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FINAL IiEPORT ON 3 C r l . 5  Mo STEELS FOR GASIFIER 
PRESSUU VESSEL CONSTRUCTION* 

K. W e  Swindernan, 3 .  F. King, and R. K. Nanstad 

MSTKACT 

Th i s  r e p o r t  p rovides  r e s u l t s  from an exper imenta l  program 
t o  e v a l u a t e  t h e  p o t e n t i a l  of 3 Crl.5 l40 steels € o r  c o n s t r u c t i o n  
of l a r g e  g a s i f i e r  vessels f o r  s e r v i c e  a t  metal t e m p e r a t u r e s  of 
316°C and p r e s s u r e s  to 8 ma. In fo rma t ion  starts wi th  y r s -  
c e s s i n g  d a t a  f o r  t h r e e  C O i I I m e K C i d  h e a t s  w i th  d i f f e r e n t  elements 
added f o r  h a r d e n a b i l i t y  and s t r e n g t h .  This  is followed by a 
d e s c r i p t i o n  of welding p r a c t i c e s ,  which inc luded  submerged arc 
and s h i e l d e d  metal arc methods. H a r d e n a b i l i t y  d a t a  are provided 
a l o n g  wi th  infoxmation an tempering and postweld heat: t r e a t i n g .  
The mechanical p r o p e r t i e s  compiled inc luded  t e n s i l e  and impact  
s t r e n g t h ,  f r a c t u r e  toughness,  f a t i g u e ,  and ernbrit t lernent.  The 
steels were found t o  be very promising and compe t i t i ve  wi th  t h e  
b e s t  of t h e  new steels being developed f o r  pe t rochemica l  and 
petroleum a p p l i c a t i o n s  

INTKODUCTION 

This  r e p o r t  p rovides  a d a t a  compi l a t ion  and f i n a l  assessment of the  

p o t e n r i a l  of 3 C r 1 . 5  Mo steels f o r  g a s i f i e r  p r e s s u r e  v e s s e l  c o n s t r u c t i o n .  

The  work summarized i n  t h i s  r e p o r t  r e p r e s e n t s  the  cu lmina t ion  of r e s e a r c h  

an p r e s s u r e  v e s s e l  steels t h a t  began i n  t h e  la te  1970s i n  response  t o  a 

perce ived  need f o r  steels t o  c o n s t r u c t  heavy-walled, l a rge-d iameter  gas- 

i f i e r s  f o r  high-Btu c o a l  g a s i f i c a t i o n  p l a n t ~ . l - ~  

a b a t e d ,  government involvement i n  s u r f a c e  g a s i f i c a t i o n  p r o j e c t s  l e s sened ,  

and t h e  g a s i f i c a t i o n  schemes promoted by i n d u s t r y  became less ambi t ious .  

P l a n t  des igns  were modeled on e x t e n s i o n s  of e x i s t i n g  c a p a b i l i t i e s ,  and the 

scale of t h e  p l a n t s  w a s  s u b s t a n t i a l l y  reduced. Concomitant wi th  t h i s  

A s  t h e  f u e l s  crisis 

"Research suppor ted  by t h e  U.S. Department of Energy, Morgantown 
Energy Technology Center ,  Su r face  G a s i f i c a t i o n  Materials Program, under 
c o n t r a c t  No. DE-AC05-840R21400 w i t h  Mar t in  Marietta Energy S y s t e m s ,  Inc.  
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r e d u c t i o n  i n  scale was a r e d u c t i o n  i n  t h e  materials requirements  f o r  

g a s i f i e r  p r e s s u r e  v e s s e l  c o n s t r u c t i o n .  The steels c u r r e n t l y  approved by 

t h e  &%ME B o i l e r  and Pressure Vessel Code w i l l  met all of the  near-term 

rrquiremen[:s f o r  v e s s e l  c o n s t r u c t i o n .  T h i s  s i t u a t i o n  w i l l  persist  as long 

as t h e r e  i s  no urgent  izeed t o  e s t a l r l i s h  a s y n f u e l s  i n d u s t r y .  

The l e s s o n s  l ea rned  i n  t h e  l a t e  1970s sugges t  Chat there a x e  b e n e f i t s  

i n  having advanced p r e s s u r e  v e s s e l  materials that provide t;he p l a n t  

designer:; w i th  the  o p t i o n s  f o r  p l a n t  o p t i m i z a t i o n ,  should t h e  need for 

a r a p i d l y  expanding syn.El.icls i n d u s t r y  arise. Typ ica l  o p t i o n s  i n  regard 

t o  process  vessels inc lude  whether :ro des ign  Eo.c ( 1 )  one I.arge f i e l d -  

f a b r i c a t e d  vesse l  or s e v e r a l  p a r a l l e l  and smaller shop-fabricated vessels 

( 2 )  m u l t i l a y e r  or monol i th i c  vesseJ.s, and (3) hot-wall  or  cold-wall  ser- 

v ice .  bha teve r  o p t i o n s  are s e l e c t e d ,  there w i l l .  k. a d i s t i n c t  advantage 

t o  having an e a s i l y  f a b r i c a t e d  p res su re -vesse l  steel a v a i l a b l e  that w i l l  

exceed tho shrength  and C Q K ~ O S ~ O ~  r e s i s t a n c e  a v a i l a b l e  i n  the steels  

c u r r e n t l y  i n  t h e  ASME: Code. 

An assessment was undertaken i n  1'382 that i d e n L i f i e d  t h e  c r i t e r i a  f o r  

e v a l u a t i n g  advanced steels and outlined a prograai t o  produce tile data needed 

t o  select: a cand ida te  f o r  e v e n t u a l  codff i c a t i o n .  The c r i t e r i a  incl.ude8 

s u f f i c i e n t  f a b r i c a b i l i t y  t o  produee r o l l e d  p1at:e and forged r i n g s  f u l l  

h a r d e n a b i l i t y  i n  s e c t i o n  t h i c k n e s s e s  t o  300 -m, w e l d a b i l i t y  by all commer- 

c i a l  shop axid f i e l d  practices, s t r e n g t h  equ iva len t  t o  the  best s tee ls  i n  

t h e  Code today ( s u c h  as SA-533 grade R ) ,  f l ex ib i . I . i t y  i n  tempering and 

postweld hea t  t r ea tmen t  (PWHT) schedule  s u f f i c i e n t  r e s i s t a n c e  t o  teii:per 

embrittlerrlent t o  allow 54-5 Cbarpy V-notch energy a t  --18OC a f t e r  s l o w  

cooldown from t h e  PWHT, and s u f f i c i e n t  r e s i s t a n c e  to hydrogen e n b r i t t l e -  

ment t o  p e r m i t  s a f e  opera t  ion  of t lr tr  vesse l  in. hydrogen-bearing environ- 

merits at. 8 MPa p r e s s u r e  and 31.6"C metal temperatare. I t  was mandatory 

that t h e  s teel  be amenable t o  t h e  p roduc t ion  c a p z b i l i t y  of t h e  s teel  

i n d u s t r y  i n  che United S t a i l e s *  

On t h e  b a s i s  of tihe criteria i d e n t i f i e d  above, s e v e r a l  p o t e n t i a l  

a l l o y  composi t ions were eva lua ted  fo r  DO).:. 'Lko s tee ls  were recommended 

f o r  a d d i t i o n a l  examination: 2.25 C r - 2  No steel  quenched and tempered t o  

meet t h e  AS'iIM. A 542 class 3 s p e c i f i c a t l n n ,  and 3 C r - 1 . 5  140 s tee l  normalized 
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and tempered Lo meet. p r o p e r t i e s  similar to  She A 542 class 3 range. Work 

proceeded on the  2.25 Cr-1 No a1 1 oy with s p e c i a l  emphasis on determining 

whether the material could be welded and hea t  t r e a t e d  to bring d i f f e r e n t  

h e a t s  and weld metals w i t h i n  the  des i.red s t r e n g t h  range while  maintaining 

adequate  toughness.  I" 

could  ?E m e t  with  proper  care of f a b r i c a t i o n  procedures .  While c h i s  work 

was under way, a code case was approved, a t  the reques t  o f  a f o r e i g n  s teel  

producer ,  that. permi t ted  pressure vessels to be constructed from material 

iueeting the MTM A 542 speci.Eicat ion. Allowable stresses were approved 

f o r  s e r v i c e  t o  4 2 7 " ~  ( 6 3 ~ " ~ )  under Sect-  V X I I ,  DLV. 1 arid ~ i v .  2 r u l e s . 1 2  

krith the approval  of t h i s  code case, and the  a d d f t  Lorial development of 

quenched an3 tempered 2.25 Gr-1 ivio s t e e l  f o r  heavy-walled tressel construe- 

Lion by The Metal P r o p e r t i e s  Council  (MPC) for t h e  American Petroleum 

Zrnsti tutc,  the need f o r  t he  uo).:-spotlsord work em 2.25 C r l  MLI steel w a s  

no 1anger  justifiedalUj13 

steel  was no t  d u p l i c a t i v e  of any i n d u s t r y  e f f o r t  i n  the United S t a t e s ,  and 

t h e  p o t e n t i a l  of th i s  a l l o y  group appeared t o  be g r e a t e r  than  t h a t  f u r  

2.25 Cr-Z ++ 5 MQ steel .  I n  o rde r  t a  assess t h e  p o t e n t i a l  oE these alloys 

r e l a t i v e  t o  t h e  2.25 CP-1.5 Mo s t e e l ,  t h e  00&:-sgonsored work was extended 

f o r  an a d d i t i o n a l  y e a r .  This repara: provides  the  r e s u l t s  of that work. 

X t  w a s  concluded t h a t  the a L k ~ j r  design cr i ter ia  

  ow ever, the work under way on the 3 ~171.5 MO 

The approval. of a new allay in  t h e  RSME Code is o f t e n  a long and 

expens ive  ~ K O C ~ S S  I The. requirements  a r e  provided i n  Code documents, e.g. 

Appendix 16 of Sect.  T I T T I ,  Dive 2, but they are f l e x i b l e  and s u b j e c t  t o  

d i f f e r e n t  i n t e r p r e t a t i o n s .  In planning t h e  work on advanced 3 Cr-1.5 Mo 

sreels  we assumed t h a t  t h e  development should proceed d o n g  the  l i n e s  

ske tched  i n  F ig .  I. Here Fa: is necessary  t o  k g i n  with t hc  bas ic  p r i n c i p l e s  

o f  alloy des ign  and examine a range of Compositions as small l a b o r a t o r y  

heats. These h e a t s ,  u s u a l l y  produced i n  t h e  10- t o  50-kg s i z e ,  are then  

heat t r e a t e d  t o  s i m u l a t e  heavy-sect ion a l l o y  f a b r i c a t i o n  procedures  and 

s t u d i e d  wi th  respect t o  phase idencif icat ion,  strength, toughness and 

c o r r o s i o n  r e s i s t a n c e  A n a l y s i s  of t he  d a t a  then  l eads  t u  t:he i d e n t i f i c a t i o n  
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Fig.  1. Development of advanced p r e s s u r e  v e s s e l  materials I 

o f  t h e  mos'i promising chemical and heat. i r ea tnenE  specificatLions and the  

procurernent of a s m a l l  co imesc ia l  heat of 8 t o  12 tons.  The s m a l l  heat i s  

f abr ica t -ed  i n t o  moderate s e c t i o n  t h i c k n e s s e s  and used t o  denionst ra te  

f a b r i c a b i l i t y  and w a l d a b i l i t y .  Depending on the  i n i t i a l  s u c c e s s ,   le o r  

more a d d i t i o n a l  s m a l l .  h e a t s  may bg. produced. Ilata produced from t e s t s  on 

small heats are a c c e p t a b l e  as p a r t  of t;hc i n fo rma t ion  package submit ted t o  

t h e  code body; however, i t  i s  necessary t o  produce a t  least  one l a r g e  heat 

i n  t h e  product  form requ i r ed  f o r  vessel  f a b r i c a t i o n .  Data produced from 

t e s t s  on t h i s  product form are an important  p a r t  of the code in fo rma t ion  

package . 
I n  Japan,  t h e  advanc.ed p r e s s u r e  v e s s e l  s t ee l s  have progressed through 

a l l  of the developmental  s t e p s  sketched i n  F ig .  1 t o  the produci ion of 

l a r g e  heats o f  heavy-section p l a t e s  and r ing  f o r g i n g s .  S p e c i f i c  examples 
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i n c l u d e  2.25 C r l  tW-V-Ti-B and 3 C r l  M o T T i - E .  Data sugges t  t h a t  

t h e s e  steels could meet a l l  of the  cr i ter ia  s e l e c t e d  for g a s i f i e r  p re s su re  

v e s s e l  c o n s t r u c t i o n ,  w i th  t h e  p o s s i b l e  except  Lon of meeting t h e  c a p a b i l i t y  

t o r  product ion  by t h e  United S t a t e s  steel indus t ry .  The problem is  a 

l imi ted  c a p a c i t y  i n  the {Jnited S t a t e s  fo r  producing steels that c o n t a i n  

boron. The boron is  p resen t  i n  t h e  Japanese steels for  h a r d e n a b i l i t y ,  

a - l t e r n a t e  methods f o r  promoting h a r d e n a b i l i t y  are available a In t he  

United S t a t e s ,  l a b o r a t o r y  hea t s  of steels con ta in ing  increased  am aunt.^ of 

harclenabi l i  ty-promot ing  elements  such as n i c k e l ,  manganese chromium, and 

molybdenum have been examined, and those  developmental  s teels were a key- 

s t o n e  i n  OUT program plan.’ * 17-22 

i d e n t i f i e d ,  and t h e  DOE Surf ace Gasif  i c a t i o r i  Materials Program (SGMP) and 

t h e  Advanced Research and Technology Development (ARSITD) F o s s i l  Energy 

Materials Program supported t h e  procurement of small commerc.ia1 hea t s .  2 3 ,  2 4  

These h e a t s  were examined with respect to  f a b r i c a b i l i t y ,  w e l d a b i l i t y ,  and 

response  t o  tempering e lo  2 24-26 

promising t o  encourage t h e  Nippou Kokan S t e e l  Company t o  produce a l a r g e  

commercial heat.27 

l a b o r a t o r i e s  and ARSlTlO subcon t rac to r s  f o r  fu r t -he r  eva lua t ion .  Many of 

t h e s e  e v a l u a t i o n s  are i n  p rogres s ,  and t he  r e s u l t s  and conclus ions  are 

t e n t a t i v e .  However, this r e p o r t  will summarize some of t h e  r e s u l t a  of 

t h i s  r e sea rch  when p e r t i n e n t  to t h e  i s s u e s  being d i s c u s s e d o  

The most promising composi t ions were 

Pre l imina ry  r e s u l t s  were s u f f i c i e n t l y  

P o r t i o n s  o f  t h e  heats were provided t o  i n d u s t r i a l  

MATERIAL AND PROCESSING 

The work r epor t ed  here  involved t h r e e  h e a t s  of 3 CrT.5 Mo steel  

that d i f f e r e d  i n  con ten t  of important  a l l o y i n g  elements such as carbon, 

vanadium, manganese, and n i c k e l .  Typica l  composi t ions are provided i n  

T a b l e  1. I n  each case t h e  commercial hea t  was produced after t h e  collec- 

c ion  and a n a l y s i s  of d a t a  0x1 small. l a b o r a t o r y  b e a t s .  Because those  d a t a  

are a l so  important  t o  t h e  unders tanding  of t h e  a l l o y s ,  t h e  chemical cam- 

p o s i t i o n s  and process ing  of t h e  l a b o r a t o r y  h e a t s  are desc r ibed  i n  t h i s  

s e c t i o n  I 
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3 Cr1.5 Modr STEEL 

The development of t he  3 Cr-1.5 Mo s t e e l s  w a s  s t a r t e d  i n  the late 

1970s by Wada and co-workers.18 

and four  a i r -mel ted  l a b o r a t o r y  heats were produced i n  o rde r  to develop 

s p e c i f i c a t i o n s  f o r  t he  optiinum carbon,  manganese, s i l i c o u ,  n i c k e l ,  vana- 

dium, and n i t r o g e n  con ten t s .  19* 2o  

s u l f u r  c o n t e n t s  were a l s o  e s t a b l i s h e d .  The vacuum-melted h e a t s  were 25 kg 

each and t h e  a i r - m e l t e d  h e a t s  were 57 kg each. A l l  heats w e r e  aluminum 

k i l l e d .  The i n g o t s  were forged t o  50-nun-thick b i l l e t s  and hot r o l l e d  t o  

16-mm p l a t e s  for subsequent  examination. The composi t ions f o r  Lhe m a t e r i a l s  

s t u d i e d  a t  AMAX Research Laboratory are provided i n  Table L e  T h e y  ranged 

from 0.068 t o  0.12% C, 0.56 to 1.48% Mil, 0 t o  O.4sdX N i ,  and 0.05 t o  0.15% V I  
A t y p i c a l  g r a i n  s i z e  is repor t ed  t o  be ASTM No. 7. Some of t h i s  material 

( h e a t  P2904) w a s  provided t o  t h e  Un ive r s i ty  of Tennessee f o r  s t u d i e s  of 

Over the  yea r s ,  a t  least 18 vacuum-melted 

The maximum a l lowable  phosphorus arid 

w e l d a b i l i t y  . 
The s e l e c t i o n  of the aim chemical composi t ion for the commercial heat 

of 3 C r l . 5  M O T  steel w a s  based on t h e  e v a l u a t i o n  of the performance of 

t h e  l a b o r a t o r y  hea t s .  Carpenter  Tec.hnology, Inc., melted t h e  hea t  in  a 

scrap-charged electric furnace .  The heat (Cartech hea t  40580) w a s  argon- 

oxygen decarbur ized  (AOD) and bottom poured i n t o  two molds 145 by 35 cm i n  

c r o s s  s e c t i o n .  The i n g o t s  were shipped t o  Lukens Steel Company for  f u r t h e r  

p rocess ing ,  where they  were renumbered as hea t  A9349 ( r e f s .  2 3 ,  2 4 ) .  These 

ingots  were condi t ioned ,  heated,  and r o l l e d  to 100-mm (4-in.)  p l a t e  by 

s t anda rd  p l a t e  r o l l i n g  practice, The f i n a l  p l a t e  dimension was 10 by 170 

by 340 cm before  p a t t e r n  c u t t i n g .  F igure  2 shows a t y p i c a l  p l a t e  being 

processed  by Lukens S t e e l .  Two l o t s  were produced from the  p l a t e .  L o t  1 

was a u s t e n i t i z e d  atz 955OC f o r  2 h, a i r  cooled,  and tempered a t  566°C f o r  

2 h. This  material w a s  i d e n t i f i e d  as hea t  A9349 (NT). Lot 2 was aus t en i -  

t i z e d  a t  955°C f o r  2 hr, water quenched, and tempered a t  566°C f o r  2 h. 

