704°C f o r  2 hrs .
Cool to  room temperature in 1 hr .  with argon purge.

2. Same as 1.
Temper a t  727°C (1340°F) f o r  1 hr .  in argon.
Air cool to  room temperature .

3. Same as 2.
Post  weld heat t r e a t  (PWHT) a t  727°C (1340°F) fo r  4 hrs .  in argon. 
Air  cool to  room temperature .

4. Same as 2.
Post weld heat t r e a t  (PWHT) a t  727°C (1340°F) fo r  20 h rs .  in argon. 
Air cool to  room temperature .

Heat t rea tm en t  #1 and t e n s i l e  t e s t s  were performed by an ou ts ide  vendor.
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TABLE II

HEAT TREATMENT OF BIAXIAL TEST SPECIMENS

1. Isothermal Heat Treatment

927°C ± 14°C (1700°F ± 25°F),  hold fo r  1/2 hr .  minimum 
Cool to  704°C (1300°F), hold f o r  2 h r s .  minimum 
Cool to  room temperature .

2. Temper Heat Treatment

I Z T Z  ± 19®C (1340°F ± 35°F),  hold f o r  1 hr .  minimum 
Cool to  room tempera ture .

3. Post  Weld Heat Treatment

727°C ± 19°C (1340°F ± 35°F),  hold f o r  20 hrs .  minimum 
Heating r a t e  not to  exceed 83°C/hr. (150°F/hr . )
Cooling r a t e  not t o  exceed l l l ° C / h r .  (200°F /hr . )

1 2 0



TABLE I I I

GE LOT NO. 1 2 3

Heat Number 55262 91505 91506

Remelt VAR ESR VAR

Manufacturer CIW CarTech CarTech

C 0.09 0.09 0.09

Mn 0.52 0.45 0.44

Cr 2.22 2.27 2.29

Mo 1.01 1.02 1.02

Si 0.08 0.25 0.32

P 0.016 0.011 0.011

S 0.014 0.004 0.005

Ni 0.05 0.05 0.06

Cu 0.12 0.05 0.05

Ti 0.02 0.01 0.03

V 0.01 0.01 0.01
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TABLE IV

BURST TESTS FOR STEAM GENERATOR TUBE SAMPLES

TEST TEMPERATURE 
°C (°F) TEST RIG

Ambient Hydros ta tic

Ambient Pneumatic

200 (392) Pneumatic

300 (572) Pneumatic

400 (752) Pneumatic

500 (932) Pneumatic

510 (950) Pneumatic

600 (1112) Pneumatic

1 2 2



TABLE V

CREEP RUPTURE TEST FOR STEAM GENERATOR TUBING

SAMPLE IDENTITY
TEST^^^ PRESSURE 

MPa (p s i )
ESTIMATED STRESS ESTIMATED̂

TIME OF TEST (hrs)

A-15 59.7 (8,658) 276 (40) 10
A-16, A-17 52.2 (7,576) 241 (35) 100
A-18, A-19 44.8 (6,494) 207 (30) 500
A-20, A-21, A-22 37.3 (5,411) 172 (25) 1000
A-23, A-24, A-25 29.8 (4,329) 138 (20) 5000
A-26, A-27, A-28 22.4 (3,247) 103 (15) >10000
LATER 14.9 (2,165) 68.9 (10) >10000

B-15 59.7 (8,658) 276 (40) 10
B-16, B-17 52.2 (7,576) 241 (35) 100
B-18, B-19 44.8 (6,494) 207 (30) 500
B-20, B-21, B-22 37.3 (5,411) 172 (25) 1000
B-23, B-24, B-25 29.8 (4,329) 138 (20) 5000
B-26, B-27, B-28 22.4 (3,247) 103 (15) >10000
LATER 14.9 (2,165) 68.9 (10) >10000

C-15 59.7 (8,658) 276 (40) 10
C-16, C-17 52.2 (7,576) 241 (35) 100
C-18, C-19 44.8 (6,494) 207 (30) 500
C-20, C-21, C-22 37.3 (5,411) 172 (25) 1000
C-23, C-24, C-25 29.8 (4,329) 138 (20) 5000
C-26, C-27, C-28 22.4 (3,247) 103 (15) >10000
LATER 14.9 (2,165) 68.9 (10) >10000

( 1 ) Based on ou ts id e  f i b e r  s t r e s s  c a lc u la t e d  us ing :  s t r e s s  = 4.6198 p ressure

Estimated f o r  tempera ture  a t  510°C (950°F)
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I I I .  LMFBR STEAM GENERATOR TUBESHEET FORGINGS

METALLURGICAL CHARACTERIZATION OF VAR AND ESR 2 1/4 Cr - 1 Mo ALLOY STEEL

The o b je c t iv e  o f  t h i s  a c t i v i t y  i s  to  generate  pre l iminary  mechanical 
proper ty  and m ic ro s t ru c tu ra l  c h a r a c t e r i z a t i o n  da ta  fo r  consumable remelted 
2 1/4 Cr - 1 Mo a l lo y  s t e e l .  Vacuum arc  remelt ing (VAR) and e l e c t r o s l a g  r e ­
melting (ESR) w i l l  provide high p u r i t y  mate r ia l  f o r  the  c r i t i c a l  tube- tubeshee t  

weld reg ion .  The mechanical p ro p e r t i e s  r e s u l t i n g  from these  process ing 
techniques  must be shown to  meet the  app l ic ab le  ASME Code and RDT Standards ,  
which a re  based on non-remelted m a te r i a l .  Tes t ing  and examination conducted 
and repor ted  e a r l i e r ^ ^ ^  inc lude  room temperature  t e n s i l e  t e s t s ,  drop-weight 
t e s t s ,  c re ep - ru p tu re  t e s t s ,  chemical composition^ m ic ro c le an l in e s s ,  gra in  s ize  
and hardness ,  and isothermal t ransform at ion  d a ta .

HEAT TREATMENT

The heat  t rea tm en ts  used in  t h i s  study c lo s e ly  simula te  the  various  poss ib le  

heat t rea tments  a p p l ic ab le  to  the  tubeshee t  fo rg ing  and tubing .  These heat 
t rea tm en ts  inc lude  an isothermal  anneal and a f u l l  anneal both with and without 
a post  weld heat t re a tm en t .  Also inc luded i s  a normalize and temper with 
pos t  weld heat t re a tm en t .  The heat tr ea tm ent  parameters a re  l i s t e d  in Table I .

TENSILE TESTS

Tens i le  t e s t s  were conducted f o r  VAR heat #55262 and ESR heat #R0110 a t  

21, 204, 371, 454, 510, and 566°C (70, 400, 700, 850, 950, and 1050°F). The 
y i e l d  and u l t im a te  s t r e n g t h ,  e lo n g a t io n ,  and reduc t ion  in area values  are  
repor ted  in Tables I I  and I I I .  The y i e l d  and u l t im a te  s t r e n g th s  a re  p lo t te d  as 
a func t ion  o f  tempera ture  in Figures 1, 2, 3,  and 4 ,  along with the  Nuclear 
Systems M ate r ia ls  Handbook (NSMH) expected value and the  0.95 upper and lower 
to le ra n ce  l i m i t s .  The expected value o f  y i e ld  s t r e n g th  as a func t ion  of  

temperature  given in ASME Code Case 1592 i s  a l so  shown in Figures 1 and 2.
The y i e l d  and u l t im a te  s t r e n g th  fo r  both the  VAR and ESR mate r ia l  genera l ly

Please  see the  end of t h i s  sec t ion  fo r  a co r rec ted  a n a ly s i s .
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(with the  exception o f  ESR a t  room temperature) l i e  between the NSMH expected 
value and lower t o l e ra n ce  l im i t  a t  a l l  temperatures  t e s t e d .  The y ie ld  s t reng th  
a t  454°C (850°F) and above i s  genera l ly  below the  Code Case 1592 expected 
value fo r  a l l  cond i t ions  t e s t e d  fo r  the ESR m a te r ia l .  For the  VAR m a te r i a l ,  
only the  isothermal anneal produced y i e ld  s t ren g th s  below t h i s  expected value 
above 454°C.

CHARPY V-NOTCH TESTS

A b r i e f  summary o f  the  r e s u l t s  o f  charpy v-notch impact t e s t i n g  was reported  

e a r l i e r ^ ^ ^ .  A complete summary o f  t e s t s  to  date  i s  given in Table IV for 
VAR heat #55262, VAR heat #56067, and ESR heat #R0110. The absorbed energy, 
l a t e r a l  expansion,  and percen t  shear  f r a c tu r e  a re  p lo t t e d  as a function of  t e s t  
temperature  in Figures 6 t o  15. Of the  four  heat  trea tments  considered ,  the  
f u l l  anneal plus pos t  weld heat tr ea tm ent  (PWHT) gives the  best  assurance o f  
nonduct i le  f r a c t u r e  based on the  temperature  fo r  67.8 J (50 f t . - l b . )  impact 
energy and 889 pm (35 mils )  l a t e r a l  expansion. These values a re  required 

s imultaneously  by ASME Code Section I I I  -  Divis ion I ,  A r t i c l e  NB-2300, a t  the  
n i l - d u c t i l i t y  t r a n s i t i o n  temperature  (NOT) + 33.3°C (60°F).  As previous ly  
r e p o r te d ,  NOT ranged from -45.6  to  -40.0°C (-50 to  -40°F) fo r  the  ESR mate ria l  

and from -28 .9  to  -3.9°C (-20 to  25°F) f o r  the  VAR m a te r i a l .  For fu l l  anneal 
plus  PWHT o f  ESR and VAR mater ia l  the  minimum values a re  met a t  -42.8°C (-45°F) 
and 1.7°C (35°F),  r e s p e c t iv e ly .  This makes the  minimum h y d ro s ta t i c  t e s t  

temperatures  approximately -6.7°C (20°F) f o r  ESR forgings  and 29.4°C (85°F) 
f o r  VAR fo rg ings .

The upper s h e l f  energy o f  ESR mater ia l  was observed to  be much higher 
than VAR m a te r i a l .  This d i f f e r e n c e  in absorbed energy i s  a t t r i b u t e d  p r im ar i ly  

t o  the  morphology and d i s t r i b u t i o n  of  non-meta l l ic  inc lus ions  (p r im ar i ly  the  
s u l f i d e  t y p e ) .  The inc lu s ion  d i s t r i b u t i o n s  are  d i f f e r e n t  f o r  the  ESR and VAR 
processes .  Large c y l in d r i c a l  (~15 ym long, ~1 ym diameter)  and spher ica l  

(~1 - 2 ym diameter)  inc lus ions  were t y p i c a l l y  observed in the VAR materia l  
by scanning e l e c t ro n  microscopy. No non-meta l l ic  inc lus ions  were v i s i b l e  on 
the  f r a c t u r e  su r face  of  the  ESR m a te r i a l .  Micrographs o f  VAR and ESR specimens 

t h a t  were f u l l y  annealed with PWHT and f r ac tu re d  in the  temperature  range o f  the  
upper s h e l f  a re  shown in Figure 5.
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The e f f e c t  o f  the  d i f f e r en c e  in f e r r i t e  and p r i o r  a u s t e n i t e  g ra in  s ize  
repor ted  e a r l i e r ^ ^ ^  f o r  these  two remelt ing  methods i s  being determined.
Grain s i ze  has been increased  in ESR specimens to  match t h a t  of the  VAR specimens. 
These wi l l  be t e s t e d  as a func t ion  o f  temperature  to  v e r i f y  the  e f f e c t  of  
gra in  s i ze  on the  absorbed energy and f r a c t u r e  appearance t r a n s i t i o n  tempera tures .

CREEP-RUPTURE TESTS

Log s t r e s s - l o g  minimum creep r a t e  p lo t s  a t  454, 510, and 566°C (850, 950, 
and 1050°F) were repor ted  previously^^^ fo r  VAR heat #55262 and ESR heat #R0110. 
These p lo t s  a re  reproduced in Figures 16 to  18 with add i t io n a l  data  p o in t s ,  
along with log s t r e s s - l o g  time to  t e r t i a r y  creep and log s t r e s s - l o g  rup ture  
time p lo t s  in Figures 19 to  21 and 22 to  24,  r e s p e c t iv e ly .  The da ta  are  
l i s t e d  in Table V. On the  above f i g u r e s ,  comparisons a re  made o f  remelted 
s t e e l  to  a i r  melted s t e e l .  The a i r  melt  data  i s  in the  form of curves of  
minimum or  expected values developed f o r  the  ASME Code Case 1592-4 or  the  

Nuclear Systems M ate r ia ls  Handbook. In a l l  c a s e s ,  the  remelted s t e e l  data  f a l l s  
w i th in  the  to l e r a n c e  l i m i t s  o f  the  NSMH and above the  minimum values  e s t a b l i s h e d  
by the  Code. That i s ,  the  c reep - ru p tu re  behavior o f  VAR and ESR i s  wi th in  the  

v a r i a b i l i t y  observed f o r  a i r  melted s t e e l s .

ISOTHERMAL TRANSFORMATION STUDY

Four hea ts  o f  2 1/4 Cr -  1 Mo s t e e l  were i so therm al ly  annealed a t  704°C 

(1300°F) f o r  various  times from 30 to  180 minutes a f t e r  a u s t e n i t i z i n g  a t  927°C 
(1700°F) f o r  1/2 hour.  The r e s u l t i n g  hardness values were repor ted  p rev ious ly^ '  
The purpose o f  t h i s  study i s  to  determine the  f e r r i t e  + carb ide  phase boundary 
o f  the  isothermal t rans fo rm a t ion  diagram. The same study has been repeated a t  
691, 704, and 718°C (1275, 1300, and 1325°F) f o r  12 heats  o f  2 1/4 Cr - 1 Mo 
s t e e l  inc lud ing  a i r  melted ,  VAR, and ESR m a te r i a l .  The r e s u l t i n g  hardness 
values  a re  given in Table VI. A chemical a n a ly s i s  fo r  a l l  o f  th e se  heats  is  
l i s t e d  in Table VII.  The carbon con ten t  ranged from 0.09 to  0.16%. This exceeds 
the  RDT Standard M3-33 maximum o f  0.110%, but i t  was considered usefu l to  
observe th e  e f f e c t  o f  carbon conten t  on tr ans fo rm at ion  t ime.
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The foriTiation of f e r r ite  + carbide as pearlite  at 704°C (1300°F) takes
approximately 120 minutes.  The t ime fo r  t ransformat ion  i s  longer a t  691°C
(1275°F) than a t  718°C (1325°F). This in d ic a te s  t h a t  the  nose of  the  f e r r i t e  +
carb ide  phase region on the  isothermal tr ansform at ion  diagram fo r  2 1/4 Cr - 1 Mo
s tee l  i s  above 704°C (1300°F), the  p re s en t ly  accepted temperature fo r  a i r

(21melted m a t e r i a l '  . This r e s u l t  w i l l  be v e r i f i e d  by add i t iona l  isothermal 
annealing o f  the  same heats  a t  732°C (1350°F). The micros t ruc tu res  r e s u l t i n g  
from various  hold t imes a t  704°C (1300°F) and water quenching were repor ted 
e a r l i e r ^ ^ ^ .  At approximately 120 minutes hold t ime,  the  phases present a f t e r  
water quenching a re  p roeu tec to id  f e r r i t e ,  b a i n i t e ,  m a r te n s i t e ,  discontinuous  

p r e c i p i t a t i o n ,  general p r e c i p i t a t i o n ,  and f in e  p e a r l i t e .  All of  these  phases 
can be seen in Figure 25. I t  should be noted t h a t  the  f ine  p e a r l i t e  shown 
i s  typ ica l  in morphology, but occurs only in i s o l a t e d  a reas .

FRACTURE TOUGHNESS TESTING OF VAR MATERIAL

The o b je c t iv e  o f  t h i s  program i s  to  determine f r a c tu r e  toughness values 
(Kj^) a t  24°C (75®F) f o r  steam genera to r  tubeshee t m a te r i a l s .  These r e s u l t s  

a re  then used along with charpy v-notch and drop-weight t e s t  values 
de te rm ina t ions)  and t e n s i l e  t e s t  r e s u l t s  to  evalua te  the  r e s i s t a n c e  to f r a c tu r e .  
The philosophy of  t h i s  approach to  f r a c t u r e  prevention i s  s e t  fo r th  in the 
Kji  ̂ curve o f  Appendix G to  Section I I I  of  the  ASME Boi le r  and Pressure  Vessel 
Code. No toughness da ta  on 2 1/4 Cr -  1 Mo s tee l  was included in the  de r iv a t io n  
o f  t h i s  Code Kj^ curve.  There fore ,  an impor tant a p p l i c a t io n  of these  r e s u l t s  
i s  to  v e r i f y  the  conservatism of  the  Kjj  ̂ curve fo r  2 1/4 Cr - 1 Mo s t e e l .

A vacuum arc  remelted (VAR) 50.8  mm (2 i n . )  th ick  p l a t e  (heat #55262) was 

procured.  The chemical composit ion,  t e n s i l e  t e s t ,  charpy v-notch,  and 
drop-weight t e s t  r e s u l t s  have been p rev ious ly  repor ted  f o r  t h i s  heat^^^.  An 
RTndt value o f  7°C (20°F) was repo r ted .  This p la t e  was heat t r e a t e d  as fo llows: 
927°C (1700°F) f o r  3 hours ,  fu rnace cool to  room temperature ,  plus 727°C (1340°F) 
fo r  4 hours ,  a i r  cool to  room tempera ture .  Three 50.8 mm (2 i n . )  th ick  
ASTM E399 Compact Tension Specimens (CTS) were machined from t h i s  p l a t e  in the  
t r a n sv e r se  (WR) o r i e n t a t i o n .  The crack lengths  were extended by fa t ig u e  

precracking to  a crack length  to specimen width r a t i o  (a/w) o f  approximately 0.65.
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These CTS's were t e s t e d  a t  24°C (75°F) under cons tan t  s t roke  contro l  of 
1.52 mm/min. (0.06 i n . / m i n . ) .  Load versus load-po in t  displacement curves were 
generated and used to  compute values .  These va lues ,  and the  r e s u l t s  
computed from them, a re  shown in Table VIII .  The values o f  were determined 

from the  po in ts  on the  load-displacement  curves where a b r i t t l e  pop-in 
( r ap id  crack extens ion)  occurred.  The b r i t t l e  pop-in has been shown by Scanning 
Electron Microscopy (SEM) to  be r e l a t e d  to  cleavage f r a c t u r e  o f  these  specimens. 
Even with t h i s  b r i t t l e  behavior ,  the  minimum value of  121 MPa / I n  
(110 ksi /  in) i s  above the  corresponding curve value o f  approximately
60 MPa / I n  (55 ksi /  i n ) .  Fur ther  t e s t i n g  would be necessary to  determine i f  
t h i s  remains the  case  a t  higher temperatures  r e l a t i v e  to  the  RTf^pj- Therefore ,  
safe  behavior with r e sp ec t  to  f r a c t u r e ,  f o r  components designed in accordance 
with the  Code curve and Appendix G, i s  ind ica ted  f o r  t h i s  m a te r i a l .
However, i t  i s  recommended t h a t  more t e s t i n g  o f  t h i s  type be done to  gain
s t a t i s t i c a l  confidence in t h i s  conclus ion ,  e s p e c i a l l y  in view o f  the  b r i t t l e  
f r a c t u r e  mode. Tes t ing  a t  e leva ted  temperatures  i s  a l so  required  to  v e r i fy  
t h a t  the  mater ia l  toughness i s  above the  Kjj  ̂ curve a t  s e rv ice  tempera tures ,  and 
t h a t  s t a b l e  crack ex tens ion  ( d u c t i l e )  can be achieved.

CRBRP PROTOTYPE AND PLANT TUBESHEET FORGINGS

The o b je c t iv e  o f  t h i s  a c t i v i t y  i s  to  provide the  techn ica l  support  to  the  
procurement of the  CRBR p ro to type ,  p l a n t ,  and development tubeshee t  fo rg ings .
These items w i l l  be purchased to  RDT M2-19.

The o rder  f o r  VAR 2 1/4 Cr - 1 Mo forgings  placed e a r l i e r  t h i s  year  fo r

the  various  CRBRP programs i s  being processed.  Vacuum arc remelt ing and

hot working of remelted ingo ts  has been completed.