T h i s  material was i d e n t i f i e d  as hea t  A9349 (QT). The NT material had a 

g r a i n  s i z e  near  ASTM No. 5 and t h e  QT material near ASTM N o .  8 ,  as shown 

i n  Fig. 3 .  
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F i g .  2.  ( a )  Heat, treating f a c i l i t y  used by Llikens Sseel Company f o r  
100-ma p l a t e  of 3 Cr--1.5 Mo s t ee l .  ( b )  hKK heat of 3 C r 1 . . 5  Mo steel. 
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Y-19584 



Material from t h i s  hea t  was shipped t o  the Wesringhousc E l e c t r i c  

Corpora t ion  Research and Development Center  (hC3C) t h e  Un ive r s i ty  o f  

Tennessee,  Combustion Engineer ing,  Inc.  (CE) , Chicago Bridge and I r o n  

( C X X ) ,  Corneal Univers i t y ,  and AMAX f o r  a d d i t i s n a l .  i n v e s t i g a t i o n s  .) 

3 C r 1 . 5  MoWi STEEL, 

The 0 C r 1 . 5  M o T i  s teel  w a s  select.ed from a group of exper imenta l  

a l l o y s  under i n v e s t i g a t i o n  by Todd and co-workers a t  the U n i v e r s i t y  of 

C a l i f o r n i a  €or  tile ,4R&TD The l a b o r a t o r y  h e a t s  of t h e  steels 

w e r e  produced by AKLY us ing  vacuum induc t ion  me l t l ag  and c a s t i n g  under 

argon.  ]Procedures were i d e n t i c a l  t o  those fo1.1.owed f o r  t h e  3 C r 1 . 5  Mo-v 

steels.20 The 55-kg ingot  was 

u p s e t  forged  and rolled t o  produce a 30-mm-thick p l a t e  t h a t  w a s  a u s t e n i -  

t i z e d  at: 980°C for  1 h. Both o i l  quenching a d  slow coo l ing  were used ta  

examine h a r d e n a b i l i t y .  'She g ra in  s i z e  of the exper imenta l  heat was est i -  

mated as A!!TM No, 5 .  

See Table 1. f o r  t he  chemical coinpositton. 

A 30-kg laboratory heat of 3 C r l . 5  Mo-i s t e e l  was produced by 

Pickering a t  t h e  Conbust i .nr~ Engineer ing 

This  hea t  was e l e c t r o s l a g  remelted t o  a l25-mna-diarn i n g o t ,  hammer forged ,  

and r o l l e d  t o  a p l a t e  62 by 75 mi i n  cross s e c t i o n .  A f t e r  producLion, the 

p l a t e  was provided t o  t h e  Un ive r s i ty  of C a l i f o r n i a  f o r  further process ing  

and examinat ion.  Chemical .  composi t ion i s  provided i n  Table 1. 

Lnc., M e t a l l u r g i c a l  Laboratory.  2 8  

The commercial heal: of 3 CrI.5 MoTi  steel was ~ w l t e d  by she 

Elec t ra l . loy  Corporar iou and i d e n t i f i e d  as heat 15105. The ingots  were 

sh ipped  t o  Lukerrs S t e e l  Company f o r  r o l l i n g  and t h e  hea t  was renumbered 

as A9749. F a b r i c a t i o n  procedures were i d e n t i c a l  t o  thasc desc r ibed  for 

heaC A9349, exceptr. t h a t  two p l a t e  t h i cknesses  (25  and 108 m) were 

yroduceci.26 

air c-ooled, and tempered a t  607°C f o r  4 k. The 2.5-mm-thick p l a t e  w a s  

a u s t e n i t i z e d  a t  955°C f o r  1 h, a i r  cooled ,  and tempered  at 607'C for  1 h. 

The gra in  s i z e  o f  t he  100-rm-thtck p l a t e  w a s  neixr ASTM N o .  6 ,  as shown i n  

F i g .  4. Material from t h i s  heat w a s  shipped t o  the Unive r s i ty  of 

C a l i f o r n i a ,  the ANAX Corporacion Researcki Labora tory ,  the Westinghouse 

Elec t r ic  Corpora t ion  R&D Cencer, and t h e  Un ive r s i ty  of Tennessee 

TIE LOQ-mm-thick plate was a u s t e n i t i z e d  a t  95 .5"~  fo r  4 h, 
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F i g ,  4 ,  M i c r o s t r u c t u r e  of 3 C r l . - . S  Mo-h'i steel. (hea t  A97491 after 
tempering a t  690°6 f o r  16 h e  

The hKK h e a t  of 3 Grl,5 Mo steel was produced as a r e s u l t  of techni- 

ca l  i n t e r a c t i o n s  between AMAX and the Nippon Kokan Company of Kawasaki, 

Japan.27 

composit.i.ans designed by AM&Y, the U n i v e r s i t y  of California, and the 

r e s e a r c h e r s  at NKK. The 4Q-ton k a t  w a s  produced by t h e  LD converter 

vacui1111 arc degassing process, molded as a ur i id i rec t ior ia l  solidified ingotl 

and r o l l e d  to a p l a t e  thiekiress  of 250 mu" I.t was a u s t e n i t i z e d  al: 350°C 

f o r  3 h, rol ler  quenched, and tempered at  690°C f o r  2 11. (See Figo 5 for 

a typical !iii c r o s t r u c t u r e .  1 The material was provided to b r s ~ h  AIvllix and 

OKRL f o r  examination. The wc:hds proauced i n  the material were supp l i ed  t o  

t h e  U n i v e r s i t y  of Tennessee f o r  eva lua t ion ,  

The steel r e p r e s e n t s  a cowbina t ion  of t h e  b e s t  f e a t u r e s  of t h e  
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F i g .  5. Mic ros t ruc tu re  of 3 C r 1 . S  Molr s tee l  (hea t  N K K j  , near 
quarter thickness of 250-nm p l a t e .  

i n  summary, sevcral  composi t ions 05 3 Crl.5 Mo steels  were produced, 

vary ing  i n  composi t ion of e lements  LEial. a f f e c t  h a r d e n a b i l i t y :  carbon, 

manganese I and n i c k e l .  The vanadium con ten t  was also v a r i e d  The mel t ing  

processes inc luded  i.nducCFon, e lec t r ic ,  e l e c t r o s l a g  and bas i c  oxygen, and 

s e v e r a l  r e f i n i n g  procedures  were included..  The heat s i z e s  ranged f rom 

25  kg t o  40 t ons .  No problems were encountered i n  meet ing  the d e s i r e d  

chemical  composi t ions o r  f a b r i c a t i o n  schedules .  

Wc7.dahility and weldment p r o p e r t i e s  are of major concent i a  the 

development of low-alloy s teels  con ta in ing  chromium ~ molybdenum , n i c k e l  

and vanadiurii, and a high p r i o r i t y  was p laced  on examining t h e  behaviora l  
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f e a t u r e s  of the 3 Cr-1.5 &lo steels.  However, t h e  de l ays  i n  t h e  a r r i v a l  of 

somc of t h e  steels inc luded  i n  t h e  SGPlP p r o j e c t  reduced the amount of work 

chatr w e  could complete on t h e s e  s u b j e c t s .  Because of schedul ing  probl.ems 

t h i s  f i n a l  r e p o r t  does not  i nc lude  a f u l l  d i s c u s s i o n  of a l l  of t h e  d a t a  on 

w e l d a b i l i t y  and weldrnents t h a t  w e  produced, but i t  does i d e n t i f y  t h e  impor- 

t a n t  i s s u e s  t h a t  need t o  be r e so lved  k f o r e  t h e  steels are commercialized. 

3 Cr1.5 i90-V STEEL 

Wada and co-workers examined t h e  p r o p e r t i e s  o f  t h e  heat-aff  e c t e d  

zone ( U Z )  i n  t he  developmental  3 C r ' 1 . 5  Mo steels a f t e r  welding by t h e  

s h i e l d e d  metal arc (SPIA) and submerged arc (SA) processes12' 

welds were produced i n  16-IMI p l a t e  with E9018-83 (2.25 Cr-1 Mo) e l e c t r o d e s  

i n  o r d e r  t r ~  examine t h e  co ld  c racking  s u s c e p t i b i l i t y .  The d e t a i l s  o€ t h e  

The SMh 

welding process  are provided i n  Table 2,  and t h e  welded p l a t e  c o n f i g u r a t i o n  

i s  i l l u s t r a t e d  i n  F ig .  6 .  The welds were approximately 200 m long,  

i n c l u d i n g  both t h e  anchor welds and t e s t  weld s e c t i o n .  Examiriation of  the 

t e s t  s e c t i o n  o f  t h e  Y-groove revea led  XLO cracking .  This  was i n t e r p r e t e d  

t o  i n d i c a t e  adequate  r e s i s t a n c e  t o  co ld  c racking .  

tLM a l s o  welded t h e  commercial hea t  ( A 9 3 4 9 )  by the  SMA process  i n  

o r d e r  t o  examine the cold  c racking  s u s c e p t i b i l i t y .  The e v a l u a t i o n  involved 

t h e  Lehigh s e l f - r e s t r a i n z  test with the  weld c o n f i g u r a t i o n  sketched i n  

F i g .  7.. I n  t h i s  case, t h e  p la te  was 28.6 m t h i c k ,  produced by rolling 

down t h e  100-mm-thick p l a t e .  The weld was 12.7 mm long and was produced 

by t h e  SMA process  using E9018-B3 e l e c t r o d e s .  The welding procedure was 

s l i g h t l y  d i f f e r e n t  from t h a t  used on t h e  developmental  a l l a y s ,  as indi -  

c a t e d  i n  Table  2 ,  but t h e  resultrs were e s s e n t i a l l y  t h e  same and i n d i c a t e d  

no tendency f o r  co ld  c racking  i n  c h i s  s teel .  

The weld w i r e  used by Wads and Cox f o r  the SA welds on l a b o r a t o r y  

hea t s  was 2.25 C r l  Mo steel .  

examine t h e  tendency f o r  stress r e l i e f  (SR) c racking  i n  t h e  U Z  as a r e s u l t  

of embr i t t l ement  due to  exposure to a weld thermal cyc le ,  welding wi th  

3 C r l . 5  Mo steel  wire w a s  riot necessary ,  The  weldment t h a t  w a s  produced 

Because the purpose of the welding was t o  

...... 
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TEST WELD 
ROLLING OlRECTlON 

150 rnm 
(6 in.) 

r “ O I 7  SECTION A-A’ 

/ /  

r/x/ *Inrn 
10.08 in.) 

P i g .  6 .  Assembly f o r  t h e  
Y-groove weld c rack ing  test 
( s h i e l d e d  metal arc weld). Source: 
T. Wada and T. B. Cox, ”A New 3 C r  
1.5 140 Steel for Pressu re  Vessel 
App l i ca t ions ,  ” pp. 77-97 i n  Resarch  
on Chrome-Moly S t e e l s ,  MPC 2 1  
American Soc ie ty  of Mechanical 
Engineers ,  New York, 1984. 

IBOmm 
(6111.) 

Fig .  7. Lehigh self-  
r e s t r a i n t  c racking  test specimen 
( s h i e l d e d  m e t a l  arc weld) 
Source: T .  Wada and T. B. Cox, 
“A New 3 Cr1.5 MO bteel f o r  
P r e s s u r e  Vessel Appl ica t ions ,  ‘‘ 
pp. 77-97 i n  Research (on Chrome- 
Moly S t e e l s ,  MI?C 21,  American 
Soc ie ty  of Mechanical Engineers ,  
New York, 1984. 

i 
_1 

eOOmm (81n.l-- 

SECTION A-A’ 



16 

i s  sketched in Fig .  8, and the  d e t a i l s  of the ~ e l d i ~ g  procedure are provided 

i n  Table  3. Here t h e  weld, approximately 400 m long ,  w a s  p laced i n  a 116-mm 

p l a t e ,  P e n e t r a t i o n  w a s  on ly  enough to  fuse iwplarr t  specimens to  t h e  waLd 

bead. The implant  specimens were removed, heated t u  62Q°C, and c r e e p  t e s t e d  

t o  f a i l u r e  to  examine the f a i l u r e  mode and d u c t i l i t y .  No b r i t t l e  creep 

f a i l u r e s  were observed i n  the M Z ,  l e a d i n g  the r e s e a r c h e r s  t o  conclude 

t h a t  the 3 C r l . 5  M O T  s tee l  was h igh ly  resistant t o  SK c rack ing .  

AMAX produced 70 kg of SA weld w i f e  for use  i n  t h e  examination of the 

webdability and weldment p r o p e r t i e s  of 3 C1-1.5 M O T  The spec i -  

f i e d  weld metal composition w a s  a r e s u l t  of t e c h n i c a l  d i s c u s s i o n s  between 

AMAX persoinnel, ORNL, and 2 c o n s u l t a n t ,  R. D. Thomas, and r e q u i r e d  a 

reduced l e v e l  of carbon and vanadium i n  order  t o  avoid c rack ing  problems 

d u r i n g  welding of lOO-nun p l a t e .  Both t h e  carbon and vanadium s p e c i f  ica- 

Lions  were reduced from 0.10% (50.02%) i n  the  b s c  metal t o  0.07% (‘0.02%) 

b-------- 460 m m  ( 18 in . )  4 
,r WELD METAL. 

E. PLATE 
IMPL 

S P E C 1  

SUBMERGED -ARC 

F i g .  8. Weldment w i t h  implant speciiuens f o r  t e s t i n g  s t r e s s - r e l i e f  
embrittlement of ehe hea t - a f f ec t ed  zone. Source: T .  Uada and T. B. Cox, 
“PA New 3 C1.1.5 Mo Steel € o r  Pressure  Vessel A p p l i c a t i o n s , “  pp. 77-93 i n  
Research mi Chrome-Moly S t e e l s ,  MTC 21,  American Soc ie ty  of Mechanical 
Engineers ,  New York, 1984. 



Tab le  3 .  Summary of submerged metal arc welds in 3 Cf1.5 Mo steels 

Mat e r i a  1 Type 
j o i n t  Wire 

Heat 
i n p u t  Passes Reference Preheat C u r r e n t  Voltage S p e e d  

< kJ f ( "C)  ( A )  ( V )  ( c m h i n )  Flux 

3 C r 1 . 5  M o ~ '  Inp lan t  2 1 / 4  C r  46U-500 30 dc 46 1 9  1 .uLiu. 
12-nun p l a t e  bars 1 Ho e+ 

3 C r 1 . 5  t10-V U-groove h t  6673 Thyssen 151P-205 47 5 30 dc 4(! 2: 7 9  AMAX 
100-m plate iiV420TTR e+ 

Oerlikon 175-260 400-450 31 ac 35 22 I16 O W L  3 Cr-1.5 MOT V-groove ht 6672 
100-ma plate 0P-76 sq wave 

3 0-1.5 H O T  V-groove hc  USW22414 Oerl ikon  
100-mm plate JF'L 342 OP-76 sq wave 

204 400 32 ac 25 30-5  88 OKNL 

3 6 ~ 1 . 5  blo-Ni V-groove h t  A9749 Oe r 1 i kon 260 400 35 ac 25 3 3 . 6  75 OKNL 
100-rn p l a t e  JPK 343 9P-76 sq wave 

JFK 344 

3 Cr1.5 S o 7  V-groove hw-CM3V B3Cd 20: 540 35 dc 
io~1-1318 p l a t e  .IFK 345 e+ 30 as 42 ORNL 
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i n  t h e  SA we1.d wire. Three heats of 3.2-1i~)t-diain w e l d  wire were produced, 

a l l  w i t h i n  the  requi red  chemical composition. Chemical  coinpositii.)n d a t a  

are presen ted  i n  Table  1. 

Submerged arc wcl .ds  were produced i n  t h e  100-mia p l a t e  a f t e r  temper'ing 

a t  5 6 5 ' ~  fo r  2 h. 

SA welding system a6 AMAX i s  shown i a  P i g .  9 ,  whd.ch shows a p l a t e  915 m 

l o n g  by 457 a?m wLde in p o s i t i o n  f o r  wel.ding. The raehd p r e p a r a t i o n  contour  

w a s  a s i n g l e  IJ-groove, 35 mm wide at t he  crownL. The p l a t e  w a s  Cu1.l.y 

res t ra ined and preheated i n  the range f rom 175 t o  205°C dur ing  we ld ing .  

The weld pas:: sequence is diagrammed i n  F i g .  10, which a l s o  shows t h e  

macroetched c r o s s  section. More d e t a i l s  of the  welding procedure are pru- 

vided i n  Table 3 and t h e  chemical composition of the  weld d e p o s i t  i s  pro- 

vided i n  T a b l e  1.. I n s p e c t i o n  of the veldrnene r evea led  no p l a t e  d i s t o r t i o n  

nor  any evidence of co ld  cracking.  A f t e r  s e c t i o n i n g  i n t o  two pieces,  t.he 

weldnent w a s  stress rel.i.eved a t  635°C for  4 h. One half  was retalned by 

AMAX f o r  t e s t i n g ,  and t h e  other  ha l f  was s h i p p e d  t o  ORNL f o r  e v a l u a t i o n .  

Similar procedures  were used by W ~ X  and 0 ~ ~ ~ 2 ~ ~ 2 9   he 

Three SA welds were produced a t  ORNL, each about 500 mm long. The 

f i r s t  weld, J P K  ,328, was i n  t h e  1 0 0 ~  p h L e  that w a s  i n  t h e  NT c o n d i t i o n  

( 5 6 5 O C  f o r  2 h ) .  T h i s  material was i d e n t i c a l  t o  t h a t  used by AMAX. The 

weld j o i n t  w a s  a s i n g l e  V - ~ ~ Q O V ~  w i t l a  a 20" included a n g l e  and a 10-m 

r o o t  gap. The plate w a s  f u l l y  restraiiletl and p rehea ted  i n  t h e  range €cum 

177 t o  260°C. The weld was wider than that produced by NUX and r equ i r ed  

114 passes. The d e t a i l s  o f  the  welding procedure and t h e  chemical com- 

p o s i t i o n  of t he  d e p o s i t  are provided i n  'Tables 3 and 1, r e s p e c t i v e l y .  The 

plat:e w a s  s tress r e l i e v e d  at. 621°C fo r  2.5 h a f te r  welding. Inspection of 

t h e  p l a t e  a f t e r  welding r evea led  a s m a l l  c r ack  i n  t h e  c e n t c r h i n e  of t h e  

root  pass  t h a t  appeared t o  bc. related t o  incsmplete  p e n e t r a t i o n  i n t o  trtie 

backing p l a t e  a t  the  s tar t  of t h e  we1.d. No o the r  cracks were found. The 

p lace  w a s  stress r e l i e v e d  at 421°C f o r  2 - 5  h, s e c t i o n e d ,  and eva lua ted  a t  

OIpNL and the University of Tennessee 

The secand QRNL weld ,  JE'K 329, was produced i n  the QT p l a t e  tempered 

a t  565°C f o r  2 in. The welding procedure was e s s e n t i a l l y  t h e  same i w  tha t  

used far JFK 325. A sound weld w a s  produeed t h a t  was stress r e l i e v e d  a t  
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F i g .  9. The 100-mm p l a t e  of 3 C r 1 . 5  E1o-V steel ready for weld ing  by 
clie submerged arc process.  Source: D. P. Edrnonds et a l . ,  E?>aLuution of’ 
3 C r L . 5  Mo---O*l Y S t w l  us a G a s i f i e r  Pressure Vessel A l l o y ,  ORNL-6106, 
January  1985. 
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..... 

F i g .  10. Section of t h e  submerged arc weld j o i n t  in the 100-am~ p l a t e  
of 3 Cr-1.5 PioT steel. Source: D. P. Edmonds et ale, Evaluat ion oJ 
3 Cr 1.5 Mo-0.1 V SLeel ii.s a Gasi;f'ier Pivssure Vesse l  Alloy, OWL-6106, 
.January 1985. 



621"C, sec t ioned ,  and d i s t r i b u t e d  f o r  mechanical p r o p e r t i e s  s t u d i e s  e 

Chemical composi t ions and welding procedures  are provided i n  l'a b l e s  1 

and 3. 

'IChe t h i r d  SA weld made a t  O W L  w a s  i n  a 100-mn p l a t e  of the  QT 

na te r ia l ,  but with weld wire produced by U.S. Welding (hea t  21414) wi th  

h ighe r  carbon and vanadium con ten t .  The carbon and vanadiuni were 

inc reased  when it became clear the SA weld material d id  not  possess the  

d e s i r e d  strength and that higher Levels could be t o l e r a t e d  without  

c rack ing  problems. The i n i t i a l  a t tempt  a t  producing the weldment r e s u l t e d  

i n  c racking  a f t e r  12 passes. No cause  w a s  i d e n t i f i e d .  The p l a t e s  were 

remachined w i t h  a 15"  inc luded  ang le  V-groove and a 16-mm root  opening. 

A s u c c e s s f u l  weld was made w i t h  a prehea t  of 204'C, a maxiiuum t n t e r p a s s  

temperature  of 26OoC, and 88 passes. No cracking  was  observed. Af t e r  

i n s p e c t i o n ,  t he  weld w a s  stress r e l i e v e d  at 621°C for 2.5 h. Nore d e t a i l s  

of t h e  welding w i r e  composi t ion and welding procedures  are provided i n  

T a b l e s  1 and 3. A photograph of t h e  weld, .JPK 342,  is  provided i n  

P i g .  11. The weldment was used f o r  a d d i t i o n a l  mechanical p r o p e r t i e s  

t e s t i n g  a t  ORNL. 

As mentioned above, t he  SEW welding s t u d i e s  a t  AMax were performed 

w i t h  2.25 C r l  Mo s teel  e l e c t r o d e s ,  and they demonstrated t h e  ease  of 

welding t h e  developmental  a l l o y .  The 3 Cr-1.5 140 steel e l e c t r o d e s  f o r  SHA 

welding were produced by Pickering a t  Combustion Engineer ing,  Lnc. ~ under 

s u b c o n t r a c t  t o  the  &&TIP program. 2 8  T h i s  i a c t i v i t y  involved the Fnvcst iga-  

trion of t h e  e f f e c c  of i n c r e a s i n g  weld metal carbon and vanadium con ten t  

on the w c l d a b i l i t y  and weldment mechanical p r o p e r t i e s .  Three l e v e l s  of 

casbon and vanadium were examined: nominally 0.10, 0.07, and 0.05%. 

Actua l  composi t ions are provided i n  T a b l e  1. But t  welds were made i n  

25-nrm p l a t e s  sawed from the  100-am place of hea t  A9349 (NT),  and welding 

was performed wi th  the  s e t u p  and c o n d i t i o n s  i d e n t i f i e d  i n  F ig .  12. No 

d i . f f i c u l t i e s  were encountered i n  producing any of the  welds, No co ld  

c rack ing  w a s  observed nor was there any evidence of microcracking or 

s t r e s s  r e l i e f  c racking  dur ing  subsequent  PWHT. The t e n s i l e  and Impact 

p r o p e r t i e s  cf the three weld composi t ions were determined by CE. Also, 

2% kg of e l e c t r o d e s  from hea t  31-10552 were provided t o  OKNI, f o r  a d d i t i o n a l  

.... . . . . .. . . .. . ... ... I. .. . . ............. ...... _. . . . . . . . . . . . ~ ~ .  . . . . . . , . . . . . . . . . , . . . . . . 
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Y-202166 

F i g .  11. Cross-sec t ion  microstruct i . i re  of submerged arc w e l d  JPK 342 
(heat A9349 QT]. 

e v a l u a t i o n .  T h i s  mater ia l  conta ined  0.09% carbon and 0.097% vanadium. 

Subsequent S iA welds were made at  CIWL and the Universit-y of Tennessee,  

and no weld ing  problems were encountered. 

bn a d d i t i o n  t o  t h e  SA and SMA welds,  autogenous gas tungs ten-arc  

(GTA) we lds  were made a& the Unive r s i ty  of Tennessee i n  both thc 

l a b o r a t o r y  heat (Y29043 and rhe columercial heat (A93433  of 3 C~-l.*5 Moll 

s tee l .  They were made t o  examine the s u s c e p t i b i l i t y  of weldments t o  cold 

c rack ing  by means of the TJniversity of Tennessee-wodif i e d  hydrogen 

s e n s i t i v i t y  test.30 Here G'CA welds were produced i n  small s a m p l e s  

a cco rd ing  t o  the condi t ions  identified i n  Fig.  13. Various l e v e l s  of 

p rehea t ing  were examined, and 5% hydrogen was added t o  t h e  argon s h i e l d i n g  
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O R N L - D W G  85-14741 

WELD PLATE CONDITIONS 

W E L D I N G  POSITION FLAT 

POWER SOURCE DC, e+ 

A M P E R A G E  180 
V O L T A G E  24 
PREHEAT 165°C (325°F) 

I NTE RPASS 165-190°C (325-375°F) 

AUTOGENOUS GTAWELL', - SPEC, M E N - 1 9 8  in x 
5/8 in X 118 in. 

R.D.------+ 

CURRENT 80 - 100 amps 
VO LTAG E 
FRAVEL SPEED 5 ipni 
SHIELDINS GAS 

ELECTRODE 2% THORIATED 

10 v 

5% H2 95% Ar, 
FLOW RATE 30 CFH 

TUNGSTEN 1/16 in. diam 

UT-MODI F 1 ED 
HYDROGEN SUSCEPTIBILITY TEST 

SPECIMEN 

URNL-DWG 85 14740 

/I SPECIMEN 

SCHEMATIC DIAGRAM OF 
APPARATUS USED TO 
STRAIN SPECIMEN* 

"AFTER SAVAGE et.  at. 

F i g .  13. Autogenous GTA welds in 3 Cr1.5 blo steel. 
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gas i o  sa tu ra te  the  f u s i o n  zone w i t l i  hyciiogen.31 

t h e  s p c c i m m s  f o r  hydrogen ass is ted c r a c k i n g  ~evealed t l ia t  both heats 

perfa imed well, rc b a t i v e  to sthcr pressiir-e vpsscl s tee ls ,  provided Lhat 

the preheat was i n  t h e  range speci ficd t o r  welding low-slloy s tee ls ,  

Subseqtirnt t e s t i n g  of 

F i n a l l y ,  undez work supported by the DOE Hasic Energy S c i e n x s  

program, rleccron beam welds were produred i n  a 108-m plate  of heat A9349 

(QT) . 3 2  (See F i g .  14 .) No d i f f i c u l t i e s  were encoiinteced i n  producing 

sound welds tha t  w c e  suhsequenL'Ey evaluated f o r  strength arid toughness.  

The sLrengtli of the weld meral was found to exceed t h a t  of the bas? metal, 

and Lhe Charpy i inyact  pKOpc?rtif?S w e r e  near ly  i d e n t i c a l  t n  t h e  base mctal  

p r o p c r t i c s  after a PIJHT of 598°C f o i  5 h. 

F i g .  14 Cross-saction m i c r o s t r u c t u r e  o f  e lec t ron  b-c_an veld  i n  hm-e 
Aa3it-9 OT. 

O n  the basis of the  experience ~ L t h  3 CL 1.5 Mo-V s t e e l ,  SA w l d i n c  

u i r c  l o r  t he  3 (2-1.5 Mo-i s t e p 1  w 8 s  p ~ ( ~ d w c d  ~ ~ ~ i t l i  a c o m p o s i t i o n  i d e n t i c a l  

eo t l r a t  o f  the base iilctal. This was done by c u t t i n g  bars of square cross 
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s e c t i o n  from the  25-li4iil p l a t e  of k a t  A9749 and r o l l i n g  thew t o  a s i z e  con- 

v e n i e n t  for wire product ion,  Approximately 90 kg of w i r e  w a s  produced ky 

CE and suppl . ied t o  OKNL. A weld was produced i n  the  300-m p l a t e  and 

terapered a t  704'C f o r  4 h, fo l lowing  procedures i d e n t i c a l  to those used 

previouely  f o r  t he  3 Cr1.5 Mo-V steel. A cross s e c t i o n  of t he  170-mm- 

loaf: weldraent is shown i n  Fig. 15, arid the chemical composition of the  

d e p o s i t  is provided i n  %abLe k .  Deeailed wed-diog procedures are presented 

i n * T a b l e  3 .  The weld was i n s p e c t e  found to  be sound, and stress re l i eved  

a t  621°C for 2.5 h before sec t ion ing  and f u r t h e r  eva lua t ion .  Addi t iona l  

testing was performed a t  OWL,  t h e  Univers i ty  of C a l i f o r n i a ,  the Univers i ty  

of Tennessee, and the Westinghouse Electric Corporat ion R&D Cen te r  

UP-86 

Fig. 15. Cross section of submerged arc ve ld  i n  3 C r 1 . 5  PloWi weld 
JFK 343 .  

Autogenous GTA welds were produced i n  a 25-mm plate of 3 Cr-1.5 MoTi 

s tee l  a t  the  UniversLty of Tennessee i n  order  t o  examine the  cold cracking 

s u s c e p t i b i l i t y .  Procedures were i d e n t i c a l  to those reported earlier f o r  

t h e  3 C r I . 5  M O T  s teel .  Lt was found t h a t  this s t ee l  was h ighly  r e s i s t a n t  

t o  hydrogen-induced cracking and could be welded i n  t h e  presence of hydro- 

gen with very low preheat .  



Submerged arc welds were produced i.n t h e  3 C r 1 . 5  M O T  s teel  w i t h  

3 Cr-1 Mo-37 s teel  w i r e  and flux s u p p l i e d  by Japan SLceel blorks. A sub- 

merged arc ueldment w a s  nade i n  100-mm-thick p l a t e  of t h e  3 Cr-1.5 M c r  

0.1 V s tee l  w i t h  f i l l e r  metal having a composition of 3 Cr--l PIo-tl.27 si- 

0.1 T i .  T h e  f i l l e r  w i r e  has a t r a d e  d e s i g n a t i o n  oE Id-CM3V, and t:he f l u x  

i s  desigi ia ted as B-3CM. The f u l l y  r e s t r a i n e d  we.1.d p l a t e s  were preheated 

t o  204°C &!fore welding. Welding was i n i t i a t e d  w i ~ h  a l t e r n a t i n g  c u r r e n t ,  

but  d i f f i c u l t i e s  were encountered w i t h  arc s t a b i l i t y  and weld bead con- 

f i g u r a t i o n .  The process  w a s  changed t o  welding w i t h  d i r e c t  c u r r e n t ,  whlch 

eliminat:ed t h e  s t a b i l i t y  and c o n f i g u r a t i o n  p r o b h n s  e 

I n  summary, welds were produced i n  t h r e e  commercial heats and several 

l a b o r a t o r y  heats of  3 Cr1.5 Mo steels by us ing  SMA, SA, GTA, and EB 

methods. No s i g n i f i c a n t  problems were encountered when c a r e f u l  hit s tan-  

d a r d  welding procedures  were fol lowed.  A d d i t i o n a l  work is  needed tn 

demonst ra te  t h a t  heavy-gage p l a t e s  and f o r g i n g s  can be welded, and o t h e r  

p r a c t i c e s  such as gas metal-are (GMA) and electroslag (ES) welding should 

be i n v e s t  iggated 

I n  t h e  asacssrnent r e p o r t  i t  was concluded lhat  t h e  3 Cr1.5 Mo steels 

o f f e r e d  a disLinct.  advantage over 2 . 2 5  Cr-1 No s tee l  i n  regard to  th ick-  

section h a r d e n a b i l i t y  and subsequent  tempering rcsponse.  'This p o i i l t  was 

f u r t h e r  d i s c u s s e d  i n  a r e c e n t  repsrt  on t h e  metal_logrdphic examinat ion of 

t h e  3 CP--1.5 Mo alloys.26 

stnod by superimposing t h e  c o o l i n g  t r e n d s  i n  hcnvy-gage p l a t e s  QII t h e  

cont inuous  c o o l i n g  t r a n s f o r m a t i o n  (CCT) diagram. I n  Fig.  1G the average  

c o o l i n g  rates from t h e  a u s t e n i t l z i n g  tempera ture  are s'nown f o r  p l a t e s  of 

d i f f e r e n t  thicknesses.33 Three cxmlirrg methods are inc luded ,  l a b e l e d  a i r  

c o a l e d ,  fan cooled, and water quenched. A f o u r t h  curve provides  an i n d i -  

c a t i o n  of t he  v a r i a t i o n  i n  the c o o l i n g  ra te  between the q u a r t e r  Lhiekraess 

The need f o r  good h a r d e n a b i l i t y  may be under- 
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Pig. 16. Average cooling rates between the nustenitizing temperature 
and 45Q"C for various cooling naethods. Sol~rce: Y. Murakami, T. Nomura, 
and J. Watanahe, "Heavy-Section 2.25 CI-1 Mo Steel f o r  Hydrogenation 
Reactors," pp. 383-413 i n  Applicatrion c)J' 2.25 C r l  MO S t g e t  for  Thick-Mal2 
PPessure V'essels, ed. G. S. Sangdahl and M. Semchyshen, STP 755, American 
Society for Testing and Materials, Philadelphia, 1982. 