Two (2) a i r  melt  heats  o f  2 1/4 Cr - 1 Mo a l lo y  were made f o r  the  GE program.
Each a i r  melted heat was fo r  ~45.4 metr ic  tons (50 tons)  with a y i e l d  of 
~38555 kg (85,000 l b s . )  per hea t .  Each a i r  melted heat was condi tioned and 
vacuum arc  remelted in to  5 VAR ingo ts .  The y i e l d  again was '38555 kg (85,000 l b s . )  
per heat or 77111 kg (170,000 l b s . )  t o t a l .  The VAR ingots  were condi tioned
and ext^uded an bars  of  ~74 cm (29 i n . )  and 36 cm (14 i n . )  in d iameter .  The
l a r g e r  d iameter m ate r ia l  wi l l  be made in to  the  LLTI and pro to type  fo rg in g s ;
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the  sm al le r  d iameter mater ia l  w i l l  be used fo r  the  FTTM and weld development 
fo rg ings .  There fore ,  two l o t s  o f  mater ia l  were shipped to ORNL from two heats :  
Lot #1 (~4536 kg; 10,000 l b s . )  contained two (2) pieces o f  74 cm diameter bar 
from heat #56448 and Lot #2 (~4536 kg; 10,000 l b s . )  contained one (1) piece  of 
74 cm diameter bar from the o th e r  hea t .  The chemical a na ly s is  o f  heat #56448 
met a l l  requirements  o f  RDT M2-19 as shown below:

CHEMICAL ANALYSIS

Heat No. C Mn P S Si Cr Ni Mo Ti V Cu Co

56448 .10 .56 .010 .006 .26 2.15 .15 1.01 .01 .01 .09 .01

The purchase orders  have been placed with Cameron Iron Works to  forge 
the  74 cm (29 i n . )  and 36 cm (14 i n . )  bars to  th icknesses  and diameters required 
f o r  the  various  tubeshee ts .  The e n t i r e  o rder  fo r  the  p ro to type ,  LLTI, FTTM, 
and weld development forg ings  i s  expected to  be completed by the  end of  
February 1976. A complete summary o f  the  s t a t u s  of  tubeshee t  purchases i s  given 

in Table IX.

CORRECTION TO THE PREVIOUSLY REPORTED CHEMICAL ANALYSIS

The mechanical p ro p e r t i e s  determined in t h i s  study ind ica ted  t h a t  the 
composit ion f o r  some of  the  elements as repor ted  by the  chemical a n a ly s i s  vendor 
were in e r r o r .  A second product an a ly s i s  v e r i f i e d  t h i s  i n d ic a t io n .  The second 
chemical a n a ly s i s  i s  shown below:

CHEMICAL ANALYSIS

Heat No._____________ A]______________ Si_______________ S

VAR 56067 0.005 0.28* 0.007*
ESR ROllO 0.027 0.18 0.006

Same value as repor ted  in f i r s t  ana ly s is .
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TABLE I

HEAT TREATMENTS* FOR 2 1/4 Cr - 1 Mo STEEL

A. Isothermal Anneal

Postweld:

954°C (1750°F) fo r  1/2 hr.

Furnace cool to  710°C (1310°F) f o r  2 1/2 hr.  
Air cool t o  room temperature .

727°C (1340°F) fo r  4 hr.
Air cool to  room temperature .

B. Anneal:

Postweld:

916°C (1680°F) f o r  1 1/4 hr.
Furnace cool [@ 27.7 to  55.6°C/hr.  (@ 50 

100°F/hr . )  to  316°C (600°F)]
Air cool to  room temperature .

727°C (1340°F) fo r  4 hr.
Air cool to  room temperature .

C. Normalize and 
Temper:

Postweld:

954°C (1750°F) fo r  1 hr.
Air  cool to  room temperature .  
727°C (1340°F) fo r  1 3/4 hr .  
Air cool to  room temperature .

727°C (1340°F) fo r  4 hr.
Air  cool to  room temperature.

0. (Same as B without Postweld)

E. (Same as A without  Postweld)

* Monitored according to  specimen surface  temperature.
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TABLE I I

TENSILE PROPERTIES OF VAR 2 1/4 Cr - 1 Mo STEEL*

<jO

Temperature 

°C (°F)

S t r en g th ,  MPa (ks i )

Yield Ultimate
0.2% Offse t

Total 
Elongation,  (%)

Heat Treatment A - Isothermal Anneal with PWHT**. Longitudinal O r ien ta t ion

Reduction 

in Area,

21 (70) 221 (32.0) 465 (67.5) 29.5 72.9
204 (400) 216 (31.3) 406 (58.9) 27.6 65.2
371 (700) 190 (27.6) 491 (71.2) 26.0 64.2
454 (850) 165 (24.0) 405 (58.8) 26.2 62.4
510 (950) 165 (23.9) 379 (54.9) 26.6 73.0
566 (1050) 157 (22.8) 317 (46.0) 32.2 81.6

Heat Treatment B - Full Anneal with PWHT. Longitudinal Or ien ta t ion

21 (70) 241 (34.9) 441 (63.9) 32.1 65.4
204 (400) 216 (31.3) 384 (55.7) 30.1 65.2
371 (700) 208 (30.2) 444 (64.4) 23.7 60.7
454 (850) 179 (25.9) 423 (61.4) 27.1 68.3
510 (950 187 (27.1) 396 (57.4) 27.2 75.2
566 (1050) 168 (24.4) 352 (51.1 ) 33.2 74.7

Heat Treatment D - Full Anneal without  PWHT. Longi tudinal Or ien ta t ion

21
204
371
454
510

(70)
(400)
(700)
(850)
(950)

566 (1050)

243 (35.2) 472 (68.5) 33.1 66.4
213 (30.9) 410 (59.5) 29.7 66.4
215 (31.2) 452 (65.6) 22.9 60.7
214 (31.0) 449 (65.2) 26.1 61.9
204 (29.6) 429 (62.2) 24.6 64.8
200 (29.0) 372 (54.0) 30.0 72.4

* S t r a in  Rate - 6.67 X 10"^/sec
** PWHT - Post  Weld Heat Treatment



TABLE I I I

TENSILE PROPERTIES OF ESR 2 1/4 Cr - 1 Mo STEEL*

CO

Temperature 
°C (°F)

Heat Treatment B
21

204
371
454
510

(70)
(400)
(700)
(850)
(950)

566 (1050)

S t reng th ,  MPa (ks i )
Yield Ultimate

0.2% Offse t

Total 
Elongation,  (%)

Full Anneal with PWHT. Longitudinal Or ien ta t ion
225 (37.0) 480 (69.6) 36.1

192
146
149
144

(27.9) 
( 2 1 . 2 ) 
( 2 1 . 6 )
(20.9)

421
378
360
301

(61.0)
(54.8)
(52.2)
(43.7)

29.4
24.8
39.3
42.1

Heat Treatment B - Full Anneal with PWHT,. Transverse O r ien ta t ion

21 (70) 296 (43.0) 483 (70.0) 37.5
204 (400) 242 (35.1) 405 (58.7) 33.7
371 (700) 209 (30.3) 402 (58.3) 27.1
454 (850) 177 (25.7) 399 (57.8) 30.2
510 (950) 174 (25.3) 370 (53.7) 33.4
566 (1050) 145 (21.1) 305 (44.2) 40.3

Reduction 
in Area, (%)

74.4

66.4 
71.9 
73.3 
80.8

73.4
72.5 
68.1
68.9 
69.2
79.9

Heat Treatment D - Full Anneal without PWHT. Longitudinal O r ien ta t ion

21 (70)
204 (400)
371 (700)
454 (850)
510 (950)
566 (1050)

268 (38.9) 472 (68.5) 40.6 72.8
226 (32.8) 403 (58.4) 27.6 74.2
192 (27.9) 413 (59.9) 28.3 67.7
160 (23.2) 399 (57.9) 28.9 68.0
148 (21.4) 360 (52.2) 34.5 73.9
150 (21.7) 314 (45.5) 38.3 77.5

* S t r a in  r a t e  - 6.67 X 10" / s e c



TABLE I I I ,  Continued

U>a>

TENSILE PROPERTIES OF ESR 2 1/4 Cr -  1 Mo STEEL*

Temperature S t reng th ,  MPa (k s i ) Total Reduction

°C (°F) Yield Ultimate Elongation,  (%) in Area,  (%)
0.2% Offse t

Heat Treatment D - Full Anneal without PWHT. Transverse O r ien ta t ion

21 (70) 299 (43.4) 487 (70.6) 37.5 72.1
204 (400) 226 (32.8) 401 (58.2) 34.0 67.7
371 (700) 195 (28.3)  459 (66.5) 25.1 65.3
454 (850) 168 (24.3)  403 (58.5) 27.6 65.6
510 (950) 154 (22.4) 378 (54.8) 31.8 70.1
566 (1050) 155 (22.5) 321 (46.5) 37.8 75.8

Requirements of  RDT M3-33 (Tubing)

21 (70) 206 (30)min. 414 (60) to  586 (85) 30 min. —

Requirements o f  RDT M2-19 (Tubesheet Forging)

21 (70) 206 (30)min. 414 (60) to  586 (85) 20 min.

* s t r a i n  Rate - 6.67 X 10 ^ /sec
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TABLE IV

CHARPY V-NOTCH RESULTS FOR 2 1 /4  Cr -  1 Mo STEEL

Specimen
No.

CVN
J ( f t . - 1 b . )

Temp. 
’C (°F)

Latera l
Expansion

Shear Frac ture  (%) 
Observation

Heat** Heat
Treatment

O rien ta tio n * * *

#1 #2 #3 Avg.

V-10 3.5 (2 .6) -45.6 (-50) 25 P 0 1 2 1 V-1 B
V-3 11.5 (8 .5) -40 (-40) 203 (8) 2 2 4 3 V-1 B
V-5 22.4 (16.5) -34 .4 (-30) 432 (17) 8 4 2 5 V-1 B
V-7 14.9 (11.0) -34.4 (-30) 279 (11) 5 3 2 3 V-1 B
V-6 324.3 (239.2) -31.7 (-25) 2390 (94) 100 100 100 100 V-1 B
V-8 6.2 (4 .6) -31.7 (-25) 0 (0) 2 2 2 2 V-1 B
V-9 4 .3 (3 .2) -31.7 (-25) 25 (1) 1 1 2 1 V-1 B
V-4 >324.6 (>239.4) -28.9 (-20) 2310 (91) 100 100 100 100 V-1 B
V-2 >315.6 (>232.8*) -17 .8 (0) 2460 (97) 100 100 100 100 V-1 B
V-1 >317.8 (>234.4*) 23.9 (75) 2260 (89) 100 100 100 100 V-1 B

V-12 4.2 (3 .1) -17.8 (0) 0
V-13 5.2 (3 .8) -6.67 (20) 76
V-14 14.9 (n.o) 15.6 (60) 356
V-18 12.8 (9 .5) 18.3 (65) 305
V-19 15.2 (11.2) 21.1 (70) 279
V-11 90.8 (67.0) 23.9 (75) 1520
V-15 76.7 (56.6) 37.8 (100) 1380
V-17 116.6 (86.0) 65.6 (150) 1910
V-16 137.8 (101.6) 98.9 (210) 1980
V-20 139.6 (103.0) 176.7 (350) 1930

( 0 )
(3)

2
2

12
8

10
30
35
65
85

100

5
4

15
10
14
20
25
65
80
99

4
4
5 
5 
5

10
15
60
75
98

4
3

11
8

10
20
25
63
80
99

V-1
V-1
V-1
V-1
V-1
V 
V-1 
V-1 
V-1
V

1

1

A
A
A
A
A
A
A
A
A
A

* Hammer stopped
** V-1 = VAR 55262, V-2 = VAR 56067, E = ESR ROllO 

*** L = Long i tud ina l ,  T = Transverse



TABLE IV, Continued

CHARPY V-NOTCH RESULTS FOR 2 1 /4  Cr -  1 Mo STEEL

Specimen
No,

CVN 
J ( f t . - l b . )

Temp. 
°C (°F)

Latera l  
Expansion 
vim (mils)

Shear F rac ture  (%) 
Observation

Heat** Heat Orienta tion*** 
Treatment

V-24 15.2 (11.2) -28.9 (-20) 254 (10)
#1

5
#2

10
#3

5
Avg.

7 V-1 B T
V-22 14.9 (11.0 -17 .8 (0) 330 (13) 5 9 1 5 V-1 B T
V-23 46.4 (34.2) -6 .67 (20) 838 (33) 10 22 3 12 V-1 B T
V-29 73.8 (54.4) 4.44 (40) 1300 (51) 20 20 10 17 V-1 B T
V-25 84.3 (62.2) 15.6 (60) 1400 (55) 25 40 15 27 V-1 B T
V-21 86.2 63.6) 23.9 (75) 1400 isi 35 25 10 23 V-1 B T
V-26 113.2 (83.5) 37.8 (100) 1800 80 70 40 63 V-1 B T
V-28 126.4 (93.2) 65.6 (150) 1910 (75) 95 98 90 94 V-1 B T
V-27 126.1 (93.0) 98.9 (210) 1980 (78) 100 99 90 96 V-1 B T
V-30 125.0 (92.2) 176.7 (350) 1960 (77) 100 99 90 96 V-1 B T

V-34 10.8 (8 .0) -28.9 (-20) 203 (8) 2 8 2 4 V-1 C T
V-32 8.1 (6 .0) -17.8 (0) 76 (3) 5 10 8 8 V-1 C T
V-33 46.8 (34.5) -6.67 (20) 787 (31) 10 17 10 12 V-1 C T
V-38 50.4 (37.2) 4.44 (40) 914 (36) 15 15 15 15 V-1 C T
V-40 62.3 (47.4) 10. 50) 1120 44) 20 20 15 18 V-1 C T
V-35 81.9 (60.4) 15.6 (60) 1420 (56) 35 40 20 32 V-1 C T
V-31 90.6 (66.8) 23.9 (75) 1470 (58) 35 35 20 30 V-1 C T
V-36 100.3 (74.0) 37.8 (100) 1570 (62) 40 40 25 35 V-1 C T
V-39 108.5 (80.0) 65.6 (150) 1650 (65) 80 80 75 78 V-1 C T
V-37 118.2 (87.2) 98.9 (210) 1780 (70) 100 99 95 98 V-1 C T

CO
CO



Specimen
No.

TABLE IV, Continued

CHARPY V-NOTCH RESULTS FOR 2 1 /4  Cr - 1 Mo STEEL

CVN
J ( f t . - l b . )

Temp. 
°C (°F)

Latera l
Expansion

Shear Frac ture  {%) 
Observation

Heat** Heat
Treatment

O rien ta t io n * * *

OJKO

#1 #2 #3 Avq.
V-44 4.7 (3 .5) -28 .9 (-20) 25 (1) 0 1 1 1 V-1 D
V-42 9.8 (7 .2) -17.8 (0) 203 (8) 5 9 5 6 V-1 D
V-43 35.9 (26.5) -6 .67 (20) 711 (28) 10 15 5 10 V-1 D
V-48 53.1 (39.2) 4.44 (40) 991 (39) 15 18 15 16 V-1 D
V-50 66.7 (49.2) 10. (50) 1220 (48) 20 20 15 18 V-1 D
V-45 75.1 (55.4) 15.6 (60) 1300 (51) 22 25 15 21 V-1 D
V-41 65.6 (48.4) 23.9 (75) 1190 (47) 20 25 15 20 V-1 D
V-46 98.3 (72.5) 37.8 (100) 1600 (63) 50 50 25 42 V-1 0
V-49 116.6 (86.0) 65.6 (150) 1830 (72) 95 95 90 93 V-1 D
V-47 118.0 (87.0) 98.9 (210) 1850 (73) 98 98 95 97 V-1 D

V-52 4.7 (3 .5) -17 .8  (0) 51 (2) 2 8 2 4 V-1 E
V-53 9.8  (7 .2) 4.44 (40) 

23.9 (75)
203 (8 5 8 5 6 V-1 E

V-51 28.2 (20.8) 610 (24) 15 17 20 17 V-1 E
V-54 51.5 (38.0) 37.8 (100) 1040 (41) 35 25 15 25 V-1 E
V-57 59.4 (43.8) 48.9 (120) 991 (39) 38 45 40 41 V-1 E
V-58 66.2 (48.8) 54.4 (130) 1270 (50) 18 20 15 18 V-1 E
V-56 103.2 (76.1) 60. (140) 1750 (69) 65 75 70 70 V-1 E
V-60 91.1 (67.2) 65.6 (150) 1600 (63) 45 55 30 43 V-1 E
V-55 113.2 (83.5) 98.9 (210) 1880 (74) 85 90 90 88 V-1 E
V-59 116.9 (86.2) 176.7 (350) 1910 (75) 100 99 95 98 V-1 E



TABLE IV, Continued

CHARPY V-NOTCH RESULTS FOR 2 1 /4  Cr -  1 Mo STEEL

Specimen
No.

CVN 
J ( f t . - l b . )

Temp. 
°C (°F)

Latera l  
Expansion 
pm (mils)

Shear F rac ture  (%) 
Observation

Heat** Heat Orientation*** 
Treatment

V-62 7.6  (5 .6 ) -17 .8  (0) 203 (8)
#1

2
#2

5
#3

2
Avg.

3 V-2 8 T
V-63 12.2 (9 .0) 4.44 (40) 305 (12) 5 5 5 5 V-2 B T
V-71 24.4 (18.0) 23.9 (75) 559 (22) 10 13 8 10 V-2 B T
V-64 33.9 (25.0) 37.8 (100) 737 (29) 15 15 20 17 V-2 B T
V-67 44.5 (32.8) 48.9 (120) 914 (36) 20 23 30 24 V-2 B T
V-65 54.5 (40.2) 60. (140) 1090 (43) 22 22 30 25 V-2 B T
V-66 62.6 (46.2 71.1 (160) 1270 (50) 30 40 50 40 V-2 B T
V-68 74.6 (55.0) 82.2 (180) 1370 (54) 70 75 60 68 V-2 B T
V-69 85.6  (63.4) 93.3 (200) 1600 (63) 80 85 60 75 V-2 B T
V-61 100.3 (74.0) 98.9 (210) 1780 (70) 85 90 80 85 V-2 B T
V-72 115.0 (84.8) 121.1 250 1880 74) 

2030 (80)
98 98 95 96 V-2 B T

V-70 117.7 (86.8) 176.7 (350) 100 99 95 98 V-2 B T
V-73 114.4 (84.4) 176.7 (350) 2010 (79) 100 99 95 98 V-2 B T

V-75 7.6 (5 .6 ) -17 .8  (0) 152 (6) 2 5 5 4 V-2 D T
V-76 14.1 (10.4) 4.44 (40) 305 (12) 5 10 5 7 V-2 D T
V-74 21.8 (16.1) 23.9 (75) 508 (20) 10 13 15 13 V-2 D T
V-77 28.5 (21.0) 37.8 (100) 711 (28) 20 15 18 18 V-2 D T
V-81 41.2 (30.4) 48.9 120) 914 36) 25 20 25 23 V-2 D T
V-79 55.9 (41.2) 60. (140) 1090 (43) 28 30 25 28 V-2 D T
V-80 62.4 (46.0) 71.1 (160) 1270 (50) 35 45 30 37 V-2 D T
V-83 70.5 (52.0) 76.7 (170) 1300 (51) 60 70 50 60 V-2 D T
V-82 79.3 (58.5) 82.2 180) 

93.3 (200)
1450 (57) 
1520 (60)

65 70 50 62 V-2 0 T
V-85 78.6 (58.0) 68 70 50 63 V-2 D T
V-78 103.0 (76.0) 98.9 (210) 1780 (70) 90 90 80 87 V-2 D T
V-86 112.8 (83.2) 121.1 (250) 2010 (79) 98 97 95 97 V-2 D T
V-84 116.6 (86.0) 176.7 (350) 1980 (78) 100 99 95 98 V-2 D T



TABLE IV, Continued

CHARPY V-NOTCH RESULTS FOR 2 1 /4  Cr -  1 Mo STEEL

Specimen
No.

CVN
J ( f t . - l b . )

Temp. 
’C (°F)

Lateral
Expansion

Shear Frac ture  (%) 
Observation

Heat** Heat
Treatment

O rien ta tion***

#1 #2 #3 Avg.
V-94 10.6 (7 .8) -56.7 (-70) 178 (7) 1 3 5 3 E B L
V-90 10.6 (7 .8) -51.1 (-60) 254 (10) 2 8 5 5 E B L
V-96 12.9 (9 .5) -48.3 (-55) 279 (11) 2 8 8 6 E B L
V-91 28.5 (21.0) -45.6 (-50) 584 (23) 5 10 5 7 E B L
V-93 155.6 (114.8) -42.8 (-45) 2490 (98) 40 45 35 40 E B L
V-88 129.1 (95.2) -40. (-40) 2130 (84) 30 33 35 33 E B L
V-97 311.6 (229.8) -37.2 (-35) 2210 (87) 100 100 100 100 E B L
V-95 >323.4 (>238.5) -34.4 (-30) 2160 (85) 100 100 100 100 E B L
V-92 >324.0 (>239.0) -28.9 (-20) 2130 (84) 100 100 100 100 E B L
V-89 >319.4 (>235.6) -17.8 (0) 2360 93) 100 100 100 100 E B L
V-87 >324.7 (>239.5*) 23.9 (75) 2210 (87) 100 100 95 98 E B L

V-101 11.5 (8.5) -51.1 (-60) 279 (11) 2 5 5 4 E B T
V-100 123.7 (91.2) -45.6 (-50) 1980 (78) 25 30 20 25 E B T
V-98 >323.9 (>238.9*) -17.8 (0) 2210 (87) 100 100 100 100 E B T
V-99 >317.3 (>234.0) 10. (50) 2360 (93) 100 100 100 100 E B T

V-110 7.5 (5.5) -51.1 (-60) 152 (6) 0 3 3 2 E D L
V-103 9.5 (7.0) -40. (-40) 203 (8) 8 8 5 7 E D L
V-107 63.0 (46.5) -34.4 (-30) 1120 (44) 10 20 5 12 E D L
V-108 20.6 (15.2) -34.4 (-30) 457 (18) 5 8 3 5 E D L
V-106 103.3 (76.2) -28.9 (-20) 1700 (67) 20 30 15 22 E D L
V-105 189.8 (140.0) -17.8 (0) 2590(102) 45 50 45 47 E D L
V-109 122.6 (90.4) -12.2 (10) 1930 (76) 30 30 20 27 E D L
V-111 >324.6 (>239.4) -12.2 (10) 1910 (75) 100 100 100 100 E D L
V-104 >323.4 (>238.5*) -6.67 (20) 2210 (87) 100 100 100 100 E D L
V-102 >323.8 (>238.8*) 23.9 (75) 2260 (89) 100 100 100 100 E D L

V-114 60.2 (44.4) -40 (-40) 1090 (43) 5 21 20 15 E D T
V-112 119.3 (88.0) -28.9  (-20) 1850 (73) 20 30 20 23 E D T
V-113 >323.4 (>238.5*) 10. (50) 2180 (86) 100 100 100 100 E D T



TABLE V
CREEP-RUPTURE DATA FOR 2 1/4 Cr - 1 Mo STEEL

SPECIMEN
NUMBER

HEAT
TREATMENT

STRESS 
KSI (MPa)

RUPTURE 
TIME (hr.)

TIME TO THIRD* 
STAGE (hr.)

STRAIN TO THIRD* 
STAGE (%)

MINIMUM CREEP* 
RATE (%/hr.)

ELONGATION
(%)

REDUCTION 
IN AREA (%)

PLASTIC ON 
LOADING (%)

Heat VAR 55262

Heat ESR ROllO

850°F (454°C)

C25 C 60 (413.7) ** — — — 23.4
Cl A 55 (379.2) 6.3 3.3 2.25 0.515 24.3
T8 B 55 (379.2) 167.4 101 .0 5.10 0.0386 27.1
T35** C 55 (379.2) 0.4 — — — 28.9
C4 A 52 (358.5) 61.0 46.1 3.78 0.0629 24.7
C16 B 52 (358.5) 494.1 293.0 4.83 0 .0122 28.2
C28 C 52 (358.5) 21 .8 13.7 3.30 0.195 26.0
C7 A 48 (330.9) 968.4 664.0 3.40 0.0034 25.2
C19 B 48 (330.9) 2035.1 1175.0 4.28 0.0025 29.1
C31 C 48 (330.9) 119.6 57.8 2.41 0.0318 27.9
CIO A 40 (275.8) 2864.8tt 2450;2200 3.23;2.24 0.00100;0.000263 29.2
C34 C 40 (275.8) 1359.9 '810. '2.85 0.0029+ 31.3

74.4
71.1
71.2
71.0
73.3 
73.8 
77.2
75.0
74.5
79.0 
79.7
82.5

6.9
3.2
4.6

10 . 0+

5.0
3.1
4.2
3.2
2.3 
3.0 
1.8 
1. 2

C51 B 52 (358.5) 2.5 1.74 8 . 0 0 3.678 31.9 73.7 6 .2

C54 D 52 (358.5) 80.6 66.7 11 .00 0.144 32.9 71.2 5.0
T22 B 40 (275.8) 298.4 1325.0 6.78 0.0038 36.0 75.0 0.4
•[•42*** D 40 (275.8)

* Determined by 0.2% strain offset
** Specimen failed on loading
*** Specimen on test 
+ Average for discontinuous behavior 

Strain discontinuity at 1010 hours



TABLE V, Continued
CREEP-RUPTURE DATA FOR 2 1/4 Cr - 1 Mo STEEL

SPECIMEN
NUMBER

HEAT
TREATMENT

STRESS 
KSI (MPa)

RUPTURE 
TIME (hr.)

TIME TO THIRD* 
STAGE (hr.)

STRAIN TO THIRD* 
STAGE (%)

MINIMUM CREEP* 
RATE (%/hr.)

ELONGATION
W

REDUCTION 
IN AREA (%)

PLASTIC
LOADING

Heat VAR 55262 950“F (510“C)

C26 C 40 275.8) 20.3 5.4 1.47 0.200 34.1 81.9 1.6
C2 A 35 241.3) 90.0 29.9 1.75 0.0408 41.6 80.6 1.6
C14 B 35 241.3) 430.3 166.0 3.28 0.0133 39.4 83.3 1.5
T17 C 35 241.3) 51.2 13.2 1.69 0.0871 42.2 83.9 0.8
C5 A 30 206.8) 245.9 82.0 1.25 0.0104 50.2 83.6 1.5
C17 B 30 206.8) 1398.4 427.0 2.35 0.0041 46.6 85.5 0.6
C29 C 30 206.8) 226.1 55.6 1.44 0.0201 45.9 84.2 0.3
C8 A 25 172.4) 721.2 198.0 0.83 0.0032 57.5 87.3 0.3
C20 B 25 172.4) 2842.8 580.0 1.46 0.0019 54.6 87.3 0.2
C32 C 25 172.4) 853.3 134.0 0.41 0.0014 51.6 86.2 0.08
cn A 22 151.7) 763.6 150.0 0.76 0.0032 51.1 87.6 1.1
C35 C 22 151.7) 2184.2 298.0 0.50 0.0010 55.1 88.4 0.07

Heat ESR Rono

C52 B 30 206.8) 387.0 172.0 9.50 0.0466 51.2 76.2 1.3
C55 0 30 206.8) 895.6 274.0 5.33 0.0150 45.5 68.8 0.8
T23 B 22 151.7) 3325.4 1065.0 6.75 0.0058 48.7 61.5 0.2
T43*** D 22 151.7)

■bU)



TABLE V, Continued

SPECIMEN
NUMBER

HEAT
TREATMENT

STRESS 
KSI (MPa)

RUPTURE 
TIME (hr.)

TIME TO THIRD* 
STAGE (hr.)

STRAIN TO THIRD* 
STAGE (%)

MINIMUM CREEP* 
RATE (%/hr.)

ELONGATION
W

REDUCTION 
IN AREA (%)

PLASTIC
LOADING

Heat VAR SS262 1050°F (566°C)
C3 A 27.S (189.6) 9.1 2.1 2.75 1.071 24.5 70.5 12.1
C13 B 27.S (189.6) ** — — — 52.6 87.2 1.1
CIS B 27.S (189.6) 89.2 29.2 1.78 0.0459 43.5 85.4 0.4
112 B 27.5 (189.6) 50.1 15.0 4.23 0.235 64.1 87.5 0.6
C27 C 27.S (189.6) 10.1 2.0 3.00 1.000 55.2 87.2 0.4
C6 A 2S (172.4) 17.3 3.9 2.28 0.456 52.7 85.7 0.3
CIS B 2S (172.4) 76.0 16.7 2.58 0.125 61.5 87.9 0.2
C30 C 2S (172.4) 21.0 5.9 3.32 0.503 54.0 90.4 0.2
C9 A 22 (1S1.7) 44.6 11.6 5.10 0.422 68.0 88.3 0.4
C21 B 22 (151.7) 168.9 24.6 1.64 0.0483 72.5 89.2 0.06
C33 C 22 (151.7) 73.5 9.3 1.47 0.132 62.3 89.9 0.1
Cl 2 A 18 (124.1) 210.2 12.6 0.44 0.0349 68.0 90.6 0.05
C24 B 18 (124.1) 749.7 70.5 1.02 0.0113 68.0 90.9 0.3
C36 C 18 (124.1) 353.3 126.0 5.43 0.0413 63.5 90.8 0.02
16 A 14 (96.53) 1259.2 475.0 7.61 0.0152 60.8 91.3 0.01
TIB C 14 (96.53) 2788.5 952.0 5.35 0.0054 56.5 92.0 0.0

Heat ESR ROllO

C53 B 22 (151.7) 89.9 37.2 11.90 0.282 74.2 76.8 0.6
CSS D 22 (151.7) 142.5 21.0 3.80 0.138 57.4 74.4 0.2
T24 B 14 (96.5) 1489.3 530.0 7.90 0.0141 56.8 65.5 0.02
T44 D 14 (96.5) 1879.7 690.0 5.70 0.0078 46.9 62.3 0.02



TABLE VI

BRINELL HARDNESS VALUES OF 2 1/4 Cr - 1 Mo SPECIMENS 
FOR ISOTHERMAL TRANSFORMATION STUDY

ISOTHERMAL HOLD TIME (m inutes)

HEAT # CARBON TEMP “C 30 45 60 90 120 180 300

VAR 56067 0.11 704 195 195;185 150 165;150 150;147 144

A ir Melt 0.15 704 270 265;270 210 228;200 210;234 169
113632
ESR ROllO 0.10 704 185 159;159 144 141;139 141;144 141

VAR 55262 0.09 704 190 151;190 162 162;139 150;150 150

VAR B9783 0.165 690 237 305 276;276 222;255 197 180 170
704 294 250 225;222 165;167 156 162 156
718 210 163 159;159 148;142 140 141 147

VAR B9784 0.153 690 263 248 235;234 210;228 190 172 170
704 245 213 182;178 162;165 159 159 153
718 213 182 154;159 144;148 151 147 147

VAR 91506 0.10 690 305 273 235;250 259;228 222 205 185
704 293 260 225;222 195;216 195 167 154
718 222 197 178;178 148;174 165 160 142

ESR 9796 0.153 690 362 352 352;322 342;342 301 219 192
704 347 305 268;283 235;240 205 165 163
718 309 265 234;235 185;185 159 153 151

ESR 9797 0.155 690 265 235 228;228 250;245 234 195 176
704 313 290 262;257 228;228 182 169 160
718 276 235 213;216 172;163 157 150 153

ESR 91505 0.088 690 228 234 222;216 203;200 187 185 163
704 205 195 185;190 185;185 160 157 151
718 200 165 176;157 137;157 147 153 139

Air Melt 0.147 690 322 313 287;283 260;255 237 195 174
113632 704 273 237 210;219 180;180 165 159 154

718 228 200 169;172 156;151 150 147 147

A ir Melt 0.09 690 205 197 185;190 178;172 165 160 156
279251 704 182 169 159;156 160;162 157 151 144

718 163 153 147;151 147;147 147 144 137

A ir Melt 0.09 690 187 174 162;167 151;157 154 148 140
5P4430 704 163 156 153;150 153;150 150 142 141

718 144 140 138;141 144;141 137 139 135

M3-33 S p e c if ic a tio n : Maximum B rin e ll 165 (Rg 85)
690°C = 1275°F; 704°C = 1300°F; 718°C = 1325°F

145



TABLE VII

CHEMICAL ANALYSIS OF 2 1/4 Cr - 1 Mo STEEL FOR ISOTHERMAL TRANSFORMATION STUDY

HEAT NUMBER An Sb% As% c% Cr% Co% Cu% HX MnX Mo% NiX NX OX PX Six SX SnX TiX VX
VAR 56067 0.005 <0.002 0.006 0.098 2.31 <0.002 0.08 0.0007 0.42 0.99 0.17 0.006 <0.001 0.010 0.28 0.015 <0.002 0.002 0.006
Air Melt 113632 0.15 2.39 0.45 1.10 0.011 0.23 0.021

ESR ROllO 0.027 <0.002 0.010 0.100 2.26 <0.002 0.10 0.0005 0.50 0.99 0.15 0.008 <0.001 0.013 0.09 0.007 <0.002 <0.002 0.013

VAR 55262 <0.005 <0.002 0.008 0.099 2.26 <0.002 0.09 0.0006 0.50 1.00 0.15 0.008 <0.001 0.013 0.07 0.016 0.004 <0.002 0.013

VAR B9783 0.165* 2.40 0.39 1.10 0.014 0.009 0.20 0.034*

VAR B9784 0.153* 2.39 0.34 1.08 <0.005 0.013 0.21 0.025*

VAR 91506 0.10 2.32 0.05 0.39 1.02 0.06 0.011 0.39 0.005

ESR 9796 0.153* 2.44 0.47 1.09 0.008 0.009 0.14 0.016

ESR 9797 0.155* 2.42 0.46 1.08 0.008 0.007 0.19 0.017

ESR 91505 0.088 2.25 0.06 0.46 1.02 0.05 0.011 0.30 0.004

Air Melt 279251 0.09 2.32 0.52 0.93 0.12 0.36 0.009

Air Melt 5P4430 0.09 2.35 0.40 1.00 0.006 0.23 0.012

ROT M2-19 Minimum 0.070 1.90 0.30 0.87 0.20

ROT M3-33 Maximum 0.110 2.60 0.35 0.60 1.13 0.25 0.015 0.40 0.015 0.03 0.03

* Average Values



TABLE VIII

COMPACT TENSION SPECIMEN [50 .8  mm (2 in ) Thick]

FRACTURE TOUGHNESS RESULTS FOR 2 1 /4  Cr - 1 Mo VAR HEAT 55262 50.8 mm (2 in )  THICK PLATE

TESTS FOR TRANSVERSE ORIENTATION AT 24°C (75°F)
WITH SPECIMEN LOAD POINT DISPLACEMENT RATE OF 1.52 mm/min (0 .06  in /m in)___________

S ta b le  Crack
E x tension , Aa, j  ^  Unload J a t  COS, J ,  KtSpec. a t  Unload um uau u ai. w j ,

No._____________ irni ( in )___________Remarks J/mm^ ( in - lb / in ^ )_______ J/mm ( in - lb / in  )_______ MPa / ¥  (k si /  in )

6V1 -  Pop-in 9 .3  (530) 9 .3  (530) 145 (132)
GV2 -  Pop-in - 11.7 (670) 11.7 (670) 164 (149)
GV3 -  Pop-in 6 .5  (370) 6 .5  (370) 121 (110)



TABLE IX 
FORGING MATERIAL STATUS

ITEM
KELT SUPPLIER

PROCESS HELTER FABRICATOR NO. SIZE SPEC
ANALYSIS %

C. SI. P. Other*
DELIVERY
STATUS P/0

-t=>00

LLTI Uppen Tubesheet VAR CIW

Weld Qualification VAR CIW
Lower Tubesheet

FTTM Tubesheet VAR CIW

Prototype Upper Tubesheets VAR CIW

Prototype Lower Tubesheets VAR CIW

Task lOG-2 Tubesheet VAR CIW

Weld Development Forging VAR CIW
(In process control)

Weld Development Forging VAR CIW
(Weld Qualification)

(lechanical Property VAR CIW
Forging Billets

AI 

AI 

AI 

AI 

' AI 

GE 

AI 

AI 

ORNL

14

LOT

58 V2" Dia.
X 16 1/2" Tk. 
12,500 lbs.
48 1/2" Dia.
X 13 1/4" Tk.
5.900 lbs.
12" Dia.
X 8" Tk.
260 lbs.
48 1/2" Dia.
X 15 3/4" Tk. 
7,230 lbs.
48 1/2" Dia.
X 13 1/4" Tk.
5.900 lbs.
48 1/2" Dia.
X 13 1/4" Tk.
5.900 lbs.
22" Oia.
X 5" Tk.
535 lbs..
8" Dia.
X 5" Tk.
70 lbs.
20,000 lbs.

ROT M2-19 

RDT M2-19 

RDT M2-19 

RDT M2-19 

RDT M2-19 

RDT M2-19 

ROT M2-19 

RDT M2-19 

RDT M2-19

Meets Spec. 

Meets Spec. 

Meets Spec. 

Meets Spec. 

Meets Spec. 

Meets Spec. 

Meets Spec. 

Meets Spec. 

Meets Spec.

12/1/75

2/1/76

12/1/75

4/1/76

4/1/76

2/1/76

2/1/76

2/1/76

10/75 
Delivered

C8V09G Item 1 
33.5K each

C8V10G Item 1 
$18,000 each

C8V05G Item 2 
$7,000 each

C8V11G Item 1 
$21,500 each

C8V11G item 2 
$18,000 each

CSV 100 Item 1 
$18,000 each

C8V10G Item 2 
$2,000 each

C8V10G Item 3 
$1,000 each

CfaVlOG Item 4 
$19,700 each



CHEMICAL ANALYSIS OF 2 1 /4  Cr - 1 Mo STEEL

VAR 55262 Check 
Chemical A nalysis 

(Anamet)______

VAR 56067 Check 
Chemical A nalysis 

(Anamet)______

ESR ROllO Check 
Chemical A nalysis 

(Anamet)______

RDT M2-19 
RDT M3-33 

Minimum Maximum

-PiVO

AIuminum <0.005% 0.005% 0.027%
Antimony <0.002% <0.002% <0.002%

A rsenic 0.008% 0.006% 0.010%

Carbon 0.099%* 0.098%** 0.100%***

Cbroinium 2.26% 2.31% 2.26%

Cobal t <0.002% <0.002% <0.002%

Copper 0.09% 0.08% 0.10%

Hydrogen 0.0006% 0.0007% 0.0005%

Manganese 0.50% 0.42% 0.50%

fiolybdenum 1.00% 0.99% 0.99%

Nickel 0.15% 0.17% 0.15%

Nitrogen 0.008% 0.006% 0.008%

Oxygen <0.001% <0.001% <0.001%

Phosphorus 0.013% 0.010% 0.013%

Si 1 icon 0.07% 0.28% 0.018%

Sul f ur 0.016% 0.007% 0.006%
Tin 0.004% <0.002% <0.002%

I i  tanium <0.002% 0.002% <0.002%

Vanadium 0.013% 0.006% 0.013%

* Average o f 0.093%, 0.090%, 0.115% 
** Average o f 0.095%, 0.105%, 0.095% 

**» Average o f 0.113%, 0.103%, 0.086%

0.0701

1.90«

0.30%
0.87%

0 . 20%

0 . 110%

2.60";

o . m

0 . 60%

1.13%

0.25%

0.015%
0.40%
0.015%

0.03%
0.03%
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IV. FRICTION. WEAR AND SELF-WELDING

The purpose of  t h i s  t e s t i n g  i s  to  provide cha rac te r iz a t ion  of  the f r i c t i o n ,  
wear, and se l f -weld ing  p ro p e r t i e s  of  steam generator mater ia ls  planned for  use 
in the  CRBRP. The t e s t i n g  i s  performed under proto typic  conditions  of  loading 
and sodium environment. To assure  t h a t  in - s e rv ic e  performance i s  not impaired 
by excessive  g a l l in g  and se izu re  or high r a te s  of  tube wall th inn ing ,  these 
t e s t s  w i l l  be run on model tube - to - tube  support conf igura t ions .  Tailor ing 
of  m ate r ia ls  and/or spec ia l  f a b r i c a t io n  processes and treatments  may become 
necessary f o r  use in CRBRP.

PIN-ON-PLATE TESTS ON 2 1/4 Cr - 1 Mo

To d a te ,  screening t e s t s  (p in -on -p la te )  on a i r  melted 2 1/4 Cr - 1 Mo 
s tee l  in flowing sodium have been performed a t  Atomics In te rn a t io n a l .  The data 
are  presented in Figure 1 which shows the t e s t  temperature p r o f i l e  along with 
the  corresponding average s t a t i c  and dynamic c o e f f i c i e n t s  o f  f r i c t i o n .  Data 
on 316 s t a i n l e s s  s tee l  are  shown f o r  comparison. Supplementary base l ine  data 
have been generated (W-ARD) u t i l i z i n g  a s im i la r  p in-on-p la te  geometry. The 
temperature p r o f i l e  and average maximum c o e f f i c i e n t  of  dynamic f r i c t i o n  a t  
2.1 and 6.9 MPa (300 and 1000 ps i )  a re  shown in Figure 2. A summary of  the 
parameters used in these  two t e s t s  and comparative r e s u l t s  are  presented in 
Table I .  In genera l ,  the  s t a t i c  and dynamic c o e f f i c i e n t s  measured by AI and 
W-ARD are  very s im i l a r ,  even though the re  were grea t  d i f fe rences  in ve loc i ty  
and t o t a l  d is tance  t r a v e led .