( T / 4 )  and the half thickness ( T / 2 )  f o r  water quenching. The. air-cooled 

1OQ-mm p l a t e s  of heats A9349 (NT) and A9749, for example, were subjected 

to a cooling rate of 7*C/min, whlle the water-quenched l O O l n t n  plate of 

heat A9349 (QT) cooled at a rate of 10QoC/min at T / 4 .  When these curves 
are superimposed on the CCT diagrams shown in Fig. 17, the rnicroconstitu- 

ents produced on cooling may be estimated. In the case of 2.25 C r l  Ma 

s t ee l ,  a l l  these cool ing curves would pass through regions of the CCT 

diagram that indicate transformation to proeutectoid ferrite and pearlite 

followed by transformation of the remaining austenite to bainite at tem- 

peratures starting in the  450 to 5 5 O O C  range.34 

constituents depend on cool ing rate f o r  a given coraposition and grain 

The percentages of Chese 
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s i z e .  Broeutectoid f e r r i t e  increases  with decreasLng cool ing rates. When 

present i n  l a r g e  percentages f e r r i t e  produces low t e n s i l e  s t r e n g t h  and 

pour  toughness, which are undes i rab le  p rope r t i e s  f o r  heavy-wall vessels e 

kiaini te  is  p re fe r r ed  because of i t s  e x c e l l e n t  s t r e n g t h  and toughness a f t e r  

tempering. Although not  shown i n  the CCT diagram, t h e  b a i n i t e  changes i n  

c h a r a c t e r ,  depending on the  temyerature a t  which i t  i s  formed. The granu- 

l a r  and d i s loca ted  l a t h  forms are discussed i n  seine detail by Parker  and 

co-workers, by Ki tch ie  and co-workers, Richey, and by Klueh and Nasreldin 

i n  t h e i r  i n v e s t i g a t i o n s  of micros t ruc tures  i n  3 CMO steels.*1,22 , 3 1 , 3 5  

BASE METAL ICAIU)ENILBILITP 

The CCT diagram deteriuined by AMAX on a developmeiital heat  of 3 C r  

1.5 F1o-V s teel  (hea t  P 2 0 7 4 )  conta in ing  1.4% Fki is shown in Fig .  L7(b).’* 

Here I t  may be seen t h a t  fo r  a f ine-grained material (ASTM No. 71, i n  

which f e r r i t e  formation would most l i k e l y  occur the material transkcprms 

to the desired b a i n i t i c  microcons t i tuent  a t  cool ing rates as  OW as 2.4OC/ 

min, This  e x c e l l e n t  ha rdenab i l i t y  would aliow heavy-section p l a t e s  to te 

produced w l t h  f u l l y  b a i n i t i c  micros t ruc tures .  

The commercial heat of 3 C r 1 . 5  P”i0ll steel a l s o  tud iea ted  good har- 

denability on the basis  ol t h e  Jominy bar but the CCT determined 

by AMAX 011 this heat  [F ig .  1 7 ( c ) ]  i nd ica t ed  that some proeutec to id  f e r r i t e  

could be produced f o r  cool ing rates approach ing  12OC/rnin, i n  spite of the 

coa r se r  g r a i n  s i z e  (ASTM No. 5). The CCT diagram i n  Fig,  P 7 ( 0 )  conta ins  

details regarding the  percentage f e r r i t e  wi th in  t h e  f e r r i t e  nose. Also 

martensite i s  shown t o  be produced for cool ing rates i n  excess of LOQ°C/ 

rnin. It: appears  t h a t  she s t ee l  i s  cmnpletely transformed by the t i m e  the  

temperature drops below 2 Q 0 ° C ,  and there is no evidence of r e t a ined  austen- 

i t e  II Commercial heat  AS1349 produced lower diamond pyramid hardiiess (DPH) 

va lues  for t h e  same cool ing  rate than d id  l abora to ry  hea t  P2.074. 

DPH values  are c i rc led  i n  Fig. l 7 ( h )  and (c]. This difference i n  har- 

d e n a b i l i t y  and as-cooled hardness  is probably due t o  the  lower manganese 

cont.ent o f  t h e  commercial. hea t .  Refer r ing  back to  FEg. 1 6 ,  It may be seen 

These 
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t h a t ,  t o  a v a i d  t h e  nose of the ferrite t r a n s f o r m a t i o n  which o c c u r s  at 

12 'C/n* in  f o r  a g r a i n  s i z e  near A S ' E M  N o .  5 ,  it w i l l  be necessa ry  to  wa!:er 

quench p l a t e s  tPt4.cker than 200 m+ 

The CCT c u r v e  f o r  the 3 Ct-1.5 M0-i s teel  has not been deterain.ed. 

However, R i t c h i e  ea: al. examined t he  m i c ~ o ~ t r ~ . ~ c t u r e ~  i n  the l a b o r a t o r y  

heats af tes  o i l  quenching (1200°C/mLn) and slow cool.i.ng (8°C/min> e 2 2  

observed 100% b a i n i t e  by l i g h t  microscopy, g r a n u l a r  c h a r a c t e r  t o  the 

b a i n i t e  when viewed i n  Lhe scaiiiiing electron microscupe, and some r e t a i n e d  

austenite between the b a i n i t e  l a t h s  when examined by t r a n s m i s s i o n  e l e c t r o n  

microscopy. H igh- re so lu t ion  optical microscopy of h e a t  ,49749 air coo2ed 

a t  a rate of 7"C/ail.n a l s o  i n d i c a t e d  a f u l l y  k i n i t i c  m i c r o s t r i l c t u r e .  

They 

O p t i c a l  microscopy o f  t he  NICK heat of 3 Cr1.5 MQ-V s teel  r e v e a l e d  a 

f u l l y  b a i n i t i c  nt:i crostructure tlrraughout t i l e  250-ma thicknzs:;. T h i s  p l a t e  

w a s  roller quenched w i t h  c o o l i n g  rates exceeding 1 0 " C / e i i n ,  so a f u l l y  

b a i n i t i c  m i c r o s t r u c t u r e  would be expec ted  i f  the CCT diagram s h o w  i n  
F i g e  17(c) were r e p r e s e n t a t i v e  o f  t h e  s t e e l *  

TRANSFORMATIONS IN WELDING 

i3ecause of the h igh  c o o l i n g  rates associated with m>St  welding 

p r o c e s s e s ,  weld niet:al depos i t s  s\ioii ld develop m l c s o s t n x t u r e s  typical .  of 

r a p i d  c o o l i n g  frow the a u s t e n i t i z i a g  t empera tu re .  Far  this reason, 

h a r d e n a b i l i t y  is not of g r e a t  (mncern i n  welBd~)ieots and elernents added f o r  

h a r d e n a b i l i t y  i n  t h e  base meta l . .  are not  needed i n  the weld metal. There- 

f o r e ,  e i t h e r  2 .24  (2-1 Mo o r  3 C~-1.5 Mo steel c.ould he used t o  veld the 

3 C r 1 . 5  No s teels  for s e r v i c e  c o n d i t i o n s  where hydrogen a t t ack  i s  :lot a 

problem. The m i c r o s t r u c t u r e s  of the d e p o s i t e d  weld metals confirm t.he 

f u l l y  h i n i t i c  mic ros t ruc tu~re  i n  the 3 C r l . 5  M0-v s t ee l .  

The v e r y  r a p i d  thermal e x c u r s i o n  thsilugh t h e  ilri tical. t r a n s f o r m a t i o n  

teinperatures t ha t  oc.curs dur ing  welding can produce mic ros t r inc tu res  in t h e  

weldmenlis t h a t  R K ~  c o n s i d e r a b l y  d i f  Eerent from. those  o b s e r v e d  i n  heavy- 

s e c t i o n  p l a t e s ,  w h i c h  cannot be r a p i d l y  hea ted  arid coo1.ed. The den;ails of 

the t r a n s f o r l a a t i o n  kinetics oaE all. chree cornaterct La1 3 C r l .  5 Mo s t ee l s  are 

under i n v e s t i g a t i o n  a t  t h e  U n i v e r s i t y  of 'Cen~iesaer. and t h e  U n i v e r s i t y  o f  

Cali:for:nia.  2 2  , Gleeble thermoiuet:iianlcai s i i n u l a t o r s  are used lio simil.ate 
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welding thermal cyc les .  The d i l a tome te r  on t h e  Gleeble u n i t  allows t h e  

c r i t i c a l  t rans€ormation temperatures  to  be determined on heat ing  and 

cool ing .  Data produced i n  t h i s  way p e r m i t  t h e  cons t ruc t ion  of CGT 

diagrams tha t  apply t o  regions of t he  HAZ t h a t  pass through the  c r i t i c a l  

temperatures  and i n t o  the a u s t e n i t e  region. A t y p i c a l  set of curves pro- 

duced from Gleeble experiments on 3 C r 1 . 5  Moll i s  shown i n  Pig. 18, These 

show t he  temperature versus  log  t i m e  t rend  f o r  a series of welding heat 

i npu t  va lues  ranging from 7 t o  59 k J / c m .  Included i n  the  curyes are the  

temperatures  for t h e  b a i n i t e  s tar t ,  t he  b a i n i t e  f i n i s h ,  and t h e  r e s u l t i n g  

DPH hardness  values .  The high DPlI d a t a  are c o n s i s t e n t  wi th  the very h i g h  

cool ing  rates ind ica t ed  i n  Fig. 17(c). Simi lar  curves have been produced 

f o r  the  3 Cr1.5 Plo-Ni steel (hea t  A9749).  The mic ros t ruc tu res  produced 

by t he  rapid thermal t r a n s i e n t s  are under i n t e n s e  s tudy because they 

c o n t r o l  the  response t o  tempering of t he  HAZ. This  region is t he  weakest 

l i n k  i n  nea r ly  all low-alloy steels. Fur ther  work is needed Izo determine 

i f  the  Gleeble  s imula t tons  t r u l y  represent  t he  ru ic ros t ruc tures  i n  the  HAZ 

of the heavy-section weldrnents. Such work is  under way f o r  t he  t h r e e  
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F i g .  18. Continuous-cooling transf ormation diagram fo r  3 C r 1 .  5 M i r T I  
s t ee l  (hea t  A93491 obtained by Gleeble s imula t ion  of weld thermal cyc les .  
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commercial h e a t s  under t h e  sponsorsh ip  of t h e  AR6TD program. It should 

be recognized t h a t  t h e  h e a t  i n p u t  varies c o n s i d e r a b l y  from one welding 

p r o c e s s  t o  a n o t h e r ,  and that the  CCT diagrams produced by t i le Gleeble  

s i m u l a t i o n s  are h e l p f u l  i.n desermining t h e  mnixrrostructures and needed 

PWWT as a f u n c t i o n  of t h e  welding process .  

TEMPERING AND POSTWELD HEAT TREATNENT 

The purpose of t h e  tempering and PMHT is t o  temper t h e  hard bainitic 

or m a r t e n s i t i c  m i c r o s t r u c t u r e s  f o r  improved toughness and r e s i s t a n c e  t o  

hydrogen embri t t le iuent  and hydrogen a t t a c k ,  A l s o  t h e  r e s i d u a l  stresses 

produced i n  t h i c k - s e c t i o n  weldrnencs w i l l  3e r e l i e v e d  whi le  h e a t i n g  t u  t h e  

tempering c o n d i t i o n s  or dur ing  t h e  tempering process .  Much w a s  w r i t t e n  

about  t h e  tempering response  of t h e  3 C r 1 . 5  Mo s teels  i n  the assessment  

r e p o r t  and i n  subsequent   report^.^ , Z o  , 2 2 , 2 5  ,26 3 3 5  

t h i s  r e p o r t  t h e  mechanical p r o p e r t i e s  wlill be c o r r e l a t e d  w i t h  t h e  t e m -  

p e r i n g  c o n d i t i o n s .  

IU the next  s ec t ion  o€ 

The tempering s t u d i e s  on t h e  3 CrP.5 No steels were performled on both 

t h e  coiilmercial product  €orms and on s m a l l  specimens machined from t h e  

products .  In  t h e  c o n s t r u c l i o n  of Code-approved p r e s s u r e  v e s s e l s  i t  is 

a c c e p t e d  p r a c t i c e  t u  t a k e  s a m p l e s  from t h e  tempered product  a t  t h e  T / 4  

l o c a t i o n  and well away from any edges t h a t  would exper ience  c o o l i n g  o r  

h e a t i n g  c o n d i t i o n s  not  r e p r e s e n t a t i v e  of the product .  This  i s  p a r t i c u l a r l y  

icaportant f o r  maberials of low h a s d e n a b i l i t y ,  such as 2.25 C r P  Mo s teel ,  

where t h e  m i c r o s t r u c t u r e  and p r o p e r t i e s  may vary c o n s i d e r a b l y  through t h e  

t h i c k n e s s .  The s m a l l  l a b o r a t o r y  heats and 100-mm-thick commercial p l a t e s  

of t h e  3 Cr-1.5 Mo steels e x h i b i t e d  uniform through-thickness  micros t ruc-  

t u r e s ,  however, so t h a t  s t u d i e s  could be performed on e i t h e r  samples c u t  

froin tempered products  or s a m p l e s  c u t  from untempered products  t h a t  were 

subsequent ly  tempered. Both prosedurcs  were used lcssucs of some impor- 

t a n c e  i n  t h e  tempering response s t u d i e s  w e r e  t h e  rate of h e a t i n g  t o  t h e  

tempering c o n d i t i o n  and the  ra te  of c o o l i n g  a f t e r  tempering. 11-1 iimst 

cases t h e  h e a t i n g  and c o o l i n g  of specimens were perlormeti a t  rates t h a t  

were t y p i c a l  of t h i c k - s e c t i o n  tempering; i .e.,  t h e  samples were furnace  

h e a t e d  and f u r n a c e  cooled.  



Although the  3 Cr-1.5 No steels were known t o  temper more r ap id ly  

than 2.25 Cr-1 Mo steel, t h e  s t r e n g t h  €or  any tempering cond i t ion  was 

expected t o  k g r e a t e r  far the  3 Cr1.5 Mo steels, and, a f t e r  an i n i t i a l  

r educ t ion  i n  s t r e n g t h  and ga in  in toughness,  i t  w a s  expected t h a t  f u r t h e r  

r educ t ion  i n  s t r e n g t h  wi th  tempering would be s l o ~ e r . ~ ~ ~ ~  

expected t h a t  the  3 C r 1 . 5  plo steel would have a l a r g e r  tempering window, 

and t h i s  f e a t u r e  would reduce the  c o s t  of cons t ruc t ion  of l a r g e ,  heavy- 

w a l l  vessels f a b r i c a t e d  from 3 Cr1.S Mo steel r e l a t i v e  t o  2.25 C r l  Mo 

s teel  (SA-542  class 3 ) .  

Thus i t  w a s  

The s teels  were usua l ly  stress re l i eved  a f t e r  normalizing. 

Typ ica l ly ,  t hese  stress r e l i e f s  were a t  temperatures  i n  the  range from 

566 t o  621"C, which was w e l l  below t h e  range f o r  tempering and PWHT. The 

tempering severity is q u a n t i f i e d  by t h e  va lue  of t h e  tempering parameter 

(TP) developed by Hollomon and J a f f e e  many yea r s  

where T i s  abso lu te  temperature  (K or  R) ,  t is t i m e  i n  hours a t  tempera- 

t u r e ,  and C is  a cons tan t .  Often,  C i s  taken t o  be 20, which w a s  the  

number proposed by Larson and Miller to  c o r r e l a t e  creep-rupture  d a t a  

r a t h e r  than tempering response.37 

i n  t h e  above equat ion ,  t he  TP is  o f t e n  c a l l e d  the  Larson-Miller parameter. 