The W-ARD t e s t i n g  included breakaway f r i c t i o n  s tud ies  a t  538, 427, and 
317°C (1000, 800, and 600°F) as noted,on Figure 2 ( so l id  c i r c l e s ) .  These t e s t s  
cons is ted  o f  63.5 cm (25 inches) o f  rubbing followed by a load/dwell period 
fo r  various time i n t e r v a l s .  The data  are  p lo t t e d  in Figure 3 showing a l in e a r  
r e l a t i o n s h ip  between the  breakaway c o e f f i c i e n t  (Ay) and the square root  of 
t ime. This genera l ly  in d ica te s  behavior corresponding to Fick 's  second law.
This suggests t h a t  a d i f fu s io n  process con t ro ls  the  value o f  breakaway c o e f f i c i e n t s .
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Post t e s t  evalua t ion  of  the  wear specimens (W-ARD t e s t  5-507) revealed 
a loss  o f  materia l  on both the  pin and p l a t e .  The dimensional and volumetric 
changes a re  shown on Table I I .  Material build-up was found on both p la te  
specimens a t  the  end o f  the  weld s ca r ,  ind ica t ing  t h a t  ga l l in g  had occurred.

STEAM GENERATOR TESTS

Long term performance data  on VAR tubing aga ins t  an a i r  melted tube 
support  p l a t e  a re  required to  assure  sodium-water boundary i n t e g r i t y .  GE 
has supplied a l l  the  required t e s t i n g  condit ions  to W-ARO. These t e s t s  should 
s a t i s f y  the above data needs^^^. Testing p r i o r i t i e s  have been rev ised ,  
incorpora t ing  t h i s  request  in to  a p lan ,  OAO/ORS 31.1.27 plus Addendum I ,  
(pending approval) .  The s p e c i f i c  t e s t  parameters are  out l ined  in Table I I I .  
Stage I c o n s i s t s  of th ree  shor t  scoping t e s t s  u t i l i z i n g  the  t e s t  f ix t u r e
shown in Figure 4. These t e s t s  w i l l  y i e ld  pro to typic  r e s u l t s  fo r  the  worst
wear cond i t ions ,  namely 529°C (985°F) and 445 N (100 l b . )  con tac t  loads.  At 
the  same time, t h i s  wil l  e s t a b l i s h  the dependence of  wear on s t roke  t rave l  
and ve lo c i ty .  These scoping t e s t s  were s t a r t e d  mid-October and wi l l  be 
complete by the end of  December. At t h i s  p o in t ,  depending on the  scoping 
t e s t  r e s u l t s ,  one of two options  fo r  f u r th e r  t e s t i n g  wi l l  be exerc ised:

Option 1: I f  the  Stage I t e s t i n g  demonstrates acceptable  wear, then t e s t i n g
of the  back-up materia l  would not be i n i t i a t e d  and t e s t i n g  of 
the  re fe rence  a l loy  would be discontinued a f t e r  Stage I l a .  The 
Stage I l a  t e s t s  a re  intended to  permit a more r e a l i s t i c  determina­
t io n  o f  wear, se l f -w e ld ing ,  and g a l l ing  as a function of dwell 
t ime. These t e s t s  would a l so  confirm the r e s u l t s  from Stage I 
and e s t a b l i s h  a r e l a t i o n s h ip  between load and wear by u t i l i z i n g  
the  mul t ip le  loading f i x t u r e .  Figure 5. I t  i s  a n t i c ip a te d  t h a t  
fo r  t h i s  op t ion ,  t e s t i n g  would be c a r r i e d  out in Vessel 2 on the
reference  materia l  (2 1/4 Cr - 1 Mo) only; t e s t i n g  of  the 
a l t e r n a t e  m a te r ia ls  would be e l iminated .

Option 2: I f  the  Stage I scoping t e s t s  demonstrate unacceptably heavy wear,
then t e s t i n g  must proceed through Stage I l b ,  including the 
a l t e r n a t e  m a te r ia ls  matr ix .  U t i l i z a t i o n  of the  dormant vessel  (1)
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would be required fo r  the a l t e r n a t e  m a te r ia ls .  Tes ting would 
p a r a l l e l  the  condit ions  imposed on the  re fe rence  m a te r ia l ,  see 
Matrix Table I I I .  Continuation o f  the  refe rence  materia l  t e s t i n g  
i s  required to  e s t a b l i s h  the  ex ten t  to  which heavy wear p e r s i s t s  
under l e s s  severe loading cond i t ions .  Although some redesign may 
be required fo r  heavy loading cond i t ions ,  i t  may be reasonable 
to  cont inue to  use 2 1/4 Cr -  1 Mo for  le ss  severe steam generator 
cond i t ions .  The inc lus ion  of  the  a l t e r n a t e  mater ia ls  a t  th i s  
poin t  wil l  allow s e le c t io n  of  p re fe rab le  material  fo r  the  worst 
steam generator wear condi t ions .  The t e s t  f i x t u r e  conf igura tion 
fo r  the  a l t e r n a t e  m ate r ia l s  i s  shown in Figure 6.

To d a te .  Test  6-538a (Table I I I )  has been completed, with 6-538b in progress.  
No data  an a ly s i s  has been performed, but visual  examination shows g a l l ing  type 
wear. Measurements made during the t e s t  show an increase  in the  f r i c t i o n  
c o e f f i c i e n t  a t  the  end o f  each s t ro k e ,  in d ica t in g  materia l  build-up. No problems 
were encountered with the  hardware used in these  t e s t s .

Completion of the  steam generator t e s t s  i s  t e n t a t i v e l y  planned for 
June 1976. The need date  fo r  t h i s  data  i s  Ju ly  1976. The scheduling of  the  
pump m ate r ia l s  por t ions  of  the  t e s t  matrix has not been f in a l i z e d .

PUMP TESTS

Sodium pump m a te r ia ls  are  another  area  requ i r ing  wear and self -welding 
c h a r a c te r i z a t i o n .  Proposed t e s t i n g  o f  se lec ted  m ate r ia ls  ( i . e . ,  s t e l l i t e s  
and colmoneys) have been submitted in GE's input to  DAD 51.278^^^. The 
o r ig ina l  t e s t  scope has been l imi ted  to  m a te r ia l s  t e s t i n g  (p in -on-p la te )  r a th e r  
than model t e s t s  because of  funding and f a c i l i t i e s  l im i t a t i o n s .  Current pump 
design i s  not f in a l i z e d  a t  t h i s  time and t e s t  parameters r e f l e c t  the  best  
est imates  a v a i l ab le .

Cyclic run/dwell  t e s t s  to  s imulate 100 s t a r t - u p  and shut-down sequences 
are  planned fo r  sodium pump bearing m a te r i a l s .  Table IVa. The long term 
periods of  i n a c t i v i t y ,  up to  6 months, will  be inves t iga ted  under the t e s t  
matrix in Table IVb. These t e s t s  s imulate the  self -welding environment present
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on pump mate ria l  surfaces  (nozzle o u t l e t )  under a 82.7 MPa (12,000 ps i )  preload. 
They will  determine "breakaway" c o e f f i c i e n t s ,  wear,  and ga l l in g .  Ef fec ts  of 
wear and se l f -weld ing  will  be assessed v i su a l ly .
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TABLE I

TESTING TO DATE: PIN-ON-PLATE

TEMPERATURE LOADS STROKE VELOCITY TOTAL FRICTION COEFFICIENTS
TESTING

LABORATORY
RANGE 

°C (°F)
MPa

(ps i )
PIN DIAMETER 

cm (in)
(cm)
(in)

(cm/sec)
( in / sec )

TRAVEL 
cm (in) BREAKAWAY STATIC DYNAMIC

ATOMICS
INTERNATIONAL 626/232 5.5 12.7 .635 .178 297 >2.0 .84 1.15

(1160/450) (800) ( .5) ( .25) (.07) (117.5)

WESTINGHOUSE
ARD 530/204 6.89/2 .06 2.54 .761 152 6970 .71 .87 1.49

(1000/400) (1000/300) (1.0) ( .31) (60) (2750)

00o



F

MAXIMUM
WEAR -.0049

(+.0070) I  
-.0065 J

(+.0067) 1_ 
-.0056 J

-.0049 in

DIMENSIONAL
CHANGE

•0.012 (+.0178)
-.0140

(+.0145)
-.0142 ■0.012 cm

VOLUMETRIC -101.93 -20.74 -17.37 -97.17 (cc X 10^
CHANGE

■F GAIN (MATERIAL BUILDUP) 
■ LOSS

TABLE II POST-TEST SPECIMEN EXAMINATION. 6970 cm (2750 in) OF 
ACCUMULATIVE TRAVEL (WARD TEST 5-507).
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TABLE III

PLANNED TEST MATRIX - "Primary" and "Back-up" Steam Generator Tube-to-Tube Support Materials 
(To Be Conducted in W-ARD's Sweater 1 Facility)

c»
l\5

STAGE
I

Scoping
Tests

STAGE
Ila

STAGE
lib

Vessel 2
"Primary" Matrix - 2 1/4 Cr 1 Mo VS. Self "Back-up" Matrix

Vessel 
2 1/4 Cr -

1
1 Mo VS. Inconel 718 

Ingot Iron

6-540a 542 (935) 9.1/13.6/
22.9/45.4
(20/30/50/100)

6-540b 487 (835)

6 -540c 342 (650)

6-541a 542 (935)

6-541b 487 (835)

6-541C 342 (650)

16

16
16

.25 (.10) 1.5 (.6) 1002 (4000)̂ ^̂  * 9.1/22.9

.25 (.10) 

.25 (.10) 

.25 (.10) 

.25 (.10) 

.25 (.10)

1.5 (.6)
1.5 (.6)
1.5 (.6)
1.5 (.6)
1.5 (.6)

1002 (4000) 
1002 (4000) 
1002 (4000) 
1002 (4000) 
1002 (4000)

(4)
(4)
(4)
(4)
(4)

9.1/22.9
9.1/22.9
9.1/22.9
9.1/22.9
9.1/22.9

(5)

Test
No.

Temperature 
°C ( °F)

Contact̂  ' 
Load 

kg Obs)
Dwell
Time

(hrs/day)

Stroke 
Travel 
cm (in)

(3)

Velocity
(in/min)

Total Travel 
cm (in)

Temp Contact̂ ^̂  
°C Load 
(°F) kg (lbs)

Dwell
Time

(hrs/day)

Strokê ^̂  
Travel Velocity 
cm (In) (in/min)

Total 
Travel 
cm (in)

ve s se l
Residence
Time
(hrs)

6-538a 542 (935) 45.4 (100) . . . .25 (.10) 1.5 (.6) 1002 (4000) — - - . . . . . - - 134
6-538b 542 (935) 45.4 (100) . . . .025 (.01) 1.5 (.6) 1002 (4000) — — . . . . . — 134
6-539 542 (935) 45.4 (100) . . . .25 (.10) 1.5 (.6) 254 (1000) — — . . . . . — 278

471

471
471
134
134
134

(1) Load calibrated over a 1 1/2 in. support plate contact. Multiple-loads accomplished with special test fixture. Figure 2.
(2) Dwell periods during overnight and weekend shutdowns throughout tests (loaded condition).
(3) Maximum rate of stroke travel and velocity pending auxiliary testing during STAGE I.
(4) Interim shutdown and surface inspection measurement after 254 cm (1000 in.) travel.
(5) 471 hrs. < 3 wks., 168 hrs/wk.
* Identical parameter to that used in Vessel 2 on primary matrix.



TABLE IV
OVERALL FRICTION. WEAR. AND SELF-WELDING TEST MATRIX

Material
Temperature 
°C (°F)

Load 
MPa (psij

Stroke
Velocity 
SMPM (SFPM)

Length 
m (ft)

Total Travel 
m (ft) Dwell

A. SODIUM PUMP BEARINGS*

I Stellite 6 538 (1000) .394/6.89 38 (125) 228 (750) 22800 (75,000) 4 hrs
(316 SS) (500/1000) (unidirectional)

(Hertzian)
316 (600)
427 (800)

Colmonoy 5 538 (1000)
316 (600)
427 (800) '̂ f

V /
B. SODIUM PUMP INTERNALS (Reciprocating)
I 316 538 (1000) 82.5 (12000)** 0 cps 0 0 1 MTH @ 204“C +

(Hertzian) C (1 MTH @ 400°F + 1
.1 .317 (.125) 4.58 X lo; (1.8 X 10=)
.2 .076 (.03) 3.66 X 10̂ (1.4 X 104)

16.0 .032 (.012) 1.16 X 105 (4.6 X lO'*)
II Stellite 0 0 0 c

(1.8 X 10=).1 .317 (.125) 4.58 X 10®
/ N 2.0 .076 .03) 3.66 X lof 1.4 X 104)f 16.0 .032 (.012) 1.16 X 10̂ (4.6 X 10̂ )

* Includes 100 intermittent dwell periods
** Unloaded to 5,000 psi Hertzian during dwell periods
NOTE: Materials and test conditions represent the best estimates available and will be updated as design progresses.
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F: (157 lb) 71.3 kg
STROKE AMPLITUDE: (.*1/8 in.) 0.318 cm 
STROKE VELOCITY: (0.42 IMP) 1.07 cm/min 
PIN: (0.5 in.) DIA 1.27 cm 
ENVIRONMENT: SODIUM « 5 p p m  O^)

V OVERNIGHT DWELL

649 —  

538 —  

427 — 

316 —

204 i—

1.2 

1.1 

1.0 

0.9 

0.8 

0.7

0.6 

0.5 

0.4 

0.3

0.2 

0.1

3 DAY DWELL

63.5

63.5 63.5
HOLD PERIOD

63.5
1.75 .^2.0
0.41 0.58

0.52 0.80 0.54 0.56 
0.35 0.33 0.28 0.44

0.25 .>2.0 CROL OY 
3151.65

63.5

BREAKAWAY
COEFFICIENTS63.5

63.5
A  63.5 63.5

^63.
cm TRAVEL/TEMPERATURE

NOTE: 316 SS LOADED TO 300 psi

Q.
O

STATIC O "  

DYNAMIC Q i

— o ----- -O
— —  - □
CROLOY 316 SS

Figure 1. Pin-on-Plate Friction Data 2 1/4 Cr -  1 Mo Steel (A.I. Test Matrix 11)
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F: 9.02 kg (19.9lbs)/30.2 kg (66.5 lbs)
STROKE AMPLITUDE: (iO.4 in.) 1.02 cm 
STROKE VELOCITY: (1.0 IPM) 2.54 cm/min 
PIN: (0.5 in.) 12.7 cm
ENVIRONMENT: SODIUM (0.47 < 0_ < 0.86)2 ppm

538
(1000)

O
2 DAY 
SOAKIT 427

-  (800) 
U Ioc
D
I-
<
CC 316
S  (600)u:F-

DREAKAWAY 
#  FRICTION DATA 

TAKEN

ui

204
(400)

Rm
ACCUMULATIVE

RELATIVE
TRAVEL

X
EaS

ZO
KO
CC
U .

1.0L>
i
<
z
>Q
s3£
X
<s
UJO<
CC

0.9

0.8

0.7

0.6
UJ D— □  (1,000 psi) 6.89 MPa>
< 0.5

Q  ^  (300 psi) 2.06 MPa

0.4
250 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750in. 0

cm 0 1270 2540 5070 6970

Figure 2. Pin-on-Plate Friction Data 2 1/4 Cr-IMo Steel (Ward Test 5-507)
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Am -  .196 + .032 t’/2

DATA TAKEN AFTER 5720 cm (2,250 in) 
OF ACCUMULATIVE TRAVEL

Ay = ,190 + .043t)4

.2

1
112 5 6 8 9 103 4 71

DWELL TIME (MINUTES)’/4

Figure 3. Behavior of 2% Cr - 1 Mo at 538oC (lOOfPF) from a 2.07 MPa (300psi) 
LOAD^WELL — Breakaway (Ward Test5-507)



ITEM:

TEMPERATURES:
MOTION:
SIDE LOAD (F):

254 Cr -  1 Mo STEEL TUBE 
15.9 cm 0 .0 . NOM, 1.60 (Jm 
(0.625 In O.D. NOM, 63yln )

SUPPORT PLATE .030 cm (.012 In) CLEARANCE 
VERSUS 3.18 um

(125)Jin)
343°C, 487°C, AND 542“c  (650°. 835°, AND 935°F (Na) ) 
RECIPROCATING, 10160 cm AND 2540 cm (4000 In AND 1000 In) 
45,360 g (100 lb)

Figure 4. Tube-to-Tube Support Tests/2% Cr -  1 Mo Steel, Single Tube Model Configuration
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Figure S. Multiple Point Steam Generator Mode! Friction and Wear Test
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LOAD

501b
LOAD

2% Cr -1 Mo TUBE

INGOT IRON INCONEL 718

SECTION A-A

Figure 6. Saddle Block Test Components Utilizing Back-Up Materials
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V. NONDESTRUCTIVE EXAMINATION DEVELOPMENT

The o b jec t ives  of  t h i s  ta sk  a re  to  id e n t i fy  and develop, i f  necessary,
NDE methods which are to  be applied  to  meet the  requirements fo r  the CRBRP 
in te rmedia te  heat t r a n s f e r  system. The cu r ren t  work scope and s ta tu s  fo r  
t h i s  e f f o r t  i s  summarized in Table I .

NDE NEEDS OF CRBRP IHTS AND STEAM GENERATOR SYSTEMS

A pos i t ion  paper desc r ib ing  the  nondest ructive  examination needs of  the 
CRBRP IHTS and Steam Generator Systems has been re leased  to  the P ro jec t .

The paper descr ibes  the  e x i s t i n g  s t a t e - o f - t h e - a r t  and needed development 
fo r  these  systems. Exis ting s p e c i f i c a t io n s  were described r e l a t i v e  to  the 
CRBRP needs and a plan o f  ac t ion  and schedule were presented.

Review comments have been received from CRBR Pro jec t  and RRD personnel ;  
these  comments are  being in teg ra ted  in to  the f in a l  document.

DEPARTURE FROM NUCLEATE BOILING (DNB) TEST SECTION - INSITU MONITORING

The DNB t e s t  sec t ion  i s  an acce le ra ted  corrosion t e s t  using worst case 
CRBRP water chemistry.  A s ing le  tube sodium-heated evaporator i s  used with a 
w a ter -s ide  DNB zone, monitored by thermocouples and o ther  sensors .  The DNB 
region i s  o f  g r e a te s t  i n t e r e s t  from a wa ter -s ide  corrosion poin t  of view. 
Monitoring of  corrosion a t  pe r iod ic  i n t e r v a l s  requ i res  th a t  changes o f  le ss  
than 12.7 ym (0.0005 i n . )  be detec ted  in the ins ide  diameter o f  the  tube .  
P r e t e s t  u l t r a s o n ic  wall th ickness  measurements o f  the  t e s t  sec t ion  have been 
performed in p lace ,  using the  f i x t u r e  shown in Figure 1. The measurements were 
reproducib le  to 12.7 ym (0.0005 i n . ) .  A study of  the  e r ro r  sources ind ica tes  
t h a t  the most s i g n i f i c a n t  e r r o r s  are  in :  (1) the  ve loc i ty  d i f f e r en c e  between
the  c a l i b r a t i o n  standard and the tube ,  and (2) the  geometrical e r r o r s  i n t r o ­
duced by "play" a t  r i g h t  angles to  the  sound beam. The ca lcu la ted  e r ro r s  are  
shown in Figure 2. Improvements in the  probe shown in Figure 1 are  being 
pursued.
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Air-gage measurements o f  the  ins ide  diameter of the t e s t  sec t ion  tube 
have a l so  been completed with a p rec is ion  of  approximately 1.8 ym (0.000070 i n . ) .  
The a i r -gage  i s  not s a t i s f a c t o r y  f o r  p lan t  in - se rv ice  examination but is  ideal 
fo r  the  DNB t e s t .  A l te rna te  methods t h a t  would be usable in the plan t  are 
a lso  being explored.  Linear Variable  D i f f e re n t ia l  Transformers (LVDT), eddy 
c u r r e n t s ,  and op t ica l  gages a re  under in v e s t ig a t io n .

Because water is  used as an u l t r a s o n ic  couplant in the wall thickness 
measurements, concern has been expressed on the possib le  occurrence of  p i t t i n g  
corros ion.  Tests conducted on samples of  ESR and a i r -mel ted  2 1/4 Cr - 1 Mo with 
weld metal show no p i t t i n g  a f t e r  seven weeks exposure to  water doped with 
hydrazine and ammonia. (Proposed wet lay-up water chemistry for  CRBRP.) The 
samples were contained in beakers such t h a t  194 cm (30 square inches) of 
water surface  was exposed to a i r .  Exposure to  a i r  i s  considerably le ss  fo r  
the DNB t e s t  sec t ion  and can be held to zero i f  necessary using i n e r t  cover gases.

Techniques, j i g s ,  and equipment developed to  examine the DNB t e s t  sec t ions  
a r e ,  in p a r t ,  app l icab le  to  in - s e rv ic e  inspection fo r  steam generators.

ULTRASONIC EXAMINATION SPECIFICATION FOR TUBING

The u l t r a s o n ic  examination s p e c i f i c a t i o n  fo r  p lan t  tubing, GE sp ec i f i c a t io n  
22A3634, has been issued and i t  i s  now a p a r t  of  ordering  data fo r  the CRBRP 
steam generator tubing. A twelve-notch standard i s  used along with soph is t i ca ted  
s t a t i s t i c a l  c a l i b r a t i o n  and c o n t ro l .  The s t a t i s t i c a l  techniques ,  developed by 
HEDL p a r a l l e l  to  those of  RDT F3-33, have been adapted fo r  the  s p ec i f ic  
geometries and m a te r ia ls  re levan t  to  CRBRP. The nominal r e j e c t  c r i t e r i o n  is  
a de fec t  > 3% of  the  tube wall th ickness .

TUBING EXAMINATION

Selected tubing from prospective  vendors was examined by EBRD and some 
r e j e c t s  have been found. Most r e j e c t s  a re  caused by drawing marks along with 
some t r ansverse  flaws due to  m e ta l lu rg ica l  or handling problems. The oxide 
surface  of the  tubing can i n t e r f e r e  with l iq u id  penetrant examination and t h i s  
should be considered in processing  the tubing. A typica l  example of a r e j e c t  
piece of tubing with longi tudina l  de fec ts  i s  shown in Figure 3. The t ransverse
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channel  shows t y p i c a l  "no ise"  s i g n a l s  from su r f a c e  roughness a n d /o r  c o a t in g s .

Surface f in i s h  (oxide) sca le  may requ ire  specia l  production p ra c t ic e  i f  
l i q u id  penetran t  examination i s  to  be appl ied e f f e c t i v e l y .

TUBE-TO-TUBESHEET WELD EXAMINATION

The tube - to - tubeshee t  j o i n t  requ i re s  very high q u a l i ty  welds. Radiography 
with y tte rb ium sources and with the  ORNL rod anode x-ray  machine has 
demonstrated the  a b i l i t y  of these  two methods to  d e tec t  pores.  The frequency 
of  smal le r pores i s  unknown, but Figures 4(a) and (b) show yt te rb ium and rod 
anode labora tory  radiographs taken by ORNL. The p a r t  examined was a steam 
generator weld from GE's Steam Generator Test Rig t h a t  was suspected of  leaking.  
The rod anode machine can d e tec t  pores o f  approximately 25 microns while the 
y tterb ium source can only d e tec t  pores 375 microns and l a rg e r .  Spec i f ica t ion  
fo r  pore acceptance c r i t e r i a  have been e s tab l i sh ed  re c en t ly  and will  exclude 
a l l  pores l a r g e r  than 375 microns.  In ad d i t io n ,  the c r i t e r i a  will  r e s t r i c t  
pore spacing and the number o f  smal ler pores allowed in each weld.

IN-SERVICE INSPECTION (ISI)

Two d e l i b e r a t e l y  flawed tube samples were received from Carpenter Technology. 
The tubes had small holes d r i l l e d  p r io r  to  the f ina l  reduc t ion .  The two 
samples a re  shown in Figure 5. The tubing i s  2 1/4 Cr - 1 Mo having the  same 
dimensions as the  re fe rence  steam genera tor  design.  An examination,  using 
equipment and technique to  be used i n - s e r v i c e ,  was performed on these  two 
samples. A 15-MHz t ransducer  was used with a 0.63 cm (0.25 i n . )  diameter 
element and a 2.54 cm (1 i n . )  focal length in water.  The de fec ts  were read i ly  
d e tec tab le  as shown in Figures 6 (a) and (b) .

TRANSITION WELDS EXAMINATION

The t r a n s i t i o n  j o i n t  wil l  be used to  j o in  the 2 1/4 Cr - 1 Mo steam 
genera tor  i n l e t  and o u t l e t  nozzles to  the  s t a i n l e s s  s t e e l  piping of  the  
In termediate  Heat Transpor t  System. These j o i n t s  wil l  co n s i s t  of  a t  l e a s t  
th ree  m ate r ia l s  and poss ib ly  more. One candidate  j o i n t  c o n s i s t s  of 
2 1/4 Cr - 1 Mo jo ined d i r e c t l y  to  Type 316 s t a i n l e s s  s tee l  with Inco 82 
weld metal .  U l t rason ic  examination of  Inco 82 weld metal in a p ro to typ ica l
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weld has been accomplished using various methods. The most successful  method 
used so f a r  has been immersion u l t r a s o n ic s .  Figure 7 shows r e s u l t s  obtained 
from one Inco 82 weld. The high a t t e n u a t io n  of  the weld metal (approximately 
16 Db g re a te r  than the 2 1/4 Cr - 1 Mo metal o f  the  same th ickness)  prevents 
the  de tec t ion  o f  the  same type of  flaws a t  d i f f e r e n t  depths.  The flaws near 
the  surface  s a tu r a t e  the  instrument causing the signal to  be " f l a t  topped" as 
shown in Figure 7. This d i f f i c u l t y  can be solved with d is tance  amplitude 
co r rec t ion  o r  rescanning the  weld a t  a d i f f e r e n t  gain.  The flaw s izes  shown 
in Figure 7 a re  not n ece s sa r i ly  the  d e tec t io n  l im i t  fo r  the immersion method. 
Fur ther  s tud ies  w i l l  e s t a b l i s h  the  d e tec t io n  l i m i t ,  e f f e c t s  o f  welding parameters,  
and the de tec t ion  l im i t  f o r  o the r  types o f  flaws.
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TABLE I

SUMMARY OF GE-FBRD NDE DEVELOPMENT

Project Scope Present Status

Steam Generator 
Tubing

Tubesheet Forging

Tube-to-Tubesheet
Welds

Tubesheet After 
Final Machining

Shell

Tube-Plug Welds

Trans it ion  Welds

Large Leak Damage 
Assessment

Rupture Discs

Provide s p e c i f i c a t i o n s ,  
procedures,  and exper t i se

Provide s p e c i f i c a t i o n s ,  
procedures,  and exper t i se

Provide s p ec i f ic a t io n s  
and develop needed methods

Spec i f ic a t io n s ,  procedures 
and exper t i se

S p ec i f ic a t io n s ,  procedures 
and exper t i se

Spec if ica t ions  and develop 
needed methods

Spec if ica t ions  and develop 
needed methods

Spec if ica t ions  and needed 
development

Development of  methods and 
speci f i c a t io n s

Specif ica t ion  22A3634 is 
complete and issued.

Spec if ica t ions  complete and 
issued; procedures complete 
and approved; examination to 
begin in ear ly  1976.

Radiographic development com­
p le te ;  u l t rason ic  development 
ongoing; preliminary radio- 
graphic spec i f ic a t ions  are  com­
p le te .

Preliminary sp ec i f ic a t io n s  
complete.

Spec if ica t ions  complete and 
issued fo r  p la te  s t e e l .

Development ongoing.

Ult rasonic  development in progress;  
radiographic q u a l i f i c a t i o n  t e s t  
in progress .

Preliminary radiographic and 
u l t r a so n ic  development in 
progress.

Development proposal and 
schedule complete - to  begin 
in mid-1976.

In-serv ice  Inspection

A. Small Leak

B. DNB

Develop method and equipment, 
and write  sp ec i f ic a t io n s

Develop methods and equipment, 
and wri te  s p ec i f ic a t io n s

Ultrasonic  and eddy current  
development are ongoing; leak 
t e s t i n g  development is  proceeding; 
acoustic  emission methods a lso  
being inves t iga ted .

Ult rasonic  wall th ickness methods 
under development and success­
f u l ly  applied in GE DNB t e s t ;  
eddy curren t  methods under 
development are  a lso  applicable  
here.
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SOUND BEAM

TRANSDUCER
n

Figure 1. Fitted Transducer Used for DNB Measurements. A rigid coupling is used for the DNB for 
positional reproducibility. A flexible coupling would be used for full-length plant tubing.
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Figure 2. Calculated Errors for a Small Axial Displacement for Measuring Wall Thickness of Tubing 
for Two Diameters Corresponding to Inspection from the outside and Inside surface, 
respectively, of reference design steam generator tubing.
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Figure 3. Typical Ultrasonic Examination o f a 2-1/4 Cr-1 Mo Tube with Rejectabie Longitudinal Defects
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a) ORNL ROD ANODE X-RAY MACHINE THE LARGEST PORE IS 0.63 mm

b) ORNL YTTERBIUM SOURCE, THE TWO FILMS WERE INADVERTENTLY MIRROR IMAGED 

DURING THE PHOTOCOPYING PROCESS

Figure 4. Photocopies of Tube-To-Tubesheet Weld Suspected of Leaking, a) ORNL rod anode x-ray 
machine, b) ORNL ytterbium isotope.
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(a)

(b)

Figure 5. Photomicrographs o f Flaws induced by Driiiing Small Through-Waii Holes Prior to Final Reduction, 
(a) Initially 0.026-in hole (after reduction 0.0121 by 0.0341 in), (b) initially 0.013-in hole 
(after reduction 0.(X)60 by 0.0186 in).
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HOLE

VIBROETCH

(a)

HOLE

VIBROETCH

JLm .(b)

Figure 6  Ultrasonic Examination of Artificial Flaw Samples of Reference Design Tubing. The signals 
seen next to hole signal are from a Vibroetch mark used to locate the hole, (a) 0.013-in 
initial hole size, (b) 0.026-in initial hole size.
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0.79 mm FBH 
U  mm DEEP
THE SIGNAL IS SATURATED

0.79 mm FBH 
4.5 mm DEEP

0.79 mm FBH 
7.0 mm DEEP

Figure 7. Scan Along Transition Weid in the Weld Metai.
(FBH) with different depths in the weld metal.

The three flaws are "flat bottom"holes



VI. WATER CHEMISTRY STUDIES

The o b jec t ive  o f  t h i s  subtask i s  to  apply cu r ren t  information and 
p ra c t i c e  of  water technology to LMFBR steam generators  to  assure the  i n t e g r i t y  
of  the  system; to  coordinate  and s tandard ize  chemical information and 
s p e c i f i c a t i o n s  fo r  the  CRBRP and support ing steam generator t e s t s ;  and to 
ca r ry  out or  support  experimental  programs in fou l ing ,  c lean ing ,  and corrosion 
of steam generato rs  with p a r t i c u l a r  emphasis on the  problems assoc ia ted  with 

depar tu re  from nuclea te  b o i l ing .

The app l ica t io n  o f  modern b o i l e r  water p ra c t i c e  to  the  CRBR p lan t  has 
been d e s c r i b e d ^ ^ D u r i n g  the  p resen t  repo r t ing  per iod a summary^^^ of  the  
p o ten t ia l  damage mechanisms assoc ia ted  with the  c r i t i c a l  heat  f lux  (DNB) 
s i t u a t i o n  was prepared .  The paper descr ibes  the  s teps  taken to  reduce the 
problem, a l t e r n a t i v e s  in p lan t  ope ra t ion ,  and confirmatory and support ing 
developmental t e s t s  in progress.

COORDINATION/STANDARDIZATION ACTIVITIES

The Neuces Bay t e s t i n g  program, described in the  previous repor t  in 
t h i s  s e r i e s ,  was completed. The data  shown in Table I i n d ica te s  t h a t  in rou t ine  
ope ra t ion ,  the sodium level was l e s s  than 1 ppb fo r  near ly  the  e n t i r e  t e s t i n g  
period.  No specia l  precautions  were taken to  achieve t h i s  level and the  p lan t  
does not have any of  the  s p ec ia l iz ed  equipment c u r re n t ly  a v a i l ab le  to  reduce 
cau s t ic  throw from the  deminera l ize rs .  F u r ther ,  the re  was condenser leakage 
( s a l in e  water)  throughout the  t e s t  period.  This da ta  was used as a basis  fo r  
CRBR in s i s t e n c e  to  Burns & Roe ( the  p lan t  a r c h i t e c t  engineer)  t h a t  the p o l i sh e r  
fo r  the  p lan t  be sp ec i f ied  to  meet the  1 ppb sodium (maximum) bel ieved 

necessary.

Table II  shows the  r e s u l t s  o f  at tempts to  determine the  anionic  content 
of  the  deminera l izer  e f f l u e n t .  While the  data  i s  somewhat in c o n s i s t e n t ,  i t  
suggests t h a t  c h lo r id e ,  not c a u s t i c ,  i s  the  major c o n s t i t u e n t .  However, 
e leva t ion  of  the  pH in two ins tances  does r e t a in  some concern about c aus t ic
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throw. A complete r e p o r t  o f  t h i s  work wil l  be issued in January (NEDG-14086).

Both EBR-II and T.V.A. were asked to examine the sodium content of t h e i r  
feedwater.  EBR-II r epo r ts  < 1 ppb during the  f a i r l y  shor t  period of  t e s t i n g .
This work continues.  T.V.A. d a ta ,  obtained by workers from Graver Water 
Division of Ecodyne Corpora tion,  shows < 0 .5  ppb fo r  water a t  the  Bull Run Plant.

In p a r t ,  as a r e s u l t  o f  our i n t e r e s t  (predominantly because of concern 
about tu rb ine  damage) the  ASME Research Committee on Water fo r  Thermal Steam 
Plan ts  i s  address ing the  quest ion o f  p o l i sh e r  e f f l u e n t  composition.  Hopefully,  
d e f i n i t i v e  answers should r e s u l t  rap id ly .  In any event,  our p a r t i c ip a t i o n  
can now be l imi ted  to  a u d i t in g  and a p p l ic a t io n  r a th e r  than experimentation in 
t h i s  area .

Impact on on-going programs has included s e t t i n g  the  s p ec i f i c a t io n  fo r  
water chemistry fo r  the  Few Tube steam generator t e s t s  and continuing 
su rv e i l l a n ce  o f  the  Westinghouse and General E l ec t r i c  s ing le  tube DNB e f f e c t s  
r i g s .  There has been p a r t i c u l a r  emphasis placed on the  formulation of 
follow-up work. Phase I I ,  o f  the  GE DNB t e s t .  I t  has been recommended t h a t  the 
t e s t  extens ion examine long term corros ion e f f e c t s  as compounded by fouling .

FOULING. CLEANING, CORROSION EXPERIMENTS

Evaporator Corrosion

Design was completed o f  a t e s t  sec t ion  to  be i n s t a l l e d  a t  the  Bull Run 
S ta t ion  of  T.V.A. fo r  the  purpose of studying evaporator  corros ion .  The topic  
i s  covered in d e t a i l  as follows*.

Test  F a c i l i t i e s

The proposed evaporator corrosion study will  be conducted a t  the  Bull 

Run Steam Plant  operated by T.V.A. Superheated steam bled from the  p lan t  wil l  
be used as the  heating f l u i d  while the  p la n t  feedwater will  be used as the 
f l u i d  to  be heated.  Feedwater s p e c i f i c a t i o n s  fo r  the  Bull Run Steam Plant  are  
q u i te  s im i la r  to  those to  be sp ec i f ie d  fo r  CRBR^^  ̂ and are  l i s t e d  in Table I I I .  

All v o l a t i l e  water trea tm ent i s  used in t h i s  p lan t  with pH adjustments by

This work was p a r t i a l l y  funded by Task 18B.
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ammonia a d d i t io n s .  The propensity  fo r  fou l ing  product accumulation should be 
much g re a te r  a t  t h i s  p lan t  than CRBR because carbon s tee l  i s  used in the 
feedwater t r a i n  a t  Bull Run r a th e r  than the s t a i n l e s s  s tee l  proposed fo r  
CRBR^^^. However, the  overa ll  heat  f lux  fo r  the  proposed t e s t  i s  s i g n i f i c a n t l y  
l e s s  than t h a t  o f  CRBR (Table IV) which wi l l  tend to  decrease the  deposi t ion  
r a t e s .

Test  Descript ion

A schematic diagram of  the  corros ion  t e s t  i s  shown in Figure 1. As 
shown, the evaporator i s  simulated by th ree  indiv idual heat  exchanger sec t io n s .
The heat  exchanger s ec t ions  wil l  be f a b r ica ted  from pro to typ ic  tubing m a te r ia ls  
(ESR, 1.59 cm O.D., 0.25 cm w a l l ) .  The diagram shows th a t  328°C (622°F) sa tu ra ted  
feedwater en te r s  the  2 .6  m (8.6 f t . )  nuc lea te  bo i l ing  heat exchanger and e x i t s  
as 328°C (622°F),  21% q u a l i t y  steam. From here ,  the  steam en te r s  the  DNB 
t e s t  sec t ion  where i t s  q u a l i t y  i s  increased to  35%. F ina l ly  the  steam goes 
through the fi lm  b o i l ing  heat exchanger e x i t i n g  a t  45% q u a l i t y .  Each evaporator 
bo i l ing  s tage  i s  achieved in the  separa te  heat exchanger sec t ions .

The heating  f lu i d  i s  538°C (1000°F) superheated steam flowing countercur ren t  
to  the  feedwater and t r a n s f e r r i n g  heat  through the ou ts ide  diameter of  the 
t e s t  s ec t io n s .  This f l u i d  e s t a b l i s h e s  ax ia l  metal wall temperature v a r i a t io n s  
along each t e s t  s ec t io n .  Actual t e s t  condit ions  are  l i s t e d  in Table IV.

The t a b l e  in d ic a te s  a a(aT) a t  the  DNB zone of 27°C (80°F) for  the  t e s t  
making i t  conserva t ive  r e l a t i v e  to  actua l  p lan t  condi t ions .  Figure 1 shows
th a t  metal wall temperatures of  the  DNB t e s t  s ec t ion  will  be monitored by
thermocouples included in the  tube wall and arranged a t  d i f f e r e n t  ax ia l  lo ca t io n s .  
The arrangement i s  i l l u s t r a t e d  in Figure 2. Here i t  i s  shown t h a t  grooves are  
cut i n to  the t e s t  sec t ion  wall to  accommodate the  thermocouples.  The thermo­
couple bead i s  held in in t imate  con tac t  with the  tube wall by a s i l v e r  f i l l  
compound. Axial temperature  monitoring w i l l  th e re fo re  aid in  id e n t i fy in g  the  
exac t lo ca t io n  o f  the  DNB zone.

Corrosion on the  in s ide  o f  the  tube wil l  be measured by weight lo s s .  To
e l im ina te  the  corros ion  e f f e c t s  o f  the  superheated steam on the  heat exchanger
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tube ou ts ide  diameter ,  a s a c r i f i c i a l  0.045 cm (0.018 i n . )  th ick  shell  tube 
will  be sh ru n k - f i t  over each t e s t  s ec t io n .  This shell  wil l  corrode ins tead of 
the  t e s t  sec t ion  ou ts ide  diameter.  Tolerances on t h i s  oute r  she l l  will  be 
such th a t  on heat -up ,  a me ta l lu rg ica l  bond wi l l  form between the inner  diameter 
of  the  she l l  and the  ou ter  diameter o f  the  t e s t  sec t ion .  After exposure,

(5)the  shel l  will  be removed from the  t e s t  sec t ion  with an hydraulic e x t r a c t o r '  .

Test  sec t ions  will  be exposed fo r  long t imes (~10,000 h r s . )  in order to 
evalua te  the  e f f e c t s  of  steady s t a t e  corros ion behavior on the 2 1/4 Cr - 1 Mo 
tubing m a t e r i a l .