The temperatures  examined i n  the  tempering s t u d i e s  ranged from 663 t o  

Never the less ,  when C i s  rep laced  by 20 

700°C and the  t i m e  from a few hours t o  1000 h. I n  t h e  cons t ruc t ion  of a 

v e s s e l ,  of course,  the t i m e s  are kept  t o  a minimum, but a f t e r  s e v e r a l  

welding and welding r e p a i r  cyc les ,  some s e c t i o n s  of a v e s s e l  may 

accumulate up t o  40 ti  of tempering and PWHT. No s t u d i e s  were undertaken 

t o  examine the  in f luence  of mul t ip l e  hea t - t r ea t ing  cycles or the  use of 

d i f f e r e n t  t ime-temperature combinations f o r  tempering base metal and PWHT 

of weldments. Such s t u d i e s  should fol low i f  t h e  work on weldments shows 

i t  t o  be necessary.  

The d e t a i l e d  m e t a l l u r g i c a l  changes t h a t  occur during the  tempering 

process  w i l l  not be d iscussed  i n  t h i s  r e p o r t ,  but information on t h e  

process  €or  the 3 C r 1 . 5  Mo s teel  may be found i n  repor t s  prev ious ly  c i t e d  

and i n  the  work of Sbaw t h a t  w a s  supported by t h e  ARdTD program.38 
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F i n a l l y ,  t h e  ;HAZ o f  w e l d r a e n t s  is essentially a tempered zoue a t  the  

comple t ion  of t h e  welding process. As each weld pass  i s  l a i d  dawn, the  

nearby material exper iences  a thermal  cycle  t h a t  d e p e d s  on i t s  d i s t a n c e  

fr-m t h e  p a s s ,  the h e a t  input,, and t h e  welding speed. Thus, some r e g i o n s  

of t h e  weldment inay exper ience  vicC;uaSly no tempcring and o t h e r  r e g i o n s  

may be overteuipcred b e f o r e  the Pb!HT. Some st:udi.es have k e n  performed on 
t h i s  problem but inore work remains. 2 5  9 1 

A n  earlier s e c t i o n  o.E t:liis repor t  rnent.loned that creep experiments  

were perf~rmed oil samples of 3 C r 1 . . 5  Pln-V seeel wel.ded to a p la t e  by the 

S A  process  i n  order  t o  excimine t h e  tendency toward stress r e l i e f  c r a c k i n g  

during PWliT a t  tempera tures  .in the range from 600 t o  700°C.20 

material of the  SA weld, of c o u r s e ,  inc:.I.uded a l l  the  d i f f e r e n t  tempered 

r e g i o n s  of a heavy-section we-ldnent, and samples f a i l e d .  i n  t h e  base metal 

i n  a d u c t i l e  manner. The test  actr ia l ly  e v a l u a t e d  s t r e n g t h ,  raLlwr than  

d u c t i l i t y  of t h e  s t r o n g e s t  but mst b r i t t l e  r e g i o n ,  and  w a s  but one of 

several types  o f  tests t h a t  have been developed to evaluate the tendency 

toward stress relief c.racking. Another type  o f  test performed at; t h e  

IJriives-sity of Tennessee involved the  simulaL- ion  of t h e  I&% m i c r o s t r u c t u r e  

by the  Gleeb1.e followed by a creep test. a t  temperatuxes i n  t h e  range a n t i c -  

ip1tec.i f o r  the  P W H T . ~ ~  (see Fig.  19.1 ~n t i t i s  t e s t  e s s e n t i a l l y  a l l  o f  

the material i n  t h e  s p e c i m e n  has t h e  same HkZ m i c r o s t n i c t u r e ,  whereas i n  

t h e  SA-welded specimens t e s t e d  by Gaada and co-workers on ly  a s m a l l  regioii 

conta ined  a s t r o n g l y  e m b r i t t l e d  iiAZ m i c r o s t r u c t u r e .  

The K a  

Tests reveal.ed t h a t  t h e  laboratory h e a t  oE 3 CP---1.5 Mo-v (P2904)  had 

e x c e l l e n t  d u c t i l i t y  and w a s  ranked above 2.25 C r l  Mo steel  i n  r e s i s t a n c e  io 

SR cracking .  Heat A9349 e x h i b i t e d  v e r y  paor creep ductility and ranked with 

t h e  n u c l e a r  p r e s s u r e  vessel. s t ee l  A302R, which has poor resistance t o  SR 

c racking .  S i m i l a r  exarninar-ion o f  t h e  3 Crl.5 Mo-qi. steel revea led  t h a t  

this material w a s  o u t s t a n d i n g  among t h e  l o ~ - a l l ~ y  s tee ls  i n  regard  t o  resis- 

t a n c e  t o  SR cracking .  The reason i o r  t h e s e  differences i s  unk.nown, and much 

work remains before answers are available. Work on t h e  n u c l e a r  pressure 

vessel s teels  l i n k e d  the p r o p e n s i t y  f o r  SR c r a c k i n g  to  t h e  i n c r e a s e d  chro- 

mium, molybdenum, and vanadium c o n t e n t ,  but t h i s  i s  an i n a p p r o p r i a t e  argu- 

ment f o r  a l l o y s  w i t h  g r e a t e r  t han  1% chr0m.iurn.3~ In  f a c t ,  high-shroudurn 
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F ig .  19.  (u)  Schematic  r e p r e s e n t a t i o n  of t h e  thermal  t r e a t m e n t  and 
stress c y c l e  employed in SRC d e t e r m i n a t i o n .  ( b )  Gleeb le  s a m p l e  employed 
i n  SRC e v a l u a t i o n .  Source: M e  W. Richey, The Weldabilzty OJ' CFMO S tee ls  
f o r  ~? 'os s~ l  Enwgy Applications, M.S. T h e s i s ,  U n i v e r s i t y  of Tennessee, 
March 1984.  

steels  appea r  t o  be immune t o  SR c r a c k i n g ,  as i n d i c a t e d  i n  Table  4 .  High 

l e v e l s  of phosphorus have a l s o  been blamed, but t h e  d i f f e r e n c e s  i n  t h e  

phosphorus l e v e l  of t h e  3 C r l . 5  MO steels is  not  g r e a t  enough t o  e x p l a i n  

the d i f f e r e n c e s  I n  behav io r .  O n  t h e  p o s i t i v e  s i d e  no SK c.racking was 
obse rved  in any of the weldments produced in the 3 Cr1.5 Ma s tee l ,  

I n  summary, CCT diagrams have h e n  o b t a i n e d  from expe r imen t s  on 

3 C ~ l . 5  Mo-V and 3 C ~ 1 . 5  Mo-Ni steels. S i m i l a r  i n f o r m a t i o n  has  been 

produced on s i m u l a t e d  HAZ m i c r o s t r u c t u r e s  i n  t h e s e  same steels Data 

conf i rm e x c e l l e n t  h a r d e n a b i l i t y  . T h e  m i c r o s t r u c t u r a l .  constituents c o n s i s t  

of d i f f e r e n t  forms of b a i n i t e ,  w i th  some r e t a i n e d  a u s t e n i t e  f o r  s l o w  

cool ing  or m a r t e n s i t e  f o r  v e r y  r a p i d  coo l ing .  The s teels  have good 
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Table 4 .  Stress-ruptare test r e s u l t s  f O K  3 Ck-”--l.5 MO 
and 2.25 C r 3 .  Mo s t e e l s  

Pos  tweld h e a t  
I: reatment 

Keduc t i o n  
of  area Material 

Berke ley  3 C r 1 . 5  M0-3.5 N i  680 
620 

1250 
1150 

27 
24 

680 
620 

1250 
1150 

27 
20 

BP3 2.5 CI-1 Mo-Q.10 C 688 
6 20  

1250 
1150 

25 
13 

646363-U 2.25 C r 1  Mo--O.lO C 6 8 0  
620 

1250 
1150 

22 
8 

3443 2 .25  Cr-1 Pio-Q.12 c 6138 
620 

1250 
1150 

1 9  
3 

1250 
1150 

12 
7 

SA-533 620 1150 8 

A517Fa 620 1150 1.5 

A 9 3 4 9 - l A  3 C r 1 . 5  Mo 680 12 50 1.4 

Sk-508‘ 624) 0.5 1150 

uKnown t o  have a s i g n i f i c a n t  si . isceptibi1 i.ty t o  stress 
r e l i e f  cracking. 

r e s i s t a n c e  t o  r o l d  c r a c k i n g ,  and IKI d i f f i c u l t y  w i t i t  stress relief cracking 

w a s  encountered during t hc  33WH’l’ of weldments i n  100-m p l a t e s  of 3 C r  

1.5 Plo7 steels. T h i s  is desgiLe the poor perEarrn2ncc of t h e  commercial 

h e a t  (A93493 i n  I-ests designed t o  e s t a b l i s h  t h e  p r o p e n s i t y  f o r  Sk c rack ing .  

The 3 C r 1 . 5  Mo-W s teel  weldment e x h i b i t e d  excellent r e sponse  t o  PkJHT, 

and t h e  base m e t a l  of the commercial h e a t  (A97sl.9) was o u t s t a n d i n g  i n  the 

s i m u l a t e d  SK c r a c k i n g  tes t .  A d d i t i o n a l  work i s  needed to conf i lm  these 

f i n d i n g s  f o r  heavy-sect ion weldments- 
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MECHANICAL PROPERTIES 

The mechanical p r o p e r t i e s  of most i n t e r e s t  i n  examining the  p o t e n t i a l  

of a new steel f o r  g a s i f i e r  cons t ruc t ion  are those t h a t  are requi red  € o r  

s e t t i n g  t h e  a l lowable  des ign  stresses i n  Sec t .  VIIL, Divs. 1 and 2 ,  of t he  

ASHE Code. For s e r v i c e  to  316°C and Code approval  t~ 3 7 l o C ,  t h e  a l lowable 

stresses will most c e r t a i n l y  be based on t e n s i l e  p r o p e r t i e s ,  with the  

u l t i m a t e  tensile s t r e n g t h  (UTS) c o n t r o l l i n g .  The p r o p e r t i e s  repcarted below 

r e f l e c t  t h i s  emphasis. The o the r  p r o p e r t i e s  are important ,  however, and 

are needed t o  a s su re  Code groups t h a t  the  s t e e l ' s  behavioral  f e a t u r e s  are 

similar t o  those of o the r  s t r u c t u r a l  steels i n  the  same genera l  grouping. 

The supplementary d a t a  inc lude  impact p r o p e r t i e s ,  f r a c t u r e  toughness, 

f a t i g u e ,  and performance i n  the  s e r v i c e  environment. 

TENSILE PROPEKTLES 

The t e n s i l e  and impact  d a t a  f o r  heavy-gage p l a t e  are determined at 

l o c a t i o n s  a t  least one-fourth of t h e  th ickness  ( T / 4 )  from any cooled edge 

and at: a depth of T / 4  from t h e  cooled su r faces .  This  r u l e  a s su res  t h a t  

t h e  test  l o c a t i o n  w i l l  have p r o p e r t i e s  t h a t  are more or less t y p i c a l  of 

t h e  p l a t e ,  should the mic ros t ruc tu re  and p r o p e r t i e s  be cool ing- ra te  depen- 

den t .  The l abora to ry  h e a t s  and small commercial h e a t s  of t h e  3 Cr1.5 Mo 

steels exh ib i t ed  through-thickness h a r d e n a b i l i t y ,  and no d i f f e r e n c e s  w e r e  

observed wi th  r e spec t  t o  mic ros t ruc tu re  and mechanical p r o p e r t i e s  of spec- 

imens machined from d i f f e r e n t  l oca t ions .  A l l  samples  from t h e  25-mm-thick 

Laboratory h e a t s  w e r e  taken from t h e  c e n t e r l i n e  (T/2) l oca t ion .  Samples 

from t h e  100-mm-thick p l a t e  {hea t  A93491 t e s t e d  by Swif t  were a l s o  taken 

from t h e  c e n t e r l i n e Z 3  s Z 4  l oca t ion .  

( h e a t s  A9349 and A9749) t e s t e d  at ORNL w e r e  taken from f i v e  through- 

th i ckness  l o c a t i o n s  t h a t  are i d e n t i f i e d  i n  t h e  d a t a  t a b l e s  i n  Appendix A. 

Specimens were machined perpendicular  to t h e  p la te  r o l l i n g  d i r e c t i o n  or 

welding d i r e c t i o n .  Tes t ing  methods used by all i n v e s t i g a t o r s  conform t o  

Specimens from t h e  100mm-thick p l a t e s  

ASTM p r a c t i c e  E-21; however, s t r a i n  r a t e  w a s  a v a r i a b l e  and ranged from 

0.005 t o  O.OZ/min, depending on t h e  i n v e s t i g a t o r .  Hore than 200 t e n s i l e  
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tests were perforrned hy t h e  i n v e s t i g a t o r s  t o  examine the effect of corn- 

p o s i t i o n ,  TP, welding,  and test t empera ture  on [-lie s t r e n g t h  and ductility 

of t h e  3 Cr1.5 No steels. A complete E.f.sting of t h c  d a t a  i s  provlded i n  

Appendix A, a d  t h e  trends f o r  these data are summarized b&10k7~ 

The dependence o f  t h e  roora--ternperarure y i e l d  s t r e n g t h  (YS) , u l t ima te  

tensile s t r eng th  (UTS),  e l o n g a t i o n  ( E l ] ;  and reduction of area (&I) on the  

TP are shown in Figs. 20 and 2 1  for the d i f f e r e n t  steels. A s  expected, 

t h e  YS and UTS decreased  and t h e  E l  increased w i t h  i n c r e a s i n g  TP. To m e e t  

the a l l o y  d e s i g n  cr i ter ia  described earlier i n  1.1ra r e p o r t ,  it i s  necessary  

t o  temper thc a l l o y s  Lo UTS v a l u e s  i n  eke range frorri 588 t o  /bo MPa. 

These l e v e l s  are i n d i c a t e d  on the r i g h t  margins of t h e  f i g u r e s .  V i r t u a l l y  

a l l  of t he  data i n d i c a t e  t h a t  this strength range can be achieved by 

tempering t o  'L'P i n  thc  range from 19.5 t o  21. 

The d a t a  r e p o r t e d  by AMAX on h e a t  89349 NT?9 i n d i c a l e d  s t r e n g t h  levels  

c o n s i d e r a b l y  b l o w  all o t h e r s ,  and the s i n g u l a r  tes t  on the l a b o r a t o r y  

heat of 3 071.5 M r N J  steel2* produced very  high s t r e n g t h .  

o f  t e s t i n g  s t r a i n  rate and g r a i n  s i z e  e f f e c t s  revealed no s t r o n g  i n f l u e n c e  

on the UTS, a l though i n  one case S O ~ E  unexplained l o w  YS d a t a  w e r e  

o b t a i n e d  on heat  A9349 NT [Fig. 2 0 ( b > ] .  

Tws\ except ions were noled. 

ExarninaLiion 

F i g .  20. Data on u l t i m a t e  t e n s i l e  s t r e n g t h  (UTS), y i e l d  s t r e n g t h  
(YS) , r e d u c t i o n  of argil (RA) , and e l o n g a t i o n  ( E l )  v e r s u s  teinpering para- 
meter ('l'l?) f a r  a coiumercial heat of 3 Cx-1.5 M O T  s tee l  ( h e a t  A9.349). 
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Fig.  21.  Data on u l t i m a t e  tensile s t r e n g t h  (UTS), y i e l d  s t r e n g t h  (YS), 
r educ t ion  of area (U), and e longa t ion  ( E l )  ve r sus  TP €or 3 Cr-1.5 i?Io 
steels. 
( e )  3 Cr1.5 Mo-V (hea t  N K K ) -  

( a )  3 C r l . 5  P1o-V (hea t  6647) .  ( h )  3 6r-1.5 H o 3 i  (hea t  A 9 7 4 9 ) .  

The tempering curves from the  UTS versus W da ta  are caPlectitd i n  

F i g .  22 a f t e r  d i sca rd ing  the anomalous d a t a  mentioned above. The d a t a  i n  

F i g .  22 i n d i c a t e  t h a t  the  tempering window is q u i t e  broad, with a Tp of 

19.8 requi red  t o  bring t h e  s t r o n g e s t  hea t  t o  below 760 MPa and a TP up 

t o  20.95 al lowing the weakest heat  t o  maintain i t s  s t r e n g t h  above 580 P P a ,  

For a t o t a l  of 24 h accumulated tempering t i m e ,  the  allowed rernperatures 

would be froin 653 t o  707°C. This  range 2s more than adequate fo r  ves se l  

f a b r f c a t o r s  arid r ep resen t s  an improvement over the  a l lowable tempering 

range f o r  2.25 C r 1  Mo steel. 

The effeccs of temperature v a r i a t i o n s  an s t r e n g t h  and d u c t i l i t y  prop- 

e r t i e s  are shown i n  Figs.  23, 2 4 ,  and 25 fo r  the  TP values  around 19.56, 

2 8 . 4 4 ,  and 21.0, r e spec t ive ly .  The s teels  lose about 100 PPa o f  t h e i r  uTS 

as the  temperature inc reases  from 25 t o  316OC. 