Magnetite Formation

The d i s t r i b u t i o n  of  the  corros ion product hydrogen in the evaporator 
s ca le  has a s i g n i f i c a n t  inf luence  on the  type of sca le  formed and the re fo re  on 
the  corros ion r a t e .  Experimental r e s u l t s ^ ^ ’^ ’®̂  ind ica te  th a t  in the  absence 
o f  hydrogen g ra d ie n t ,  a t h i n ,  t i g h t l y  adherent oxide fi lm i s  formed whose 
th ickness  does not increase  appreciably  with time (Bloom-type s ca le ) .  However, 
when a grad ien t  does e x i s t  in the  s c a l e ,  the  non-pro tec tive  Potter-Mann sca le  
i s  formed with i t s  porous, b r i t t l e  ou te r  lay e r  leading to  increased overa ll  
corros ion  r a t e s  and loca l ized  metal a t t a c k .

In a sodium heated steam genera to r ,  th e re  i s  a la rge  d r iv ing  force for 
hydrogen to d i f f u se  through the  tube wall in to  the sodium, thus y ie ld ing  
Bloom-type s ca le .  In a water heated system, a more exaggerated Potter-Mann 
s i t u a t i o n  can e x i s t  owing to  corros ion  on the  two metal surfaces .  Such a 
condi t ion  would lead to  l a rg e r  hydrogen g rad ien ts  in the  inner diameter sca le  
than a tube corroding only on the  inner diameter.

To minimize the  ex ten t  of hydrogen g rad ien t  formation some design precaut ions 
were taken.  The evaporator  corros ion  t e s t  w i l l  use superheated water as i t s  
heating f l u i d ,  but the space between the  heat t r a n s f e r  tube and i t s  metal shel l  
wi l l  be flushed with helium. This wi l l  minimize any hydrogen build-up and 
more c lo se ly  s imulate  the  sodium-heated evaporator tube .  Grooves will  be 
machined in to  the  outs ide  diameter of  the  heat t r a n s f e r  tube to  allow for 
helium f lush ing .  With hydrogen g rad ien ts  minimized, a more proto typic  sca le  
can be expected to  form on each tube sec t io n .
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Post-Exposure Examination

The exposed tube sec t ions  wi l l  be d e s t r u c t i v e ly  examined to assess  the 
r e l a t i v e  corros ion  r a te s  of  the  th ree  s ec t io n s .  Extensive metallography will 
be performed to  i d e n t i f y  and examine areas  of lo ca l ized  corros ive  a t tack  
and to  gain more knowledge about evaporator sca les  and t h e i r  formation mechanisms.

FOULING/CLEANING
( 9 )As previously  rep o r ted '  , foul ing  of  steam generator tubing surfaces  

may have major impact on both heat t r a n s f e r  and corros ion .  The problem, while 
common to  a l l  steam generat ion systems, has more pronounced e f f e c t s  in an 
LMFBR because of the  high heat f lux  required o f  such a system. Fur ther ,  in 
the case  of CRBR, recen t  an a ly t ic a l  s tud ie s  in d ica te  t h a t  foul ing  may have a 
major, but unknown, impact on DNB i t s e l f .  R ober ts^^^  ind ica tes  t h a t  the re  is  
i n s u f f i c i e n t  data on the e f f e c t s  of foul ing  to decide whether DNB may be 
el iminated o r  made worse. DNB could be e liminated by requ i r ing  heat to  vaporize 
l iqu id  in the  deposi t  voids in the  nuc lea te  bo i l ing  zone. DNB could become 
much worse i f  foul ing  improves heat conductance in nuclea te  bo i l ing  while 
degrading i t  in the  fi lm bo i l ing  region.

S pec i f ic  a c t i v i t i e s  on t h i s  top ic  have included:

Measurement o f  P a r t i c u l a t e  Levels

Fouling i s  predominantly the  deposi t ion  onto the evaporator tubes of  
m e ta l l i c  oxides a r i s in g  from corros ion of  piping and hea te r  surfaces  in the  
feedwater t r a i n .  (Deposits of condensate s a l t s  may aggravate  the  problem 
somewhat.) The amounts deposited a re  propor tional  to  the  amount d is so lved /  
suspended in the feedwater.  Sp ec i f ic a t io n s  fo r  the  CRBR system, which are  
id en t ic a l  to  those fo r  once-through p l a n t s ,  l im i t  the  amount of Fe and Cu to 
10 and 2 ppb, r e sp ec t iv e ly .  I t  i s  important to  determine the actual  value 
fo r  these  spec ies  f o r  a number of  reasons.  For example, such data  permits 
b e t t e r  e s t imates  o f  p lan t  fouling  c o e f f i c i e n t s  in performance c a lc u l a t i o n s .
The data  are needed to  provide r e a l i s t i c  values fo r  iron and copper add i t ives  
in t e s t s  of fou l ing  e f f e c t s  on corros ion .  They are  a lso  e s s e n t i a l  to the  
formulation o f  c leaning so lvents  and methods. Rela t ive ly  few p lan ts  cu r ren t ly

206



in opera tion use s t a i n l e s s  s t e e l  feedwater h e a te r s ,  deminera l ization and v o l a t i l e  
chemistry,  thus data  on feedwater chemistry typica l  o f  CRBR is  unavailable .

As discussed in the  previous work on sodium content  of  feedwater,  the 
Neuces Bay Plant of  Central Power and Light does have the feedwater c h a r a c t e r i s ­
t i c s  des i red .  Negot iat ions have been in progress to  resume t e s t i n g  a t  the 
p la n t .  Permission has been obtained to  car ry  out the work. I t  i s  not c lea r  
y e t  t h a t  i t  wil l  be phys ica l ly  poss ib le  to  i n s t a l l  the type of  i n - l i n e  probe 
needed to  provide a rep re se n ta t iv e  sample of coo lan t .  The high pressure  sampler 
being f a b r ica ted  to  accept the  water from the probe is  shown schematically 
in Figure 3 and p i c t o r i a l l y  in Figure 4. The water is  cooled and passed through 
f i l t e r  holders  which wi l l  contain  papers impregnated with anion and cation  
exchange r e s in s  to  concentra te  so luble  ionic  corrosion products.  A membrane 
f i l t e r  wi l l  c o l l e c t  the suspended m a te r ia l s  in the sample stream.

Cleaning o f  Boi le r  Deposits

Negot iat ions are  in progress  with American E lec t r ic  Power, Canton, Ohio 
to  obta in  a piece of  evaporator tubing which has been fouled in a manner 
analagous to  t h a t  expected fo r  CRBR. Philo I ,  the f i r s t  of  the Universal 
Pressure  Type Boi lers  (once through) b u i l t  by Babcock and Wilcox is  cu r ren t ly  
in lay-up. There are sec t ions  o f  2 1/4 Cr -  1 Mo tubing in a 316°C (600°F) 
region which have not been cleaned fo r  severa l  years p r io r  to  shutdown.
Apparently water chemistry was o f  the  v o l a t i l e  type .  AEP has agreed to  remove 
a sec t ion  o f  tubing provided we bear  the  cos t  o f  replacement. Discussions are  
continuing to  ensure the  s u i t a b i l i t y  of the  tube p r io r  to i n i t i a t i n g  purchasing 
procedures.

General d iscuss ions  on b o i l e r  tube c leaning have been ca r r ied  out with 
Dow Chemical and H a l l ibu r ton ,  two of  the  leading vendors of  t h i s  se rv ice .  
Considerable l i t e r a t u r e  on the  top ic  has been accumulated, and an actual 
chemical c leaning has been witnessed during t h i s  period.  Some purchase of  
s p e c i f i c  c leaning reagents  has begun.
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TABLE I

FEEDWATER SODIUM ION CONCENTRATION 

Neuces Bay Plant

A. SODIUM ION PROBE* - (Milton Roy, Ammonia pH Control)

Na Concentration Time

< .4 ppb 168 hours
> .4;  < .8 ppb 216 hours
> .8 ;  < 1.0 ppb 48 hours
> 1 . 0  ppb 6 hours

B. SHORT TERM (24 hour) EVAPORATED SAMPLES

No. lA 0.4 ppb (10 1)
No. IB 0.25 ppb (10 1)

C. FLAME IONIZATION DETECTOR

<1 ppb measured on 6 d i f f e r e n t  days

* C a l ib ra t ion  o f  Probe
Laboratory Standards (by d i lu t i o n )  
'Weekly One Point S tandardiza t ion  
'Monthly 4 - 5  Poin t S tandard izat ion
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TABLE II

NUMBER

CONCENTRATED 

(Boi le r  Samples

1

SAMPLE RESIDUES 

, Neuces Bay Plant)

ID 2 3

Na* 2380 1040 11 103

Cl* 2530 800 3 43

PO4* 66 31 2 9

SO* 37 21 2 4

pH 9.4 7.0 6.9 9.8E

Volume** 3.3 2.2 31.8 35.0

Mg Residue 19.1 — 4.5 26.3

7o as NaCl 70 50 34 33

* ppb in Boiler Water

** L i te r s
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TABLE I I I

FEEDWATER SPECIFICATION - BULL RUN STEAM PLANT̂ ^^

pH 9.0 - 9.5

Conductivity 3.0 - 8 .0  ymho

Cation Conductivity 0.3 (max)

Hydrazine 1 0 - 1 5  ppb

O2 5 ppb (max)

Si02 20 ppm

Na 2 ppb (max)

Fe 10 ppb (max)

Cu 2 ppb (max)
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TABLE IV

EVAPORATOR CORROSION TEST CONDITIONS

NUCLEATE BOILING DNB FILM BOILING CRBR 100% POWER DNB ZONE

Length 262 cm ( 8 .6 ' ) 122 cm ( 4 ‘ ) 61 cm (2 ' ) —

Steam Quality 0 - 21.4% 21.4 - 35% 35 - 45% —

Steam Temp 328°C (622°F) 328°C 328°C 331°C (628°F)

Flow 0.14 kg/s (1120 lb /h r ) — — —

Heat Flux 797,500 wah/m^
(~ 253,000 B /h r - f t^ )

397,152 (~ 126,000) 972,800 (~ 150,000) 841,584 (267,000)

Metal
Temperature 316°C (~ 600°F) 397/352°C (747/666°F) 388°C (730°F) 379/336°C (714/636°F)

a(aT) 44°C (~ 80°F) 33°C (~ 60°F)

ro
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Figure 4. Particulate Sampler
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VII. TRANSITION JOINT DEVELOPMENT

WELD PROCESS DEVELOPMENT

The hot-wire Gas Tungsten Arc (GTA) process has been se lec ted  for fusion 
welding of  the  457 mm (18 i n . )  and 660 mm (26 i n . )  diameter t r a n s i t i o n  j o i n t s  
for  CRBRP. A d esc r ip t io n  of the  process and advantages fo r  th i s  app l ica t ion  
was included in the previous repor t  in t h i s  s e r i e s ,  Ju ly  1975.

A hot-wire GTA welding system has been in s t a l l e d  a t  GE-FBRD s p e c i f i c a l l y
fo r  t r a n s i t i o n  weld development. A photograph of  the system is  shown in 
Figure 1 and a b r i e f  desc r ip t io n  of  the  major components is  provided below.

DESCRIPTION

Power Supply and Programmer

Direct  cu r ren t  i s  supplied to the GTA torch by a TekTran LSC 300 power 
supply.  This i s  a s o l id  s t a t e ,  s i l i c o n  control  r e c t i f i e d ,  closed-loop type 
power supply with va r iab le  c u r ren t  and voltage c h a r a c t e r i s t i c s  capable of  
supplying constant  cu r ren t  or  constant voltage .  Current puls ing up to  30 Hz 
i s  provided. Accuracy of 1% of  the  d ia l  s e t t i n g  i s  claimed by the manufacturer.

The programmer con t ro ls  the  cu r ren t  l ev e l s  and in te rva l  times fo r  each 
zone of  the  weld cycle .  The weld cycle  (shown in Figure 2) includes gas 
prepurge,  i n i t i a l  c u r r e n t ,  upslope,  weld c u r r e n t ,  cu r ren t  t a p e r ,  down s lope,  
and post  purge. In a d d i t io n ,  s t a r t  and stop s igna ls  are  provided fo r  wire feed,
f i x t u r e  t r a v e l ,  arc  o s c i l l a t i o n ,  automatic voltage control  system (AVC), and
the hot-wire  power supply. Accuracy of 1% of  the  dia l  s e t t in g s  fo r  in te rva l  
t imers and level c o n t r o l l e r s  is  claimed by the manufacturer.

Hot-Wire Power Supply

A separa te  power supply is  used fo r  the  hot-wire system. Presently  a 
Linde VAC 501 AC constant voltage machine i s  being used. Feedback loops are not 
incorporated in t h i s  machine, the re fo re  cu r ren t  control  i s  not p rec ise .
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Wire Feeder

A wire feeder  with 0.5% speed control  has been b u i l t  by GE to ensure 
constant wire feed r a t e .  Commercially av a i lab le  un i t s  could not guarantee 
the  required speed control  fo r  automatic welding. A ServoTek DC motor with 
tachometer feedback provides p rec ise  speed control from 100 - 3600 rpm. The 
motor is  coupled to  a gear reducer and wire dr ive  un i t  to  feed wire a t  
17.8 to 635 cm/min (7 to  250 in/min).

O sc i l l a to r

A Celesco Model BOA magnetic o s c i l l a t o r  i s  used to  sweep the arc across 
the  weld. O sc i l l a t io n  amplitude,  speed, and side  wall dwell are  independently 
a d ju s tab le .

Torches and Shielding

A Linde HW-27 GTA torch i s  used fo r  the main a r c ,  and a model #598512 
torch  i s  used fo r  hot-wire .  A t r a i l i n g  sh ie ld  i s  used to  ensure adequate gas 
coverage during welding. The standard Linde t r a i l i n g  shie ld  required extens ive 
modif ica tion to  provide des i red  torch pos i t ion  and weld puddle v i s i b i l i t y .

Linear Travel and Pipe Rotation

A J e t l i n e  p rec is ion  side-beam car r iage  moves the torch l i n e a r l y  during 
p la t e  welding. A s p e c ia l ly  designed tu rn ing  f i x t u r e  i s  used to r o t a t e  pipe 
under the weld head for  c ircum feren t ia l  pipe welds. Both p o s i t io n e r s  are 
driven with ServoTek motors to  provide 0.5% speed con t ro l .

OPERATION

The system is  designed fo r  automatic opera tion a f t e r  the s t a r t  signal is  
given by the opera to r .  All time i n t e r v a l s ,  cu r ren t  l e v e l s ,  and f i x t u r e  motions 
a re  pre-programmed. The opera to r  i s  required  to  s t a r t  the weld sequence and 
monitor the  system during the welding, but i s  not required to  make adjustments 
to  the  system during welding.
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The system was in s t a l l e d  in l a t e  September 1975. Since then, considerable 
t e s t i n g ,  de-bugging, and modification of the  system components has been required. 
Two of the main concerns have been with the automatic voltage control system 
and the lack of weld puddle v i s i b i l i t y  because of the design of the t r a i l i n g  
shie ld .

The AVC system has not been able to maintain a constant s tand-off  dis tance 
or s t ab l e ,  repeatable  torch pos it ioning  during a normal welding sequence. The 
manufacturer i s  inves t iga t ing  the problem and i s  confident a solution can be 
found. Presently ,  the AVC system is  not being used in weld development. I n te r ­
actions  of the o s c i l l a t o r  magnetic f i e ld  with the AVC system are expected to 
cause addi t iona l problems because of  arc length changes as the arc is  swept 
across the weld by the magnetic f i e l d .  A system which senses s tand-off  dis tance 
with an electro-mechanical  probe and provides a correct ion signal to a servomotor- 
operated pos it ioning  s l id e  i s  being invest igated  as an a l t e rn a t iv e  to the AVC 
system.

Weld procedure development has been hampered by poor weld puddle v i s i b i l i t y .  
The t r a i l i n g  gas shield as delivered by the vendor blocked d i re c t  observation 
from most angles .  The standard t r a i l i n g  sh ie ld  has been extensively modified 
to  include a viewing window, (see Figure 3).  This arrangement provides good 
v i s i b i l i t y  even during the root pass.

With the exception of the  AVC, the weld system is  working well and i s  used 
da i ly  fo r  weld development. Dissimilar metal welds between 2 1/4 Cr - 1 Mo and 
Alloy 800 using Inco 82 f i l l e r  metal ,  and between Alloy 800 and 316SS using 
16-8-2 f i l l e r  are  presently  being developed. The present emphasis i s  on 
performing the l a t t e r  welds in order to demonstrate the capab i l i ty  of deposit ing 
low-di lu t ion ,  f i s s u r e - f r e e  weld metal . These welds will be sent to ORNL for 
extensive mechanical charac te r iza t ion .

WELO TESTING

Guide bend t e s t s  were performed according to ASME Section IX on several 
p la tes  welded by a crude system used p r io r  to the new system. A preliminary 
procedure was used to help determine to what extent fu r th e r  development was
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necessary.  Three root  bends and four face bends were dye penetrant  te s ted
before and a f t e r  bending. Typical specimens are shown in Figure 4. The re su l t s
are  given in Table I .  One face bend specimen suffered a fusion boundary 
separat ion a t  the Cr-Mo/Inco 82 in te r fa c e .  All other specimens were acceptable 
by ASME standards.

Weld metal d i lu t io n  was determined on two of the bend specimens with the 
e lec t ron  microprobe. Concentration of Ni, Cr, and Fe were measured a t  16 points 
a t  regu lar  in te rv a l s  in the weld. The average composition a t  various points in 
these two welds i s  shown in Figure 5. Iron concentra tion serves as a good 
measure of d i lu t io n  because the f i l l e r  metal i t s e l f  contains only about 3%. I t  
is  seen th a t  most d i lu t io n  occurs a t  the  root of  the  weld and along the side
walls.  In no case was the d i lu t io n  g rea te r  than 25%, even a t  the roo t .  In
comparison, up to 50% Fe may be found in the root pass of  a cold-wire GTA weld.

STRESS ANALYSIS

The ob ject  of the  analys is  i s  to develop a weld j o i n t  design th a t  minimizes 
the thermal s t r e s s e s  generated a t  the d i s s im i la r  metal in te r face .  In the l a s t  
semiannual rep o r t ,  i t  was s ta ted  th a t  the t r i -m e ta l  l i e  j o i n t ,  2 1/4 Cr - 1 Mo/ 
Incoloy 800/316, with a 30° included weld angle was found to be optimum. A 
useage evaluat ion has been made fo r  the 2 1/4 Cr - 1 Mo in t h i s  conf iguration 
according to  ASME Code Case 1592. The evalua t ion ,  based on an t ic ipa ted  creep 
and fa t igue  damage fo r  normal opera tion and 315 cycles from 538 to 343°C
(1000 to  650°F), showed th a t  the 2 1/4 Cr - 1 Mo has a useage fac to r  of about 65%.
When s t a r t -u p s  were considered,  the  useage went beyond 100%. As a r e s u l t ,  new 
designs th a t  lowered the useage fac to r  were proposed and examined. The most
promising to date i s  a four material  j o i n t ,  2 1/4 Cr - 1 Mo/Inconel 600/Incoloy 800/
316. E las t ic  analys is  of t h i s  j o i n t  showed th a t  the  hoop s t r e s s e s  a t  the 
2 1/4 Cr - 1 Mo in te r face  were reduced by 35% - 50%. Useage for  steady s t a t e  
operat ion and 315 cycles from 538°C to 343°C was reduced to 25%. Useage 
evaluat ion has not ye t  been done for s t a r t -u p s .

The four material  j o i n t  i s  e f fe c t iv e  because the thermal expansion of 
Inconel 600 c lo se ly  matches the thermal expansion of  the  Cr-Mo, thereby g rea t ly
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reducing thermal s t r e s s e s  in the Cr-Mo. In th i s  j o in t  the major mismatch in 
thermal expansion occurs between the Inconel 600 and the Incoloy 800. These 
a u s te n i t i c  a l loys  are  b e t t e r  able to accommodate the induced s t re sses  because of 
t h e i r  high temperature s t rength .

Although the new design has been shown to s ig n i f i c a n t ly  reduce the useage, 
the t r i - m e t a l l i c  j o i n t  i s  s t i l l  the reference design for SCTI and CRBRP because 
these are the only mate ria ls  allowed for  high temperature service  in ASME Code 
Case 1592. Inclusion of  Inconel 600 in the piping system will require  ASME Code 
approval,  an expensive and time consuming process.  Development of the four 
material  j o i n t s  will  continue for  possible  use as a replacement, or for fu ture 
app l ica t ions .