3 Cr1.5 M0-i steel, which r e t a i n s  more of i t s  s t r e n g t h  t h a n  the  o the r s .  

Above 400'C t h e r e  a p p e a r s  t o  be a s u b s t a n t i a l  v a r i a t i o n  i n  tho s t r e n g t h  

and d u c t i l i t y  d a t a  from hea t  t o  hea t  that may be due t o  e i t h e r  t e s t i n g  

v a r i a b l e s  o r  a c t u a l  d i f f e r e n c e s  from one s t e e l  t o  another .  

more data are needed t o  de f ine  the  s t r e n g t h  p r o p e r t i e s  f o r  temperatures  

The except ion is the  

Considerably 
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Pig.  22 Comparison o f  u l ~ i i i r a t e  t e n s i l e  s t r e n g t h  (UT’S) v e r s u s  tem- 
p e r i n g  parameter (TP) f o r  v a r i o u s  heat treatrnents of 3 Cn-1.5 Mo steels.  

above 400°C. A d d i t i o n a l  work i s  a l s o  needed before the r a t i o  of elevated- 

t empera ture  s t r e n g t h  to  room-temperature s t r e n g t h  can he e s t a b l i s h e d  w i t h  

any degree of conEidence. Resulbs  from p r e l i m i n a r y  e s t i m a t i o n s  have k-en 

r e p o r t e d ,  however, and form t h e  basis f o r  e s t i m a t i n g  the. s t r e n g t h  l e v e l s  

t h a t  might be provided as part. of a Code i n t o r m a t i o n  package.29 

A l l  t h e  d u c t i l i t y  i n d i c e s  appear  t o  k s a t i s f a c t o r y ,  i n c l u d i n g  t h e  

uiiiforin s t r a i n .  The a v a i l a b l e  data f o r  t h i s  d u c t i l i t y  index are provided 

i n  t h e  t a b l e s  i n  Appendix A. 

A s  mentioned i n  the p K e V i O l a S  s e c t i o n  of this r e p o r t ,  t h e  carbon and 

vanadium l e v e l s  of t h e  i n i t i a l  SA weld w i r e  and SKk c1.ectrodes were 

sc l -ec ted  to  be less than  those of the  base m e t a l  i n  o r d e r  t o  avoid 

problems wi th  w e l d a b i l i t y  . In  h i n d s i g h t ,  t h e s e  p r e c a u t i o n s  were not  
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Fig. 23. Data on u l t i m a t e  t e n s i l e  s t r e n g t h  (UTS),  y i e l d  s t r e n g t h  
(I%>, and e longa t ion  ( E l )  v e r s u s  tempera ture  f o r  3 Cr-1.5 Mo steels t e m -  
pered t o  TP of 19.56. 
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Fig .  24. Data on u l t i m a t e  t e n s i l e  s t r e n g t h  (UTS), y i e l d  Stret lgth 
(YS), and e l o n g a t i o u  ( E l )  v e r s u s  tempera ture  f o r  3 C r 1 . 5  PZQ steels t e m -  
pered to  TP of 20.44 t o  20.48. 



4 2 

ORNL-DWG 85-15039 

-7- ...... I ~ . . . i . ~ , -  '-7- ......-....-I.. 

V D B ht A9349 NT (Lukens) 

A A b ht A9349QT (OHNI.) 

SJ 0 0s h t  6647 (A,MAX) 

L1 0 h t  A9749 (ORNL) 

0 .... i . - . L . . L l . . . .  I I .... I_L_i ........ I 1 0 
0 100 200 300 400 500 600 

TEMPERATURE ("C) 

P i g .  25. nata on i d t i i n a t e  t e n s i l e  s t r e n g t h  (UTS), y i e l d  s t r e n g t h  (YS), 
and e l o n g a t i o n  ( E l )  versus  t empera tu re  f o r  3 C r l . 5  Mo steels tempered to 
TS of about  21.0. 

n e c e s s a r y  and o n l y  served io  produce low s t r eng th  i n  the d e p o s i t e d  weld 

m e t a l .  The t e n s i l e  p r o p e r t i e s  of SA weld metal are provided i n  F i g .  26, 

and s imi la r  d a t a  f o r  SplA weld metal are provided i n  Fig.  27. Other  data 

are t a b u l a t e d  i n  Appendix A, i n c l u d i n g  the r e s u l t s  of e x p l o r a t o r y  t e s t i n g  

of  material c o n t a i n i n g  t h e  IWZ. Trends f o r  t h e  SA weld mLal i n  F i g .  26 

s u g g e s t  that the weld m e t a l  is  weaker than  t h e  base metal for  Liie same 

value  of t he  TP. However, t h e  s t r e n g t h  increases wi th  carbon l e v e l ,  as 

may be seen  by comparing the d a t a  i n  F ig .  2 b ( b )  w i t h  Fig.  2 6 ( C ) .  To b r ing  

the s t r e n g t h  of the SA weld nie.etal w i t h i n  the  range expected for  base n a r k a l ,  

i t  w i l l  be necessa ry  t o  s p e c i f y  a SA weld b g a i r e  composi t ion t h a t  ~ m u l d .  

i n c r e a s e  the d e p o s i t e d  carLon content i n  the weld d e p o s i t  La l e v e l s  near 

t h e  h s c  metal. h o t h e r  o p t i o n  would be to rcduce the PWIIT c o n d i t i o n s  t o  

TP Valus\s i n  the 19.0 to  20.0 range.. Such a c o u r s e  of a c t i o n  would a l so  

avo id  o v e r t e q e r i n g  of  t h e  material i n  the NAZ t h a t  does not p a s s  through 
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F i g .  26. Data on u l t i m a t e  tetisile s t r e n g t h  (UTS), y i e l d  s t r e n g t h  (US), 
r e d u c t i o n  o€ area (M)> and e l o n g a t i o n  ( E l )  versus TP for submerged arc 
welds  i n  3 Crl.5 No steels- 

t h e  tzarisformation tempera ture  d u r i n g  t h e  weld thermal  c y c l e  * Either 

method i s  f e a s i b l e ,  kt f u r t h e r  work would be needed t o  confirm our 

e x p e c t a t i o n  t h a t  the weld metal s t r e n g t h  can be matched t o  the base metal 

f o r  a l l  h e a t s .  

The t e n s i l e  p r o p e r t i e s  of t h e  SMA welds were found t o  be r a t h e r  

erratic,  as i n d i c a t e d  by t h e  data p l o t t e d  i n  Pig.  27.  Here only  a narrow 

range of TY v a l u e s  w a s  examined and large v a r i a t i o n s  i n  s t r e n g t h  were 

observed.  The s t r o n g e s t  o f  the SMA welds approached t h e  s t r e n g t h  of t h e  

base netals. Reasons fo r  t h e  v a r i a t i o n s  i n  response  are s e v e r a l  and s t e m  

froln t h e  fact  t h a t  t h e  SMA process is  a manual process  t h a t  i n h e r e u t l y  

produces  ore v a r i a t i o n  i n  t h e  chemical C O i U p O S i t i O n  and microstructure of 

the weld m e t a l  d e p o s i t  and nearby HHZ. Also, the SMR weld is  narrow and 

more d i f f i c u l t  t o  t e s t  i n  a d i r e c t i o n  t r a n s v e r s e  t o  che welding d i r e c t i o n .  

Base metal, kWL, and weld m e t a l  iaay be p r e s e n t  in t h e  tes t  s e c t i o n .  
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Fig .  27.  Data on u l t i m a t e  tensi.1-e s t r e n g t h  (U‘L’S), y i e l d  s t r e n g t h  (YS), 
r e d u c t i o n  of area (KA),  and e l o n g a t i o n  (E13 €or  s h i c l d e d  m e t a l  arc. wplds 
i n  3 C r l . 5  M O T  s t e e l +  

Befo re  commerc ia l i za t ion  of t h e  3 Cr-1.5 Mo steels, more work needs t o  be 

performed on SMA welds t o  o p t i m i z e  e l e c t r o d e  composft ions and PWMT f o r  

s t r e n g t h  and c o n s i s t e n c y .  Again, the  e x c e l l e n t  h a r d e n a b i l i t y  of t h e  

3 Cz-1.5 Mo steels  i s  not needed f o r  t h e  s u c c e s s  of t h e  SHA welding 

p r o c e s s .  P o s s i b l y ,  2.25 Cr-1 Mo s tcel  e l e c t r o d e s  could be used and t h e  

PWHT c o n d i t i o n s  reduced a c c o r d i n g l y .  

The e f f e c t s  of t empera tu re  v a r t a t i o n s  on t h e  strength and d u c t i l i t y  

of SA and SMla weld metals are i l l u s t r a t e d  i n  F i g s .  2% and 29 f o r  two 

v a l u e s  of t h e  TP, and d a t a  are provided i n  Apperndix A.  The s t r e n g t h  data 

a t  h i g h  t empera tu re  a ~ e  as er ra t ic  as t h o s e  produced atl room ternperature 

and s u g g e s t  t h a t  more t e s t i n g  o f  weldments i s  needed t o  better de f ine  

weldment performance. ‘Ilrends f o r  t h e  h i g h e r  carbon weld, d e p o s i t s  are 

similar t o  ~r’nosae observed f o r  base metal, but a.dditi .onal t e s t i n g  of the  

liAZ under t e n s i l e  l o a d i n g  i s  needed t o  a s s u r e  t h a t  Lhe overtempered region 

of the w w i l l  p r e s e n t  no problems. 
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Fig. 28. Data on u l t i m a t e  t e n s i l e  strength (UTS), yield strength (YS), 
and e longa t ion  ( E l )  ve r sus  temperature  for base metal. (EM) and f o r  sub- 
merged arc and sh ie lded  metal a r c  welds i n  3 Cr1.5 steels f o r  TP of 
19.57. 
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Fig. 29- Data on u l t i m a t e  t e n s i l e  strength (UTS), y i e l d  strength (YS), 
and elongation ( E l )  ve r sus  temperature  f o r  base metal (BPI) and f o r  s u b  
merged arc and shielded m e t a l  arc welds i n  3 C r 1 . 5  Mo steels  for TP of 
P9.85. 



S u m a r i z i n g  t h e  r e s u l t s  of t h e  tensile t e s t i n g  work, i t  appea r s  that 

t h e  3 Cr-1.5 Mo steels are not ve ry  s e n s i t i v e  t o  composi t ion,  melting 

pract ice ,  c o o l i n g  rate,  and heat or product  s i z e .  Data i n d i c a t e  t h a ~  t h e  

steels nay be tempered ove r  a broad range of c o n d i t i o n s  t o  produce h igh  

s t r e n g t h  and adequa te  d u c t i l i t y .  Weld metal must match t h e  base metal in  

r e g a r d  t o  carbon c o n t e n t ,  o r  t h e  PWT f u r  we1dmeat.s m u s t  be a t  lower 

v a l u e s  of t h e  TP than  recommended for bise metals i n  o r d e r  co meet base 

metal s t r e n g t h .  More mechanical  t e s t i n g  of weldments is  needed t o  

e s t a b l i s h  a d a t a  base f o r  Code action. 

CtLriRPH V-NOTCH IMPACT PKOPERTZES 

Although the. Charpy V-notch ( C V N )  impact properk.ies do not  e n t e r  

d i r e c t l y  i n t o  v e s s e l  d e s i g n ,  minimum p r o p e r t i e s  are s p e c i f i e d  i n  t he  ASME 

Code, Par t  AM of Sec t .  VTLI, Div. 2 ,  and they  h f l u e n c e  procurement spec.i.- 

f i c a t i o n s ,  f a b r i c a t i o n  p rocedures  h e a t  tKeati.ng s c h e d u l e s ,  vessel. t e s t i n g  

procedures  and vessel. o p e r a t i o n .  Depending on the UTS range,  Low-alloy 

s tee ls  nay have t o  m e e t  minimum Charyy-V impact energy l eve l s  a t  t h e  iilini- 

mum o p e r a t i n g  temperature of the vessel,  o r ,  i n  t h e  case of 1ii.gh-strength 

low-alloy steels e x h i b i t  inore than a minimum la te ra l  expansion i n  the  

Charpy test:. Vessel f a b r i c a t o r s  genera l ly  go we.l.1. beyond t h e  minialum 

requ i r emen t s  i n  t he  Code and e v a l u a t e  t h e  s teels  on [:he bas is  of s e v e r a l  

toughness  i n d i c e s  d e r i v e d  from C h a f p y  and f r a c t u r e  mechanics test. img e I n  

t h e  data d e s c r i b e d  below, we p rov ide ,  when a v a i l a b l e ,  t h e  f u l l  curves OE 

Charpy-V i m p a c t  energy (CVE)  v e r s u s  t empera tu re ,  and d e r i v e d  p ~ o p e r t i e s  

such  as t h e  54-J t r a n s i t i o n  t empera tu re  ( T T 5 4 ) ,  t h e  50% d u c t i l e  fractisre 

appea rance  t r a ~ i s i t i o n  t empera tu re  (FKr'T) the  mid-energy t r a n s i t i o n  t e m -  

p e r a t u r e  (i\lETT), t he  room t empera tu re  CVE, and the upper s h e l f  e w r g y  

(USE). Because of t h e  large d a t a  b s e ,  the i n f o r m a t i o n  i n c l u d e s  o n l y  test 

da ta  f a r  t he  coinmercial steels. Those d e r i v e d  p r o p e r t i e s  are o f t e n  cor-. 

r e l a t e d  a g a i n s t  t h e  TI? or  t h e  UTS as a c o r r e l a t i n g  parameter; i n  this 

s e c t i o n ,  t h e  UTS i s  used for t h a t  purpose.  Further- ,  i n  t h e  des ign  and 

s e l e c t b o n  o f  a l l o y  composi t ions only  one toughness  c r i - t e r ion  w a s  chosen: 

a t  least  54-5 CVE a t  -18°C. Thus, t:he TT54 w a s  of i i i o s L  concern,  even 
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though the  la te ra l -expans ion  d a t a  are requi red  by the  Code f o r  t he  high- 

s t r e n g t h  steels. The IT54 c r i t e r i o n  r ep resen t s  the s ta te  of the art i n  

low-alloy s teel  product ion in  t h e  petroleum and petrochemical i n d u s t r i e s .  

The Charpy curves f o r  t h e  s teel  are provided i n  Figs .  30 and 31. 

Data reveal t he  gene ra l  range oE scat ter  t y p i c a l  of Charpy curves and also 

i n d i c a t e  a gradual  rise from low WE a t  low temperatures  t o  t h e  upper 

s h e l f .  This t r a n s i t i o n  occurs  over a temperature i n t e r v a l  f rom 100 t o  

200°C. Most of the  curves drawn through t h e  data r ep resen t  a least- 

squares  f i t  t o  a hyperbol ic  tangent  func t ion  (25) .  A s  espec.ted, t he  

curves  s h i f r  t o  h igher  ene rg ie s  and lower teraperatures w i t h  inc reas ing  TP 

o r  decreas ing  UTS, and a l l  i n d i c a t e  e x c e l l e n t  u p p e r  she l f  ene rg ie s  i n  the  

s t r e s s - r e l i e v e d  cond i t ion  before  tempering. 

The var ious  toughness ind ices  are p l o t t e d  a g a i n s t  t he  UTS i n  Pig.  32. 

The. c o r r e l a t i o n  of t h e  TT54 wi th  UTS, f o r  example, Lis shown i n  Fig.  %?(a). 
Here i n  t h e  UTS range of h t e r e s t  (580 t o  760 k P a )  a l l  the  steels exhibit: 
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similar behavior and inc rease  t h e i r  TT54 values  with inc reas ing  UTS. A l l  

steels meet the  c r i t e r i o n  of a TT54 below -18"C, even a t  UTS l e v e l s  w e l l  

above 760 bPa. Thus, t h e  impact p r o p e r t i e s  of t h e  steels are exce l l en t .  

The FATT and PlETT d a t a  are p l o t t e d  a g a i n s t  UTS in Fig .  3 2 ( b )  and ( e ) .  

These d a t a  a l s o  show rising va lues  with inc reas ing  UTS, but they i n d i c a t e  

accep tab le  impac t  r e s i s t a n c e  i n  t h e  UTS range of i n t e r e s t  for a new steel .  

Indeed, t h e  3 Cr1.5 No steels appear t o  be supe r io r  t o  2.25 C r l  Mo steel 

i n  regard to  impac t  r e s i s t a n c e ,  as repor ted  The USE da t a  are 

p l o t t e d  a g a i n s t  UTS i n  Fig. 3 2 ( d ) .  These d a t a  i n d i c a t e  e x c e l l e n t  cough- 

ness a t  a l l  UTS l e v e l s .  Because of the inhe ren t  v a r i a b i l i t y  of CVN da ta ,  

no s i g n i f i c a n c e  is a t t ached  to  d i f f e r e u c e s  i n  t h e  d a t a  €or t h e  d i f f e r e n t  

steels,  and impact p r o p e r t i e s  of a l l  t he  3 Cr1.5 Mo steels are judged t o  

be equa l ly  good. 

UTS, and mic ros t ruc tu re  are a v a i l a b l e  i n  s e v e r a l  of t he  re ferences .  ' 14-26 

More d e t a i l s  of t he  c o r r e l a t i o n  of CVN d a t a  with TP, 

The CVE versus temyerarure curves f o r  SA weld metals are provided i n  

The d a t a  i n  F ig .  33 are f o r  tests performed by AIIw(. and Figs .  33 and 3 4 .  
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( h e a t  A9349).  

OWL on SA welds of bteasr A9349 NT (welds WANAX and JFK 328). Included i n  

t h e  AMAX work we-ro- testis on ba th  weld metal snd W Z  mate r id  a f t e r  t h r e e  

TP valanes. I n  the M examinat ion the weld metal had a higher TT54 than 

the HAZ material and dj-d not  m e e t ,  the g o a l  o f  --I$"@ or b e l o w  for the two 

lower TP values. The GVN p rope r t i e s  of the  MAL imterial were ve ry  good. 

The SA w e l d  produced a t  OWE e x h i b i t e d  excellent CVN p r o p e r t i e s  at all 

v a l u e s  o f  the TP, and only  one sample a t  t h e  TP of 19.85 fell below the 

des i r ed  energy level. A d d i t i o n a l  Charpy data for SA wel.ds are provided i o  

F i g .  3 4 .  The f i r s t  set o f  curves  i n  F ig .  %(a) show the results of some 

tests,  on weldmeot JFK 329 i n  heat A9348 NT, which inc luded  e v a l u a t i o n .  of 

the base plate, t h e  weld metal i n  the stress-n-elteved and tempered condi- 

tions, and HAZ material. The low TP f o r  t h e  base metal (19.31) r e p r e s e n t s  

material i n  a s t r e s o - r e l i e v e d  condition ( 6 6 3 O C  f o r  2.5 h)  , w h l l e  the low 

value o f  t h e  TP f o r  t h e  HAZ represents another stress-relief c o n d i t i o n  

(62l .OC f o r  2.5 h )  before  PMHT. A l l  data,  except for  t h e  as-welded weld 

metal, indicate excellent CVN p r o p e r t i e s  = The h i g h e r  carbon- and vanadium- 

b e a r i n g  weld  metal i n  weldment .IPK 342 ( h e a t  A9349 NT> also had good CVN 

p r o p e r t i e s  at the o n l y  value of the TP that was examined [ see  Fig .  3 4 ( h ) ]  e 
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Thus, a l though only a s m a l l  number of SA welds and tempering c o n d i t i o n s  

were examined, t h e  LVN d a t a  f o r  t h e  SA welds in t h e  3 Cr-I..5 Mo s teels  are 

a d e q u a t e  for assessing t h e  p o t e n t i a l  of t h e  a l l o y  group. The shapes of 

t h e  c u r v e s  f o r  t h e  SA welds show t r e n d s  similar t o  t h o s e  o€ base metal, 

and t h e  d e r i v e d  d a t a  can be o b t a i n e d  r e a d i l y .  

The TTS.6, FATT, and USE d a t a  are plotted as a funct ion of the  UTS i n  

Pig. 3 5 .  Here, t h e  f i r s t  weld produced i n  heat A9349 ( t h e  AMAX weld) d i d  

not  meet the c r i t e r i o n  of TT54 a t  -28"C, except  € o r  t h e  h i g h e s t  TP 

c o n d i t i o n ,  which also produced an u n d e s i r a b l y   OW s t r e n g t h .  The ORNL weld 

JFK 328 and t h e  higher  carbon l e v e l  i n  JFK 342 so lved  t h i s  problem, and i t  

a p p e a r s  that t h e  SA welds can be produced with excellent impact p r o p e r t i e s .  

The o t h e r  d e r i v e d  impact p r o p e r r i e s  provided i n  Fig.  35 ( t h e  FATT and USE) 

are cons idered  to he s a t i s f a c t o r y .  

i A 
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-200 I .---- .....- J ....._ -1 __..._._ 
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Fig. 3 5 .  Data on l T 5 4 ,  FATT, METT, and USE v e r s u s  UTS f o r  s u h e r g e d  
arc and s h i e l d e d  metal arc welds i n  3 CK-1.5 Mo steels. 
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The CVN impact p r o p e r t i e s  of t h e  SMA welds were exceP1.eat and are 

summarized i n  Fig.  3 6 .  

i n  impac t  p r o p e r t i e s  with i n c r e a s i n g  carlaon and vanadium 1-evels i n  the 

3 Cr-1.5 Mo steel. ( h e a t  A!?349),  and t h a t  good v a l u e s  f o r  the TT54, FATT, 

and USE could be produced a t  low vakines of  t h e  TP. 

impor tan t  i f  t h e  PWH'I' is t o  be at  lower TP v a l u e s  than  those f o r  base 

m e t a l .  C l e a r l y ,  more work needs t o  be performed on SPIA welds fo r  t h e  

3 Cx-1.5 No-Ni and NKK steels. 

The CVE v e r s u s  tempera ture  c ~ r v e s  f o r  ER welds  i n  heat A9349 are 

The work a t  CE showed that t h e r e  was no s a c r i f i c e  

This o b s e r v a t i o n  is 

shown i-n Fig .  37 .  

r e s i s t a n c e  f o r  weldinents made with t h i s  process .  

Again, t h e s e  curves  i n d i c a t e d  e x c e l l e n t  impact 
3 2  
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Fig. 3 6 .  Data on Charpy-V impact  energy v e r s u s  tempera turs  f o r  
s h i e l d e d  metal arc welds i n  3 CP-1.5 M m  s tee l  ( h e a t  8 9 3 4 9 ) .  
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Pig.  37. Data on Charpy-V i m p a c t  energy versus  temperature for 
e k c t r o n  beam welds i n  3 Cr-1.5 Mo”V steel (hea t  A9349 qT).  

The exp lo ra t ion  of t he  impact p r o p e r t i e s  of t he  liAZ i n  SA welds by 

AMAX and OKWL f o r  hea t  A9349 ( r e f s .  25, 29) needs t o  be extended to  t h e  

o t h e r  steels. Although da ta  t r ends  suggest  no problem with the  NAZ, 

c u r r e n t  information suggest  t h a t  t he  HA;! is  composed of a very complicated 

m e t a l l u r g i c a l  s t r u c t u r e  of varying hardness and toughness r e l a t i v e  to  the  

weld  Paetal and base metal. In  a t y p i c a l  Charpy specimen i t  is d i f f i c u l t  

ecs Locate the notch i n  t h e  most b r i t t l e  region and a s su re  propagat ion i n  

t h a t  plane.  Addi t iona l  s t u d i e s  of  the  Iwz CVN p r o p e r t i e s  must cout inue as 

t h e  welding consurnables, procedures,  and PWHT are being f i n a l i z e d .  

I n  summary, the  Charpy impact p rope r t i e s  of t h e  3 Cr1.5 Mo steels 

are e x c e l l e n t  f o r  base metals, weld metals, and HA2 materials, The d a t a  

base needs t o  be extended t o  demonstrate t h a t  i nc reas ing  the  weld metal 

s t r e n g t h  by inc reas ing  t h e  depos i ted  carbon content  o r  reducing the  PWHT 

wi. l .1  n o t  reduce the  CCTN p r o p e r t i e s  below t h e  acceptable levels .  

FRACTURE TOUGHNESS 

A s  a pre l iminary  i n v e s t i g a t i o n  o f  f r a c t u r e  toughness, 25.4-mm-thick 

compact specimens were t e s t e d  a t  room temperature t o  determine 9 - in t eg ra l  
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t e a s i n g  r e s i s t a n c e  (J-R) behavior .  Two speriiiiens were t e s t ed  f o r  each of 

t h r e e  tempering parameters ,  19.56, 20.44, and 21.0, f o r  t h e  quenched and 

te1npered s tee l .  

T e s t i n g  of compact specimens w a s  performed l y  t h e  s i n g l e  specimen 

compliance ( S S C )  technique.  All compact specimens were side-grooved OA 

each s i d e  by 10% of t h e  specimen th ickness .  The S S C  t eehnique  provides  a 

method to  determine thr. amuunt of specimen crack e x t e n s i o n  by means of 

smaI.1 un laadings  (<152 oil maximum l o a d )  conducted a t  regular intervals 

throughout  t h e  test 

Values of t h e  J - i n t e g r a l  w ~ r e  c a l c u l a t e d  by irsing t h e  modified ve~--- 
s i o n  of t h e  J - i n t e g r a l ,  known as J j d >  proposed by Ernst .LtQ 

by : 

JM i s  given  

J D  = deformation theory  J ,  

G I- G r i f f i t h  l i n e a r  e las t ic  energy release rate  = K 1 ( 1  - v 2 ) / E ,  

ao,a  = t h e  i n i t i a l  and c u r r e n t  crack lengths, 

J g  - G = J P l ,  t h e  p l a s t i c  p a r t  of t h e  deformation theory .J, 

h p l  = t h e  p l a s t i c  part of t h e  d isp lacement ,  

v = Poisson ' s  r a t i o .  

2 

Deformation theory J ( J g )  conta ined  i n  Eg. (1) is t h e  formula t ion  

o€ t h e  J - i n t e g r a l  s p e c i f i e d  f o r  use I n  t h e  ASTM Standard T e s t  f o r  J I ~ ,  

A Measure of F r a c t u r e  Toughness, E813-81, and i n  the t e n t a t i v e  ASTM 

J - i n t e g r a l  r e s i s t a n c e  ( J - K )  curve  t es t  procedure descr ibed by Albrecht 

e t  al . '{l  Modified J ( J M )  w a s  used i n  t h i s  s tudy  because E r n s t  has  shown 

i t  t o  be more specimen-size indepeudent when t h e  c r a c k  e x t e n s i o n  exceeds 

t h e  J - c o n t r o l l e d  c r a c k  growth regime. 

A t y p i c a l  R curve  produced w i t h  the SSC t echnique  i s  i l l u s t r a t e d  i n  

F ig .  38. The R curve  farmat of Fig.  38 i s  i n  accordance wi th  t h a t  of 

ASTM Standard  E813, i .e.,  J p ,  t h e  i n i t i a t i o n  e l a s t l c - p l a s t i c  f r a c t u r e  
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specimen compliance (SSC) test technique,  and comparison w i t h  the  A S T M  
E813 procedure. 

toughness,  is defined by the  i n t e r s e c t i o n  with the  b lunt ing  l i n e  of t h e  

l l n e a r  r eg res s ion  f i t  t o  t he  d a t a  k t w e e n  the  0.15- and 1.5-nm exclus ion  

Lines. The use of l i n e a r  l ea s t - squa res  f i t  stems from the  mult ispeci~nen 

nature of ASTM E813, where a minimum of only  four  d a t a  po in t s  i s  required.  

Thus ,  with only a few data p i n t s ,  the  nonl inear  n a t u r e  o f  the  R curve 

cannot  be eva lua ted .  For t h i s  s tudy ,  w e  also used the  procedure proposed 

by  LOSS,^*,^^ whereby a power l a w ,  J = C ( A a ) " ,  i s  f i t  t o  t h e  da t a  

between t h e  0.15- and 1.5-mm exclus ion  l i n e s  with the  cons t an t s  C and N 

chosen t o  optimize the  curve f i t .  The i n i t i a t i o n  f r a c t u r e  toughness,  J l c ,  

is def ined  with t h i s  procedure as the  i n t e r s e c t i o n  of t h e  power l a w  
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R curve w i t h  t h e  0.15-m e x c l u s i o n  l ine as i n d i c a t e d  i n  Fig.  38. I n  

a d d i t i o n  to more c l o s e l y  d e s c r i b i n g  the  n o n l i n e a r  behavior  of t h e  R curve,  

t h e  power l a w  J l c  d e f i n i t i o n  provides  a c o n s i s t e n t  means f o r  de te rmining  

t h e  i n i t i a t i o n  toughness when f a s t  f r a c t a r e ,  i.e. b r i t t l e  f r a c t u r e  by a 

c leavage  micromode, occurs  b e f o r e  development of a f u l l  R curve.  

Another e f f e c t  r e s u l t i n g  ~ P - W U  t h e  n o n l i n e a r  n a t u r e  of t h e  B curve is 

t h a t  t h e  t e a r i n g  r n 0 d u . l . u ~ ~ ~  i s  na t  c o n s t a n t  as was o r i g i n a l l y  envis ioned  by 

ASTM E813. For comparison purposcs  and c o n s i s t e n c y  with ASTM E813 ,  a 

s i n g l e  v a l u e  f o r  t h e  t x n r i n g  modulus (Tavg)  can &; computed from t h e  power 

l a w  equaLian f o r  K curves .  The t e a r i n g  modulus is d e f i n e d  as: 

where at- = ( y i e l d  s t r e n g t h  + u l t i m a t e  s t r e n g t h ) / 2 .  

To o b t a i n  an average  v a l u e  for t h e  s l o p e  af t h e  power l a w  K curve ,  

t h e  power l a w  e q u a t i o n  is f i t  i n  c losed form wi th  a l i n e a r  r e g r e s s i o n  o f  

t h e  form J = J ,  + ( d J / d a ) A a  t o  t h a t  p a r t  of t h e  curve  lyi.ng between t h e  

exi-.l.usion l i n e s .  This  technique  is d i r e c t l y  analogous t o  the E813  method 

of f i t t i n g  a l i n e a r  l i n e  t o  t h e  d i s c r e t e  d a t a  p o i n t s .  However, f i t t i n g  

t h e  power law e q u a t i o n  has  t h e  e f f e c t  of i n c l u d i n g  an i n f i n i t e  number of 

points. L i t t l e  d i f f e r e n c e  i n  magnitude is observed between t h e  v a l u e s  

of T o b t a i n e d  by the two techniques .  

The power law and E 8 1 3  methodologies  produce s imi la r  r e s u l t s  i n  

r e g i o n s  covered by t h e  E 8 1 3  standard.45 46 According t o  Hawthorne45 and 

H i ~ e r , ~ ~  t h e  power l a w  method a l s o  provides  a means t o  o b t a i n  v a l u e s  f o r  

t h e  l i n e a r  e las t ic  f r a c t u r e  toughness (Kit) t h a t  are g e n e r a l l y  w i t h i n  

10 t o  15% o f  those  us ing  the procedures  of M'TM Standard E399. The 

procedure is t o  conver t  t h e  e l a s t i c - p l a s t i c  J I ~  power l a w  i n i t i a t i o n  

toughness  t o  a q u a s i e l a s t i c  K j c  v a l u e  us ing  t h e  fo l lowing  r e l a t i o n s h i p :  
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Equation (3)  i s  i d e n t i c a l  t o  t he  E813 equat ion.  Some re sea rche r s  

i nc lude  a p lane - s t r a in  t e r m  i n  t h e  equat ion.  A plane-s t ra in  t e r m  w a s  not 

included he re  because specimens experienced ne t  s e c t i o n  y ie ld ing .  Such 

behavior is c l o s e r  t o  plane stress than i t  is t o  plane s t r a i n .  

The r e s u l t s  of the  J-K tests are summarized i n  Table 5 and 

shown g r a p h i c a l l y  i n  Pigs.  39 through 41. Figure 39 shows t h a t  both t he  

i n i t i a t i o n  f r a c t u r e  toughness,  J l c ,  and the  t e a r i n g  modulus, IT, i nc rease  

wi th  an inc reas ing  amount of tempering. The e f f e c t  is most dramatic  i n  

t h e  case of the t e a r i n g  modulus and emphasizes the  observa t ion  t h a t  

i nc reased  tempering of t h i s  steel. s i g n i f i c a n t l y  inc reases  its r e s i s t a n c e  

t o  d u c t i l e  t e a r i n g -  Even though t h e  specimens a t  the  lowest tempering 

parameter f a i l e d  by duct i le-dimple processes ,  t he  increased  tempering 

r e s u l t e d  i n  much h igher  energy impac t  t o  achieve the  same degree of crack 

growth. Since the  elastic modulus does not change apprec iab ly  with 

tempering, changes i n  K J ~  are t h e  s a m e  as those f o r  Jrc .  It is 
i n t e r e s t i n g  t o  compare the  J-B tes t  behavior with t h a t  of Charpy impact 

tests,  and Fig. 41 shows a p l o t  of K J ~  versus Charpy upper-shelf energy. 

As can be. seen,  t he  K J ~  i n c r e a s e s  with inc reas ing  upper-shelf energy and, 

by in fe rence ,  one can observe t h a t  a l l  t h e  d u c t i l e  toughness measurements 

d i scussed  have increased  with the  tempering parameter. 

Table  5. Resu l t s  f o r  J-R tests of 3 C r 1 . 5  
Mo-0.l V steel a t  room temperature 

( A l l  specimens are 25.4-tm-thick compact 
specimens with 10% s i d e  grooves on 

each f ace )  

Power 
Tavg l a w  E813 

parameter Power 
law 

19.56 176 180 110 190 
19.56 203 195 113 204 
20.44 220 175 273 213 
20.44 217  152 285 212 
21 .0 275 254 37 5 238 
21.0 428 325 3 93 2 97 
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PAT LGU E 

The purpose of f a t i g u e  t e s t i n g  was t o  a s s u r e  t h a t  t h e  3 Grl.5 Mo 
steels would behave i n  a manner t y p i c a l  of the steels  used t u  e s t a b l i s h  

the basis f o r  t h e  f a t i g u e  a n a l y s i s  i n  Sect. VLII, Div. 2 ,  of t h e  MME 

Code. Samples from t h e  3 Cr-1.5 Mo-U s teel  ( h e a t  A9349 NT) were tempered 

t o  t h r e e  levels of t h e  I" (19.56, 20.42, and 20,98) and t e s t e d  at 25,  316, 

and 482°C under s t r a i n  c o n t r o l  wi th  an imposed s t r a i n  rate of O.UOl/s. 