ALTERNATIVE JOINING METHODS

A study was undertaken to  inves t iga te  methods other than fusion welding 
for fab r ica t in g  multi -mater ia l  t r a n s i t i o n  j o i n t s .  Methods studied were 
i n e r t i a  welding, co-extrus ion ,  and explosive welding. In add i t ion ,  two non­
welded t r a n s i t i o n  j o i n t s ,  a continuously-graded composition jo i n t  and a 
to r ro ida l  expansion j o i n t ,  were considered.  The study is  summarized in Table I I .  
The major conclusions and recommendations a re :

1. Conventional fusion welding i s  the most prac t ica l  method for fab r ica t ing  
457 mm (18 i n . )  and 660 mm (26 i n . )  diameter j o i n t s .  The hot-wire GTA 
process should continue to  be the primary method for the large diameter 
j o i n t s .

2. I n e r t i a  welding o f fe rs  several advantages over fusion welding for  the 
152 mm (6 i n . ) ,  76 mm (3 i n . ) ,  and 25 mm (1 in . )  t r a n s i t i o n  j o i n t s .  This 
process is  recommended fo r  fu r th e r  development. (There is  no technical  
reason why la rg e r  pipe cannot a lso  be welded by th i s  process. However, 
the re  is  cu r ren t ly  no machine large enough to jo in  the 18 and 26 in.  p ipes . )
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TABLE I

SUMMARY OF GUIDE BEND TESTS FOR 0.5 IN. PLATES 
OF 2 1/4 Cr - 1 Mo AND 304SS WELDED 

WITH INCONEL 82 BY THE HOT-WIRE GTA PROCESS

(Preliminary Procedures Were Used)

rpflri  ̂ roari  ̂ DDr_RrNn
SPECIMEN DESCRIPTION LOCATION PENETRANT INDICATION

RB-1 None — No

RB-2 1 .005" long .090" from SS boundary No

RB-3 5 < .030" long WM near Cr-Mo/182 boundary Yes

RB-4 3 < .050" long WM near 53/182 boundary Yes
1 .005" long WM near Cr-Mo/I82 boundary No

FB-2 1 .187" long Cr-Mo/182 boundary separa tion No

FB-3 None — No

FB-4 1 .015" long WM near Cr-Mo/182 boundary Yes

222



TABLE II

SUHHARY OF AITERHATE DISSIHILAR METAL JOINING HETHOOS FOR CRBRP TRANSITION JOINTS

METHOD ADVANTA6ES DISADVANTAGES RECOMMENDATION
Fusion Weld 1. Coinon, v e rsa ti le , proven process; 

nuch experience Is available.

2. Any pipe d i a n e t e r  a n d  M a l l  may be 
w e l d e d .

3. Low heat Input, low d ilu tion  
welds are possible.

4. Excellent rep ea tab ility  Is possible 
with proper equipment.

1. Liquid metal mixing can cause hot 
cracking, decarburlzatlon, and low 
d u c tility .

2. Process variables must be closely 
controlled for long periods to avoid 
defec ts.

3. Sensitization  can occur a t  HAZ.

4. Diametral shrinkage up to  2X Is expected.

Continue as primary joining 
method for large diameter pipe

Inertia  Weld 1. Liquid metal mixing problems 
elim inated.

1.

2. Short weld times, low peak temperatures 2. 
re su lt In narrow HAZ, minimal carbon 
transport, and sen sitiza tio n .

3.
3. Excellent process rep ea tab ility .

4. R elatively smooth weld Interface closely 
approximates th a t assumed In s tre ss  
analysis.

5. Vertical weld In terface , a characteris­
t ic  o f th is  process, has been shown
to  reduce hoop stresses.

Welding machine capacity lim its weld area Develop process fo 
to about 142 cm2 (22 1n‘ ). transition  jo in ts .

Grain flow reorients longitudinal defects 
perpendicular to pipe axis.

No long term service experience available 
although 5000 hr. stress rupture data 1s 
comparable to GTA welds.

for smaller

Explosive Weld 1. Liquid metal mixing problems 1. 
eliminated.

2. Short weld tim es, low peak tenperatures 2. 
elim inates HAZ, carbon transport
and sen sitiza tio n .

3.
3. R elatively smooth weld Interface closely 

approxliqates th a t assumed In stress  
analyses.

Jo in t configurations for circumferential Not recommended for develop-
plpe welds are d if f ic u l t  to explosive weld. ment.

Long tapered weld Interface resu lts  In 
higher hoop stresses.

No service or fabrication experience 1s 
available.

Co-extrusion 1. Liquid metal mixing problems 
elim inated.

2. Smooth weld Interface closely 
approximates th a t assumed In s tre ss  
analysis.

1. Development of large diameter (>457 mm,
18 In .) co-extrusion will be costly 
because of lim ited a v a ilab ility  of a 
large extrusion press.

2. Long tapered weld Interface will re su lt unless 
a method can be developed to shorten the taper.

3. Not possible to anneal a ll m aterials simultane­
ously by conventional methods a f te r  hot or cold 
extrusion. Austenitic m aterials w ill be 
severely sensitized .

Not recommended for develop­
ment.

Continuously-Graded
Composition

1. Changes In physical and mechanical 1.
properties are gradual and continuous. 
Sharp Interfaces with the accompanying 
thermal stresses are minimized. 2.

2. Gradients In carbon a c tiv ity  are reduced 3. 
so th a t carbon migration does not occur.

Requires substantial development to solve 
m etallurgical and fabrication problems.

3. Process can be applied to  large diameter 
pipe.

Long range solution requiring 
much development. Develop as 
a back-up method I f  step-graded 

Experience Is lim ited to laboratory tes tin g , jo in ts  f a i l .

D ifficu lt to characterize physical and 
mechanical properties of d iscrete  regions 
In the jo in t ,  making theoretical analysis 
d i f f ic u l t .

4. Extensive tes tin g  required to  prove re lia b il i ty .

Torroidal Expansion 
Join t

1. Pipe ends not r ig id ly  restrained so 
thermal stresses don 't build up.

2. Fabrication of 660 mm (26 In .)  diameter 
and larger jo in ts  Is  common.

1. Design basis must be established.

2. Presently not allowed by ASME Code for 
primary pressure boundary.

Continue preliminary investiga­
tion on a low level basis.

External re s tra in ts  may be required to prevent 
certain  types of pipe movements.

Provisions must be made to  prevent Na stagnation 
and freezing during service and draining.
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Figure 1. Hot-Wire GTA Weid System for Piatt Weldirtg

224

2999



rorocn

PULSE OFF TIMEPULSE ON TIME

PULSE CURRENTn  n nnn

WELD CURRENT

CURRENT TAPER

START
CURRENT

FINAL
CURRENTINITIAL

CURRENT
TIME

TAPER DELAY TIME TAPER TIME DOWN SLOPE 
TIME

GAS 
PREFLOW 

TIME

UP SLOPE 
TIME

FINAL
TIME

POST PURGE 
TIME

INITIAL
TIME

WELD TIME

HOTWIRE POWER SUPPLY ON

OSCILLATOR ON
h - -

h -
WIRE FEEDER ON

FIXTURE TRAVEL ON 

Figure 2. Weld Cycle for Hot-Wire GTA Weid System

- H



a *

M

Figure 3. Gas Trailing Shield modified to Provide greater Visibility
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2% Cr - 1 Mo

INCO NEL82

304SS

a. ROOT BEND b. FACE BEND

Figure 4. Guide Bend Specimens, 2% Cr — 1 Mo welded to
304SS with INCONCL 82 after 135(PF, 1 hrPWHT
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TECHNICAL MEMORANDUM 

ASSESSMENT OF THE EFFECT OF USING LOW CARBON 2%Cr-lMo PIPING 
IN THE INTERMEDIATE SYSTEM MOCKUP LOOP (ISML)

K. D. Chal lenger 
J .  L. Krankota

SUMMARY

The ISML was cons t ruc ted  in f i s c a l  y e a r  1975 to  study the  c a r b u r iz a t io n  
and d e ca rb u r iza t io n  k i n e t i c s  o f  the  m a te r i a l s  to  be used to  cons t ruc t  the  
In te rmedia te  Heat Transpor t  System (IHTS) o f  the  Clinch River Breeder Reactor 
(CRBR). A low carbon v a r i e ty * o f  2%Cr-lMo has been used in p lace of normal 
carbon 2%Cr-lMo in the  c o n s t ru c t io n  of  the  ISML in order  to  meet a very c r i t i c a l  
cons t ru c t io n  schedule .  The completion o f  the  loop was c ruc ia l  f o r  the  
v e r i f i c a t i o n  of  the  p la n t  design and the delay would have been a minimum of  

nine months. The delay was due to  lead t imes required  to  purchase piping of 

the  de s i r ed  s p e c i f i c a t i o n s .  (The l a t t e r  p a r t  of  ca lendar  '74 and e a r ly  p a r t  
o f  '75 were the  most d i f f i c u l t  t imes to ob ta in  commitments fo r  tubing d e l i v e r i e s . )  

At t h a t  t im e,  the  in t r o d u c t io n  of low carbon piping was be lieved to  have no 
e f f e c t  on the  o v e ra l l  o b j e c t iv e  o f  the  program. However, recen t  data  in d ic a te  
t h a t  th e  low carbon pip ing  i s  a c t i n g  as a weak carbon sink in s tead  of  the  

o r i g i n a l l y  assumed carbon source.

General E l e c t r i c  be l ieves  t h a t  the  o r ig i n a l  design o b je c t iv e s  o f  the  

ISML must be completely r e s to r e d .  A study was made to  eva lua te  a l t e r n a t e  schemes 
and recommend a f i x .  I t  i s  recommended t h a t  normal carbon 2%Cr-lMo be added 
to  the  loop in an amount equ iv a len t  in su r face  area  to  t h a t  o f  the  low carbon 

pip ing  p resen t  in the  loop. This a d d i t io n a l  mate r ia l  w i l l  be placed in the 
loop in lo c a t io n s  t h a t  a re  in the  same temperature  regime as t h a t  o f  the  low 

carbon pip ing  i t  i s  in tended to  rep lace .

The c o s t  o f  t h i s  f i x  i s  i n s i g n i f i c a n t  and th e re  a re  no schedule de lays ,  

as the  normal carbon 2%Cr-lMo p a r t s  needed f o r  the  f i x  are  a l ready  on hand.

*Low Carbon: 0.03%
Normal Carbon: 0.07-0.12%



This r e p o r t  d e sc r ib e s  the  p re sen t  condi t ion  of  the loop, l i s t s  recen t  
r e s u l t s ,  provides  an a n a ly s i s  of d a ta ,  examines the  impact o f  recommended 
a c t i o n ,  and provides  the  a n a ly s i s  to  support  the  recommended ac t ion  to  r e s to r e  
the  loop to  ach ieve  o r ig i n a l  o b j e c t iv e s .
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INTRODUCTION

In 1970, r e s u l t s  obta ined in s t a t i c  sodium t e s t s  ind ica ted  th a t* a t  the
design temperature  o f  the  CRBR - IHTS, 2%Cr-lMo would not decarbur ize
s i g n i f i c a n t l y . A  recommendation to design was subsequently made th a t
r e s u l t e d  in a small pena l ty  on the  a llowable  design s t r e s s e s  fo r  EJgCr-lMo
steam gen era to r  tubes to  r e f l e c t  the  300-400 ppm carbon loss  pred ic ted  fo r
the  30-year l i f e .  Reanalysis  o f  da ta  from o the r  sodium t e s t  programs confirmed

( 2 )the  r e s u l t s  from the  s t a t i c  pot t e s t s . '

However, s ince  most of  the  da ta  used to  make the  deca rbu r iza t ion  
c o r r e l a t i o n  were obta ined from t e s t s  in small s t a t i c  p o ts ,  i t  was decided 
t h a t  a b i m e ta l l i c  loop should be con s t ru c ted  to  confirm the  r e s u l t s  obtained 
in s t a t i c  sodium. The ISML (Fig .  1) was designed to  s imulate  the  c r i t i c a l  
parameters  be l ieved  to  be c o n t r o l l i n g  the  carbon t r a n s p o r t  p rocess ,  i . e . ,  the  
tempera ture  g r a d ie n t  through the  heat exchangers and the  sur face  area  r a t i o  
of  a u s t e n i t i c  s t a i n l e s s  s t e e l  to  2%Cr-lMo in the  loop. At the  time o f  the 
ISML d es ig n ,  the  design of  the  CRBR-IHTS was not f i n a l i z e d  requ i r ing  t h a t  an 
approximation o f  the  tempera ture  g ra d ie n t s  and sur face  area  r a t i o  be used in 
designing  the  ISML.

Not u n t i l  the  spr ing  of 1974, were plans  made to  begin cons t ruc t ion  of
the  t e s t  loop with a requ i red  completion da te  of  June 1975. The completion

da te  of  June 1975 was c r u c ia l  in o rder  to  recover  e a r ly  confi rmation  data  f o r
the  p l a n t  des ign .  During the  pre-procurement planning phase,  i t  was learned

t h a t  d e l iv e ry  of  2%Cr-lMo pip ing was about nine months or  more; t h i s  delay
could not be accepted .  General l i l e c t r i c  had on s i t e ,  a t  t h a t  t ime,  a s u f f i c i e n t

q u a n t i ty  of p ip ing  of  the  c o r r e c t  s i z e  t h a t  had been l e f t  over from the
c o n s t r u c t io n  o f  the  SGTR under a GE/ESADA c o n t r a c t .  This piping was a low
carbon v a r i e t y  of 2^Cr-lMo but q u a l i f i e d  to  ASTM A213 T22. Samples from t h i s
pip ing had been p rev ious ly  exposed in sodium pots and were found to  decarbur ize

(1 2 )a t  approximate ly  the  same r a t e  as 2%Cr-lMo with higher carbon c o n t e n t s . '  ’ 
F u r th e r ,  the mechanical p r o p e r t i e s  of t h i s  s t e e l  generated during the  same 
ESADA program in d ica ted  t h a t  i t  had adequate s t r e n g th  fo r  the moderate loading 
expected in the  ISML. This p ip ing  was, t h e r e f o r e ,  s e le c ted  fo r  cons t ruc t ion  
of the  ISML.
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STATEMENT OF THE PROBLEM

One o f  the primary o b jec t ive s  fo r  the ISML (as i t  i s  constructed) i s  not 
presen tly  f u l f i l l e d .  The use o f  the low carbon 2liCr-lMo piping has re su lted  in  
an e f f e c t i v e  surface area r a t io  o f  a u s te n i t ic  s ta in le s s  s te e l  (- )̂ to 2fCr-lMo 
f e r r i t i a  s te e l  (a) in  the ISML which i s  not p ro to typ ic  o f  the Intermediate Heat 
Transport System (IHTS) o f  the Clinch River Breeder Reactor (CRBR); (y/a) = S,

(y/a) -  2.
CRBR

DISCUSSION OF THE PROBLEM

The approximate y /a  fo r  an IHTS ty p ic a l  of the  CRBR f o r  an opera t ing  
temperature  equal to  or  g r e a t e r  than 800F i s  2 (800F is  s e l e c ted  as a po in t  
of re fe ren ce  as the  k in e t i c s  of  carbon t r a n s p o r t  a re  exponential  with 
tem pera ture ,  e . g . ,  the  r a t e  o f  d e ca rb u r i za t io n  a t  950F i s  an o rde r  of  magnitude 
g r e a t e r  than t h a t  a t  800F. Thus, those  m a te r i a l s  exposed to  sodium a t  
tempera tures  below 800F do not c o n t r ib u t e  s i g n i f i c a n t l y  to  the  carbon t r a n s p o r t  
p ro cess ) .  The o v e ra l l  y / a  f o r  the  same ty p ic a l  IHTS i s  1.

The ISML was cons t ruc ted  to  model the  parameters of  the  IHTS which were 
believed to  con tro l  the  carbon t r a n s p o r t  p ro cess ,  namely, tempera tures  and 
balance of  m a t e r i a l s .  Fig.  2. As such, the  ISML p r e s e n t ly  has a y /a  fo r  
T ^  800F of  1.7 and an o v e ra l l  r a t i o  of 2. Thus, the  y /a  in the  c r i t i c a l
tempera ture  region o f  T ^  800F i s  very nea r ly  the  same as the  IHTS. However,

2 2 of  the  approximately 1600 in of 2%Cr-lMo above 800F, only 550 in has a carbon
conten t  p ro to ty p ica l  of  t h a t  to  be used f o r  the  CRBR (0.07 to  0.12%C). The

remainder of the  2%Cr-lMo in the ISML con ta in s  only  0.030%C r e s u l t i n g  in an
e f f e c t i v e  y /a  of  5 . As d iscussed  in the  i n t r o d u c t io n ,  the  t e chn ica l  impact o f

using the  low carbon 2%Cr-lMo was assessed  p r i o r  to  i t s  use and based on
previous  exper ience  (da ta )  with t h i s  m a te r ia l  i t  was decided t h a t  i t  could be
used w i thout  compromising any of the  program's  o b j e c t i v e s .  S p e c i f i c a l l y ,  i t
was assumed t h a t  the  low carbon pip ing  would deca rbu r ize  a t  r a t e s  s i m i l a r  to
the  normal carbon.

However, r e c e n t  da ta  generated  a t  WARD' ' and in the  ISML i t s e l f  (da ta  

in t h i s  r e p o r t )  i n d i c a t e  t h a t  the  low carbon 2%Cr-lMo ca rb u r izes  s l i g h t l y .
In the  WARD t e s t s ,  samples p rev ious ly  decarbur ized  to  630 ppm carbon dur ing 
100 hour exposure to  HOOF Na subsequently  carbur ized  to  690 ppm a f t e r  5000 hours 
exposure a t  950F.
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Data generated  in the  ISML are  shown in Fig.  3 and tabu la ted  in Table I .
All da ta  shown except t h a t  f o r  the  low carbon 2%Cr-lMo rep resen ts  approximately 
600 hour exposure (Run B-1) ,  the  low carbon 2%Cr-lMo has been exposed f o r  
1000 hours (Run B-2).  Thin f o i l  (0.003") samples of the  low carbon 234Cr-lMo 
were prepared from arch ive  p ip in g ,  i so the rm a l ly  annealed per RDT-M3-33, and 

exposed in ISML f o r  1000 hours in sample holders  SH-2 (isothermal 950F) and 
HX-3 (hea t  t r a n s f e r  940-800F). Eleven carbon analyses  were performed on 
a rch ive  unexposed 0.003" f o i l s  and seven on the  exposed f o i l s .  The samples 
in SH-2 carbur ized  90 ppm from a mean value of  285 to  375 ppm. S t a t i s t i c a l  
a n a ly s i s  of these  data  i n d i c a t e s  t h a t  the  90 ppm c a r b u r i z a t io n  i s  s t a t i s t i c a l l y  
s i g n i f i c a n t  with 90% confidence .

The samples of 2?3Cr-lMo with normal carbon con ten t  exposed f o r  600 hours
demonstrate the  expected d e ca rb u r i za t io n  behavior .  Two d i f f e r e n t  heats  of
2%Cr-lMo have been exposed; one has an uns tab le  m ic ros t ruc tu re  (con ta ins  a
la rge  amount of b a i n i t e )  and the  o th e r  a s t a b l e  m ic ros t ruc tu re  (polygonal
f e r r i t i c  + p e a r l i t e ) .  The uns tab le  m ic ro s t ru c tu re  decarbur izes  a t  a f a s t e r

(4 5)r a t e  than the  s t a b l e  one c o n s i s t e n t  with o th e r  published r e s u l t s . '  ’ The 
s t a i n l e s s  s t e e l  i s  c a r b u r i z in g ,  but a f t e r  600 hours the  degree of c a r b u r i z a t io n
i s  too small to  a cc u ra te ly  e s t im a te  r a t e s .

These da ta  i n d i c a t e  t h a t  the  carbon a c t i v i t y  in the ISML i s  very near t h a t  
f o r  2%Cr-lMo con ta in ing  400 ppm carbon.

The French have observed s im i l a r  behavior in t h e i r  Carnacier Sodium Loops. 

Here samples of  2%Cr-lMo, one group with 500 ppm and the  o the r  group with 
1400 ppm carbon, were exposed s imul taneous ly  in the  same sodium loop a t  tempera­

tu r e s  ranging from 932 to  1022F f o r  17,000 h o u r s . T h e  1400 ppm carbon 
2*5Cr-lMo decarbur ized  a t  a r a t e  p red ic ted  by the  GE c o r r e l a t i o n  while the  
carbon con ten t  of  the  samples s t a r t i n g  with only 500 ppm carbon did not change. 

Type 316 SS samples in the  same loop carbur ized  s i g n i f i c a n t l y .  These f a c t s  
i n d i c a t e  t h a t  a s im i l a r  carbon a c t i v i t y  e x i s t s  in the  French Carnacie r Loops.

Based on these  re c en t  o b s e r v a t io n s ,  t h e re  a re  two concerns over the  
d e s i r ed  p r o t o t y p i c a l i t y  of  the  ISML t h a t  must be resolved:

1. Witt the presence o f  the tow carbon 2kCr-lMo r e s u t t  in  a tower 
carburiza tion  ra te  o f  the 304 SS by acting  as a competing source 
fo r  carbon?

2. Witt the overa tt  carbon transport process be a t te red  by the change in  
e f f e c t i v e  y/a?
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ANALYSIS OF CONCERNS

1. There a re  two reasons  why the c a r b u r i z a t io n  o f  the  low carbon 2-VCr-lMo
w il l  not e f f e c t  the  c a r b u r i z a t io n  behavior  of  the  a u s t e n i t i c  s t a i n l e s s  s t e e l

specimens:

•  The t o t a l  amount of  carbon t h a t  can poss ib ly  be picked up by 

the  low carbon 2%Cr-lMo pip ing dur ing the  l i f e  of the  loop is

0.138 grams of  carbon. Whereas the  s t a i n l e s s  s t e e l  samples and
pip ing  a re  es timated  to  remove 4.78 grams of  carbon during 
t h i s  same per iod .  Thus, the  t o t a l  carbon removed from the 
system by the  low carbon pip ing  i s  only 28% of the  t o t a l  removed 
by both the  s t a i n l e s s  s t e e l  piping and samples. (See Appendix A 
f o r  the  c a l c u l a t i o n s  invo lved) .

•  The thermodynamic d r iv in g  fo rce  f o r  the  c a r b u r i z a t io n  o f  the  low 

carbon 2%Cr-lMo i s  much lower than t h a t  f o r  the  s t a i n l e s s  s te e l  
as 2>s%Cr i s  much l e s s  e f f e c t i v e  a t  g e t t e r i n g  carbon from the  

sodium than the  18%Cr in the  s t a i n l e s s  s t e e l .

2. The ques t ion  of  the  in f luence  of  y/ot r a t i o  can not be answered
f 6)conc lus ive ly .  Russian work' ' found t h a t  by varying the  y / a  from 230 to  2.3 

had a s i g n i f i c a n t  e f f e c t  on the  amount of  d e ca rb u r i za t io n  occurr ing  in 2%Cr-lMo 
exposed to  sodium in the  tempera ture  range of  880 to  HOOF f o r  up to  3000 hours. 

I t  i s ,  however, d i f f i c u l t  to  e s t im a te  the  e f f e c t  o f  the  comparatively small
change in y / a  f o r  ISML; a change from 2 to  5.

I t  i s  a l s o  d i f f i c u l t  to  e s t im a te  the  e f f e c t  o f  t h i s  r a t i o  on the  c a r b u r i z a ­

t io n  r a t e  of the  a u s t e n i t i c  s t a i n l e s s  s t e e l s .

There fo re ,  even though the  i n i t i a l  da ta  from the ISML are  well behaved,
( the  c a r b u r i z a t io n  r a t e  f o r  304 and d e ca rb u r i z a t io n  r a t e  o f  2%Cr-lMo agree 
with the  p r e d i c t i o n s )  t h e r e  may e x i s t  some u n c e r t a in t y  t h a t  the  measured changes 
(Fig.  3) a re  r e p r e s e n t a t i v e  of those  t h a t  w i l l  occur in the  CRBR-IHTS.
There fore  a plan must be implemented to  remove a l l  doubt surrounding data 
generated  in the  ISML.
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RECOMMENDATION

General E le c tr ic  recommends that the design balayice o f  y/a be restored  
by the addition  o f  isotherm ally annealed 2igCr-lMo per EOT M3-3S in  a l l  
2kCr-lMo heat exchangers and sample holders. The amount o f  surface area 
o f  normal carbon content 2^Cr-lMo added s h a ll  be equivalent to tha t o f  the 
low carbon piping.

Liners ('^0.040" th ick)  wil l  be i n s e r t e d  in to  each heat exchanger and

sample holder  t h a t  was o r i g i n a l l y  manufactured from the low carbon 2%Cr-lMo
pipe; HX-3, HX-4, SH-1, SH-2, and SH-3, Figures 1 and 2. These l i n e r s  will

be i n s t a l l e d  as shown in Figure 4. The a d d i t io n  of t h i s  l i n e r  wil l  requ i re
a s l i g h t  m odif ica t ion  to  the  sample c o n f ig u ra t io n ;  however, modif ica tion  had
a lready  been planned in o rde r  to  t e s t  CRBRP steam genera to r  tub ing . These
l i n e r s  wi l l  be i n s e r t e d  through the  sample exchange po r t  and welded on one

end. The weld wi l l  prevent sodium flow between the l i n e r  and the  sample
holder  and /o r  heat exchanger wall a l lowing only one su r face  of  the  i n s e r t  to

d eca rbu r ize .  The lack o f  flow w i l l  a l so  prevent  c a rb u r i z a t io n  o f  the  low

carbon 21sGr-lMo in these  regions  reducing the  a l ready  small amount of  carbon
removed from the  system by the  low carbon p ip ing . The add i t ion  o f  the  l i n e r
wi l l  not r e q u i r e  any m odif ica t ion  to  the loop. These l i n e r s  w i l l  s u b s t i t u t e
fo r  the  low carbon 2%Cr-lMo used in the  cons t ru c t io n  o f  the  heat  exchangers
and sample h o lde rs ;  however, in o rder  to  s u b s t i t u t e  f o r  the  sur face  area  of
low carbon pip ing in the  hot leg (950F) a coi l  o f  '^^0.020" f o i l  of  normal

2
carbon con ten t  2%Cr-lMo with 500 in w i l l  be in se r t ed  in to  sample holder 

SH-2 (950F),  Figure 5. The carbon con ten t  of  the  co i l  w i l l  be monitored and 
the  co i l  rep laced  when d eca rb u r iza t io n  reaches the c en te r  of the  fo i l  
(approximately 3,000 h r s . ) .

This recommendation r e s t o r e s  the  y /a  in a l l  temperature  regimes.

However, p repa ra t ion  of  the  i n s e r t s  and c o i l s  w i l l  requ i re  approximately 

one month. Thus, an in te r im  ac t io n  i s  requ i red .
2

The y /a  has been tem porar i ly  r e s to r e d  by the  add i t ion  of  1500 in of 
i so the rm a l ly  annealed 2%Cr-lMo con ta in ing  1200 ppm carbon in to  sample holders 
SH-2, SH-3 and SH-4 (Figures 1 and 2) in the  form of 0.045" diameter wire.
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Six c o i l s  o f  th e se  wires have been in s e r t e d  over thermocouples in each 

sample ho lder as i l l u s t r a t e d  in Figure 6. The t o t a l  sur face  area  o f  the  c o i l s
(1500 in^) w i l l  be d iv ided equa l ly  among SH-2, SH-3, and SH-4 not only
r e s to r in g  the  ov e ra l l  y /a  ba lance ,  but p ropo r t ion ing ly  p lacing  the  s u b s t i t u t e  
2%Cr-lMo in the  same temperature  regions  as t h a t  of  the  low carbon p ip ing .
The wire in SH-2 s u b s t i t u t e s  f o r  the  hot leg c ross  over pip ing a t  950F (450 in ) ,  
SH-3 f o r  the  heat  exchanger,  HX-3 and sample holder SH-3 ope ra t ing  in the
temperature  range of  800-950F (550 in ) and SH-4 f o r  the  cold leg p ip ing ,  heat

2
exchanger HX-4 and sample ho lder  SH-4 (500 in ).

The recommended in te r im  m odif ica t ion  r e s t o r e s  both the  o r i g i n a l l y  designed 
y /g  in the  high temperature  range (T >. 800F) and o v e ra l l  y / a .

Since a t  most only 1% of  the  t o t a l  carbon t r a n s f e r r e d  in the  ISML wil l  be

used in the  c a r b u r i z a t io n  o f  the  low carbon 2%Cr-lMo p ip ing ,  i t s  in f luence  on 
the  carbon t r a n s p o r t  processes  i s  viewed as q u i t e  innocuous.  This a l t e r a t i o n  
has been completed without any delay in the  loop ope ra t ion  o r  add i t io n a l  c o s t s .
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POSSIBLE ADVERSE CONSEQUENCES OF INTERIM ACTION

1. Small diameter wires w i l l  "run ou t"  o f  carbon during the time
necessary to complete the permanent f i x .

2. Lower sodium v e lo c i ty  on the in s ide  o f  the samples w i l l  a l t e r  the
carbon transport process.

S. D iffusion  bonding o f  the wires to  the t e s t  samples w i l l  occur.

DISCUSSION OF CONSEQUENCES
f 2)Using the  GE c o r r e l a t i o n  fo r  deca rbur iza t ion^  ' (p r e sen t ly  believed to 

over e s t im a te  the  ac tua l  d e ca rb u r iza t io n  which i s  slowed down by thermal 
ag in g ) ,  w i l l  reach the  cen te r  of the  wire a l t e r i n g  the  carbon a c t i v i t y  

g ra d ie n t  in the  wire a f t e r  a comparat ively sho r t  time (4,000 h r s . ) .  However, 
t h i s  t ime period i s  much l a r g e r  than the t ime period required  to  f a b r i c a t e  the  
m a te r i a l s  f o r  the  permanent f i x ;  the  loop w i l l  opera te  with these  wires f o r  

only 1,000 hours.

In regards  to  the  second concern ,  the  e f f e c t  of Na v e lo c i ty  on d eca rbu r iza t ion
has been shown by Thorley^^^ to  n e g l i g i b l e  in the  range of  ^ to  32 fps .  They
found no e f f e c t  of  Na v e l o c i t y  in t h i s  range a f t e r  Na exposures of  4,000 hours 
a t  930F. During t h i s  exper iment,  the  0.040" th ick  samples decarburized from 
about 1200 ppm to  900 ppm with  no d i s c e r n i b l e  e f f e c t  of Na v e lo c i ty .  Therefore ,  
i t  i s  not be l ieved  t h a t  the  sodium v e lo c i ty  change wil l  in f luence  the  
d e ca rb u r i za t io n  k i n e t i c s .

The th i r d  concern addresses  the  p o s s i b i l i t y  of  d i f f u s io n  bonding between

the  wire  c o i l s  and the  samples. I n e v i t a b ly  the re  wi l l  be con tac t  between the
c o i l s  and the  samples,  however the  co n tac t  a rea  wi l l  be very smal l ,  and the  
loads between c o i l s  and samples should be very low. Therefore  d i f fu s io n  

bonding of the  samples should not occur.  Also,  t h i s  approach of using c o i l s  
o f  wire  in s id e  sample holders  has been employed many times in the  p a s t  without 

d i f f i c u l t y .

The loop w i l l  be opera ted  with these  c o i l s  serving  to  r e s to r e  the  y /a  

f o r  1,000 hours as the  loop i s  scheduled f o r  shut-down a t  t h a t  time fo r  m odif ica t ion  

o f  sample holders  to  allow t e s t i n g  of CRBRP steam genera to r  tubing.  During 
t h i s  scheduled shut-down, the  l i n e r s  wi l l  D e in s ta l l e d  in to  a l l  2%Cr-lMo sample
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holders  and heat  exchangers.  The incorpora t ion  of  the  i n s e r t s  w i l l  delay the 
loop o pe ra t ion  approximate ly  one week. However, a l l  m od if ica t ions  can be 
completed with the  e x i s t i n g  funding fo r  t h i s  ta sk .
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Table I Carbon C on ten ts  o f  All Samples Removed From Run B-1 (591 h r s . )
and S e le c te d  Sample From Run B-2 (912 h r s . )

B-1

Carbon (ppm)
°F °C Co Cf AC

304SS HX-1 H201 666 352 325 349
388

+24
+63

304SS HX-1 H221 705 374 325 351

303
+26
-22

304SS SH-1 S201 807 431 623 634
631

+11
+8

2%Cr-lMo SH-1 S221* 807 431 1345 1150
1157

-195

-188

304SS HX-2 H401 807 431 623 740
722

+ 117 
+99

304SS HX-2 H421 857 458 623 726
757

+103
+134

304SS SH-2 S401 967 520 325 405
430

+80 

+ 111

2%Cr-lMo SH-2 S421* 967 520 1345 916
944

-429

-401

2J«Cr-lMo HX-3 H601* 945 507 1345 1128
1132

-217
-213

2%Cr-lMo HX-3 H621* 875 468 1345 1216
1212

-129
-133

304SS SH-3 S601 776 413 623 657

694

+34
+71

2%Cr-lMo SH-3 S621** 776 413 1083 743
752

-340
-331

2^Cr-lMo HX-4 H801** 805 429 1083 761
764

-322

-319



T able  I Carbon C on ten ts  o f  All Samples Removed From Run B-1 (591 h r s . )
and S e le c te d  Sample From Run B-2 (912 h rs .T " "̂

Continued

Run Materia l  Location Sample Temperature
op OQ

HX-4 H821** 762 406

Carbon (ppm)

B-1 2%Cr-lMo

304SS

2%Cr-lMo

SH-4

SH-4

B-2 2!aCr-lMo L.C. SH-2

S801

S 8 2 r

L .C .2

670 354

670 354

967
I

520

319

260

250

300

Mean 285 375

Co cv AC
1083 787 -296

801 -282

623 721 +98

720 +97

1345 1258 -87

1301 -44

264 392

350 353

267 380

342 409

269 322

201 360

319 399

+90

NOTE: 1) All samples a re  0.010 in .  (0.025 cm) from Run B-1 and 0.003 in.
(0.007 cm) from Run B-2.

2) * S tab le  m ic ro s t ru c tu re  (20% Tempered P e a r l i t e ,  80% F e r r i t e )
** Unstable m ic ro s t ru c tu re  (15% B a in i t e ,  85% F e r r i t e )
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1/

' >  ^v l-c .-

1 -  HEAT EXCHANGER 
2 -S A M P LE  HOLDER 
3 -  HEATER
4 -  COOLER
5 -  E. M. PUMP
6 -S U R G E  TANK
7 -  DUMP/STORAGE TANK 
8 -C O L D  TRAP 
9 -  PLUGGING INDICATOR 

1 0 -  FLOWMETER 
11 -  CARBON METER HOUSING

Figure 1 Intermediate System Mockup Loop
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Figure 2 Test loop of the Intermediate System Mockup Loop (ISML)



1 0 0 0

Loop Teniperature 
P r o f ile

900

800
Temp.

700

jSH-26oo

*4^—Type SÔ tSS pip ingType 30teS p ip ing

•  2^r-lM a 
O Type 30USS 

As received  carbon concentration

1600

1200
Carbon
Content
(ppm)

Boo

(0.003in, 0.007cm made from L.C. pipe)

Boo6oo 1000900300 700200100 400 500
Downstream p o s it io n , L/D

Figure 3 Carbon concentration  p r o f i le  in  ISML a f te r  f i r s t  t e s t  run (Run B -1, 591 bours) 
Note; A ll  samples are 0.025cm (O.OlOin) th ick  (except as noted).



Low carbon 2-ter-lMo

NOTE; Sodium flow direction-

Sodium-to-air boundaryHeat exchanger tubeSample removal device

; ^ L i n e r  / \ 
• • weld /

CRBR-SG tubing 
(l.59criij 0.625in O.D. 
0.277cm, 0.109in wall)

T/C Spacer Lock pin

Normal carbon 
2-^rlMo liner (0.03-0.05in)

Figure Sample and sample holder for the ISML heat exchanger sample holder
(planned for run B-U and beyond)



Low carbon 2^r-lMo 
sample holder (isothermal)

Normal carbon 2-5€r-lMo 
liner (0 .03-0 .05in) Spacer 

(3 req.)

Prototypical CRBR Steam Generator 
tubing (0.625in O.D., 0.109in wall)

Normal carbon 2-̂ r-lI/Io 
coil of foil (0 .01-0 .03in)

NOTE: Sodium flow direction-

Figure S Sample and sample holder for the ISML isothermal sample holder 
(planned for run B-L and beyond)



Thermocouple (in sid e  c o i l )
C o il, 2-^r-lMo, O.lli+cm (0.0h5in)

wire wo\ind on 0 . 318cm ( l /8 in )  
rod 

Ring sample
Sodium (on both sid es o f  ring)
Sample holder pipe 
Sample holder

Figure ISML sample holder containing normal carbon level 
2-^r-lMo wire coils.



APPENDIX B 

ANALYSIS OF CARBON SINKS IN THE ISML

I Carbur iza t ion  o f  Low Carbon 2%Cr-lMo in the  ISML

The amount o f  carbon picked up by the  low carbon 2%Cr-lMo can be expressed
2

in terms of  grams C per cm su r fa ce ;

M = P Where: AC = 60X10“®gm c/gmPe (WARD Ref. 3)

AX = O.OOSin = 0.0076cm
3

p = 7.8gmFe/cm Fe

= (60X10 '^)(0 .0076)(7 .8)

M = 1.78XI0"^gm c/cm^Fe

This in f lu x  o f  carbon occured during 5000 hours o f  exposure in the  WARD CEL sodium 
loop. The r a t e  cons tan t  from which the  p red ic ted  carbon pickup in the  ISML is  

determined i s  c a lc u la t e d  from th e se  data  assuming pa rabo l ic  c a r b u r i z a t io n  behavior ;

K = - r  Where: = (5000 hours X 3600 sec/hr) '^
t  1 1

t ^  = 4242 sec^

and K

K = 4.2X10~^^gmC/cm^-sec^

The assumption of  pa rabo l ic  behavior  i s  conse rva t ive  because the  c a r b u r i z a t io n  

r a t e  o f  WARDs low carbon 2%Cr-lMo was slower than t h a t  p red ic ted  by WARD based on 

simple d i f f u s i o n .

The amount of carbon picked up by the  ISML low carbon 2JsCr-lMo piping i s ;

2
W, = (M)(A) Where: A = 9062cm of  sodium-exposed low carbon 2%Cr-lMo

pip ing .

and M = Kt'^

t ^  = (25,000 hours X 3600 sec/hr) '^

t ^  = 9487 sec*^



APPENDIX B

Wj = (8.4X10"^°)(9487)(9062)

Wj = 0.035

A value of = 0.138gmC is  c a lc u la te d  using AC = 90pptn; the  amount picked 
up by the L.C. Fo i l s  during Run B-2.

II Carbur ization  of S ta in le s s  Stee l  in Loop B (GE Data Compilation Figure A-1)

As before,  the amount of carbon picked up by the s t a i n l e s s  s tee l  i s  expressed
2

in terms of grams C per cm su r fa ce ,  which in t h i s  case can be read from the data
2

c o r r e l a t i o n  in Figure A-t here M equals 0.15 mgm/cm a f t e r  25,000 hours. The 
amount of carbon picked by the  ISML s t a i n l e s s  s tee l  piping and samples i s ;

Wg = (M)(A) Where: A = 31580cm^ of sodium exposed
s t a i n l e s s  s tee l  piping and 
samples.

Wg = (1.5X10"^)(31580)

^2 ~ 4.7gmC

Of the  t o t a l  p redic ted  carbon pickup in the  ISML the amount picked up by the low 

carbon 2%Cr-lMo piping i s  n e g l ig ib le ;

^2kCr ~ . 138^+^.7 

4 c r  =2.8%
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0.1
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0.06
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r j  538 C (PA-15 LOOP 2 EXIT 1st HEATER) (REF 18) 
O 510 C (ISOACTIVITY WITH 2-1/4 Or - 1 Mo)
A  538 C (ISOACTIVITY WITH 2-1/4 Cr • 1 Mo)
^  454 C (SGTR SUPERHEATER RUPTURE DISC)
□  321 C (SGTR EVAPORATOR RUPTURE DISC)
V  4 3 8  C (E&W HEATER INLET) (R E r  19)

^  52-1 C IB&W INLET OF SUPERHEATER) (REF 19)

■ U58C (Exit of iK - 1  in ISML)

t  L . i . i  111 I . . . 1  l . . U ± L
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3
Hg
COUJQ
a.

cr

100 400 600 800 1.000 2,000 5,000 IC.COO

TIME (h)

50,000 100,000 237 000

Figure A* I Carburization of stainless steels in sodium in bimetallic 
(2 -^r-ll^/stainless steel) loops.
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