Bath h o u r g l a s s  and uniform gauge s e c t i o n  samples were examined, i n  case 

the work s o f t e n i n g  tendency of the steels would i n f l u e n c e  t h e  c y c l i c  life. 

The test methods conformed to  ASTM recommended p r a c t i c e  E606, arid t h e  

complete  set of tes t  d a t a  is provided i n  Appendix D. A sec of curves  is 

provided I n  Fig. 42 t o  show t h e  change i n  stress range w i t h  c y c l e s  a t  0.6% 

s t r a i n  range. C y c l i c  sof tening occurs  a t  a l l  tempera tures ,  which is 

t y p i c a l  of t h e  b a i n i t i c  steels." F a t i g u e  c r a c k s  tended to  n u c l e a t e  on 
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P i g .  42. Stress  range v e r s u s  c y c l e s  f o r  3 C r 1 . 5  Mo-V s tee l ,  
h e a t  A9349 NT, a t  room teinperati ire and 0.6% s t r a i n  range. 

p l a n e s  normal t o  t h e  a p p l i e d  stress but go i n t o  a s h e a r  mode whi le  s t i l l  

sirall. The f a i l u r e  d e f i n i t i o n  (Nf) i n  terms of a stress drop w a s  d i f f i c u l t  

because o f  t h e  s u p e r p o s i t i o n  of stress decrements due t o  c y c l i c  s o f t e n i n g  

and t h e  s lowly  growing f a t i g u e  c r a c k  i n  s h e a r .  

selected as tire failure c r i t e r i o n .  

i n  Pig.  43. 

of t h e  l i m i t i n g  cr i ter ia  for developing des ign  curves f o r  fatigue. Ln 

Fig.  4 3 ( a )  t h e  c y c l i c  s t r e n g t h  i s  p l o t t e d  against t h e  c y c l i c  strain for 

t h e  t h r e e  tempered c o n d i t i o n s  and a t  316'C. Data i n d i c a t e  t h a t  t h e  

s t r e n g t h  d i f f e r e n c e s  produced by t h e  d i f f e r e n t  tempers are preserved  

d u r i n g  t h e  first 5% of c y c l i c  l i f e .  The i n f l u e n c e  of t empera ture  oil t h e  

c y c l i c  s t r e n g t h  i s  shorn i n  Pig.  4 3 ( b ) .  Again, the trends shorn €or t h e  

tempera ture  v a r i a t i o n  of t e n s i l e  s t r e n g t h  are r e f l e c t c d  in t h e  c y c l i r  

s Lrength d a t a .  

Total. s e p a r a t i o n  was 

C y c l i c  hardening  curves  are provided 

They are bnsed on t h e  c y c l i c  s t r e n g t h  a t  Nf/20, whi-ch i s  one 
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F i g .  4.3.  Cycbtc hardening curves  f o r  3 C111.5 Mow s t e e l ,  
heat A9349 NT. 

S t r a i n  range v e r s u s  c y c l i c  l i f e  d a t a  are summarized in P i g c  44 and 

are  compared with  the d e s i g n  curve L r o m  Sect. V I Z I ,  Div. 2, of the aSME 

Code. For a l l  TP v a l u e s ,  a s a t i s f a c t o r y  margin exists between actual d a t a  

and t h e  d e s i g n  curve. 

A f e w  t e s t s  were performed on samples machined from the SA weldment 

o f  h e a t  A9349 NT, and they a l s o  i n d i c a t e d  adequate Eatigue resistance. 

Data are provided in Appendix D. 

EMBKLTTLEMENT 

Embr i t t l sment  i n  law-alloy steels f o r  p r e s s u r e  v e s s e l  service has 

a t t rac ted  a great deal of a t t e n t i o n  over  the y e a r s ,  and t h e  3 C r 7 1 . 5  Mo 
steels have k e n  designed to provide  maximum s t r e n g t h  wi th  minimum sacri- 

f i ce  of ernbrittlement r e s i s c a n c e .  A c t u a l l y  there are several causes 

f o r  embzitrlernent as summarized i n  P i g .  45.  Lncluded are such damaging 
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mechanisms as creep e m b r i t t l e m e n t ,  hydrogen a t tack,  f a t i g u e  and c;eeep-- 

f a t igue .  c r a c k i n g  ~ d i sbond ing  of the a u s t e n i t i c  stahnless s tee l  c l a d d i n g  from 

t h e  base metal, temper e m b r i t t l e m e n t  ( T E ) ,  and hydrogen e m b r i t t l e m e n t  (HE]. 

Each o f  t h e s e  damage mechanisms has  beera c o n s i d e r e d  i n  the development o f  

the  3 C r -  1.5 El0 s tee ls  thaS are i n t ended  €or hydrogen s e r v i c e  up t o  500't:. 

For  g a s i f i e r  p r e s s u r e  vessels t h a t  o p e r a t e  a t  lower temperatures, however, 

t h e  primary conce rns  are l i m i t e d  t o  TE, HE, and s y n e r g i s t i c  i n t e r a c t i o n s  

between t h e  two. 

o the r  r e p o r t s ,  9 

by s p e c i f i c a t i o n  o f  t h e  p rage r  chemical  cornpositLon and t h a t  tJE can De 

controlled by t h e  s p e c i r k a t i o n  o f  an upper limit t o  t h e  UTS, say  770 !Wa9 

These s u b j e c t s  have k e n  d i s c u s s e d  a t  some l e n g t h  i n  

which r e f e r e n c e  work i n d i c a t  i n g  t h a t  TE can be c o n t r o l l e d  



6 3  

ORNL - OWG 84 - 79'30 

F i g .  45. Embri t t  lement inechanisms in high-temperature, high-pressure 
hydrogen se rv ice .  

and by proper ope ra t ion  of the v e s s e l  i n  regard to  cool ing ,  depressuriza-  

t i o n ,  and purging of hydrogen-bearing gases. The 3 C s 1 . 5  Ma s t e e l s  a r e  

r e l a t i v e l y  new, and t h e  d a t a  base r e l a t i n g  t u  TE and iE i s  sparse .  

Wada and Cox r epor t  t he  r e s u l t s  of thebr  s t u d i e s  of the 3 C r l , 5  t40-V 

steels i n  which the  temper  ernbri t t lement  tendency was assessed  by de ter -  

mining the  s h i f t s  i n  t h e  T T 5 4  and t h e  FATT, or the  decrease  i n  the  USE, 

a f t e r  a s t e p  cool ing.2t i  

r epor t  shifts i n  t h e  TT54 arid FATT of t he  order  of 10 KO 20°C, depending 

on t h e  manganese conLent. Heat A9349, which has 0.844 Mn, exh ib i t ed  a 

s h i f t  of 1 0 ° C .  Such a s h i f t  i s  judged t o  be acceptab le ,  especially for  

g a s i f i e r  v e s s e l s  t h a t  experience low-temperature service where t he  ra te  of 

TE is very l o w .  

S e e  Fig. 46 f o r  a t y p i c a l  cool ing  schedule.  They 

R i t eh ie  and coworkers used a procedure similar t o  that of Wada and 

Cox i n  examining the  TE tendency in t h e  3 C r ' l . 5  Mo--Ni steels.2ia2i 

found t h a t  t h e  s h i f t  i n  t h e  IT54 of t he  l abora to ry  hea t  was upward by 

[+5"6, and thc USE dropped by approximately 25 J. These r e s u l t s ,  which are 

i n  q u a l i t a t i v e  agreement w5th results of Wada and Cox,  indicate t h a t  care 

m i s t  bs: taken t o  avoid Lung-time exposure at high teinyeratures with these  

steels 

They 
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Fig. 4 6 .  Schematic representation of the heat treatments irsed to 
assess susceptibility t o  temper embrittlement . 

The work of Shaw is of particular significance to the assessment of 

the 3 CL-1.5 Mo steels f o r  gasifier agpli~ations.''~~~~ 

a model that relates the TE and HE tendency to the composition and micro- 

structure. Also, he is testing the comercia1 heats of 3 C l r 1 . 5  M O T  

steel and 3 Cr-1.5 Mo-Mi steel in simulated gas i f i e r  armospheres that 

permit TE, HE, and their synergistic effects to be examined on lihe bnsis 

o f  fracture mechanics data. 

Shaw has developed 

i n  the model for the shift i n  the T T 5 4 ,  Shaw f i nds  that far high- 

strength alloys the shift (ATT54) is correlated by the expression: 

ATT54 = 5(-790 + 230 Cr + 58.8 Cr2 -I- 4006 C 

+- 11338 C2 3 89.4 S i 2  -t- 33 .6  Mo Cr 4- 6400 Mn P ) / 9  , 
where the element compositions are i n  percent. 
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Similarly, the shift i n  the FATT is given by: 

AFATT = 5(-110 + 739 C r  C + 469 Mo C 4- 4423 Si P 
+ 71 Nn2 - 5967 C2 - 13.3 C r 2 / 9  

The elements contributing to the embrittlement are principally 

silicon, manganese, phosphorus, and molybdenum. These equations were used 

to estimate the TE tendencies of the 3 Cr1.5 Mo alloys. They tend t o  

overestimate the degree of embrittlement based on the step cooling 

evaluation method (see Table 6 ) .  

Shawls evaluation of the HE tendency of the 3 Cr1.5 MQ steel is now 

Current data indicate that the steels are more sensitive to in progress. 

TE and HE than standard 2.25 C r l  Mo steel (see Table 6 ) .  Part of the 

reason for this khavior is associated with the higher strength levels 

produced in the 3 Cr1.5 Mo steels. In any event, the toughness of these 

steels, even in the embrittled condition, i s  excellent and would present 

no problem for safe operation in hydrogen service. 

Table 6. Comparison of temper and hydrogen embrittlemeut data 
for 2 1/4 Cr-1 Flo steel with those for 3 C r l . 5  M O T  
steel (heat A9349 QT) at three tempering levels 

Steel. 

3 cr-1.5 Mo-v 2 11'4 cr-1 Mr, 
Property 

gr 22 TPa 19.56 TP 20.42 TP 20.98 

As tempered -7 3 -29 -7 3 -5 9 
TT54 ("C> 

Temper embrittled -7 9 32 -22 -40 
~ ~ 5 4  ("c) 

K l c  at 316°C 220 227 23 1 277 
in air ( P & a f i )  

Kxc at 316OC 211 68 ga 189 
in B2 + 1% K2S 
(rnav'iii) 

aTempering parameter. 



COMPARISON WITH OTHER STEF!LS 

Because of t h e  very  aggressive law-al.l.oy s teel  research programs now 

under way worldwide, i t  i s  diEEhcu1.t t o  compare t h e  3 @I--1.5 KO s tee ls  

w i t h  o t h e r  new s tee ls -  Many o€ these steels are i n  var ious stages of 

devcl-opment, and each t ime one steel a p p e a r s  t o  o f f e r  a d i s t i n c t  advantage 

over  o t h e r s  cowpet ic ive s t ee l  companies racdify their composi t ions o r  h e a t  

treatments t o  m e e t  the chal lenge .  Certlainl.y, the 3 Cn-1.5 Mo steels 

d e s c r i b e d  i n  t h i s  repor t  o f f e r  advantages we?? the slzeels c u r r e n t l y  i n  t h e  

ASME Code that were used t o  e s t a b l i s h  she a l l o y  d e s i g n  c r i t e r i a  azentioned 

i n  t l - ~  i n t r o d u c t i o n  of t h i s  report  and i n  t h e  assessment. report . ’  

3 Cr1.5 Mo s tee ls ,  however, are the only  new steels c u r r e n t l y  k i n g  

developed i n  t h e  U.S.  t o  m e e t  t h e  m e l t i n g  and f a b r i c a t i o n  p r a c t i c e s  o f  the 

U.S. i n d u s t r y .  I n  comparing t h e  3 Cr--le5 Mo stre:els with t h e  new stee.ls 

being produced i n  Japan ,  one must recognize  t’siat the Japanese steels are 

much c l e a n e r  and con ta iu  I Q W ~ ? ~  tramp elements .  This r e s u l t s  i n  better 

toughness  p r o p e r t i e s .  F u r t h e r ,  ~ o s t  of t h e  Japanese companies have t h e  

c a p a b i l i t y  o f  producing l a r g e  h e a t s  of boron-containing steels .> T h i s  

a1.l.ows them t o  develop good h a r d e n a b i l i t y  wi thout  a d d i t i o n s  of manganese 

o r  n i c k e l .  Low manganese content., i n  c o n b i n a t i o n  wi t .h  l o w  s u l f u r  and 

s i l i c o n ,  produces e x c e l l e n t  r e s i s t a n c e  to  TE and I E .  

The 

Comparison o f  the d a m  f o r  the 3 C r l . 5  Mo steels with d a t a  produced 

f o r  t h e  3 CP--1 M O T  steels   reveal^. e q u i v a l e n t  or s u p e r i o r  s tPength  and 

toughness  i n  t h e  3 Crl.5 Plo s teels .  Such a comparison, taken from the 

work of Kitchie and co-workers, i s  shown i n  F i g .  47 .  H Q W W ~ K ,  d a t a  f o r  

a l l  t h e  new steels are i n s u f f i c i e n t  t o  e s t a b l i s h  the heat-t:o-heat v a r i a -  

b i l i t y  of t h e  tempering responses  and much [nore needs t o  be l e a r n e d  before 

t h e  s teels  are ready f o r  c s i t ~ e r c : ~ . a l i z a t i o n .  This  i s  p a r t i c u l a r l y  t r u e  f o r  

t h e  bigher  vanadium-containing Japanese steels e F u r t h e r  the p r o p e r t i e s  

of weldtueuts and the development of welding procedi.i+es f o r  use by t h e  

United States  i n d u s t r y  needs a g r e a t  deal  of add i . t i ona1  a t t e n t i o n .  The 

c a p a b i l i t y  of welding heavy s e c t i o n s  of t h e  c a n d i d a t e  s tee l s  has  been 

demonstrated by t h e  Japanese ,  but t o  da te  t h e  only  work i n  t h e  United 

States  has been w i t h  t h e  LOO-mm sections of the 3 C r - B . 5  Mo steel .  
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Several m o d i f i c a t i o n s  of 3 Cr-1.5 Mo steels have k e n  produced as 

l a b o r a t o r y  and commercial heats ranging  i n  s i z e  from 25 kg to 40 t ons -  No 

problems have been exper ienced  i n  meeting a i m  composi t ions with s t a n d a r d  

m e l t i n g  p r a c t i c e s  a v a i l a b l e  t o  I J r n i t e d  S t a t e s  .i.ndi.istrry. 

The s teels  are r e a d i l y  f a b r i c a b l e  and e x h i b i t  good w o r k a b i l i t y  and 

exce I.l.en Ir har de ~ i a  hi. 1. i \r -y a 

The s tee ls  are: weldable by s t a n d a r d  welding practices, i n e l u d i n g  

submerged arc, sh ie lded  metal. arc,  and e l ec t ron  b e a m .  

Mechanical p r o p e r t i e s  of t h e  s t ee l s  vary  as a f u n c t i o n  of the 

tempering parameter with stret1gt.h d e c r e a s i n g  and d i l c t i l i t y  i n c r e a s i n g  w i t h  

i n c r e a s i n g  TV. The steels meet  or  exceed the expectat ions f o r  mechanical. 

propertriea o f  the  base metals" 

FuKtlier work needs Co 'E performed t o  demonstrate the  heavy-sect ion 

w e l d a b i l i t y  and t o  d e f i n e  the. optimum PHkill. 

Work c u r r e n t l y  supported by the &&TD F o s s i l  Energy Materials Program 

will i d e n t i f y  any furt1ie.r K R E X ~ S  f o r  research and w i l l  p rovide  the addi- 

t i o n a l  d a t a  needed by i n d u s t r y  t o  determine whether or not  to proceed with 

commerc ia l iza t ion .  

The  authors acknowl edge t h e  t e c h n i c a l  c o n t r i b u t i o n s  made by 
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( :: j 

7 C! 
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7 3  
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12 25 4 3 8 5 I5 6 ;,; A 
1 3  

1 5 .5 3 ii, 2 i-: 2 327 li A 

4 2 7 332 4 3 3 :),’ A 
1 4  4 1 2  3 2 7  3 9 1  ii I ,  

1XlATI:RIAL: A 9 3 4 9  h’T G S  b10.5 
TEFiPllK: 663C/8I i  T P z 1 9 . 5 7  

S P E C  T EP!P Y L D  uL’r 
NO ( C )  ( Pi I’ A ) (HPA ) 

A K  5 3 
Ai458 
AK49 
AN54 
AN50 
AN55 
A1151 
A L  5 6  
A h 5 2  

-4  
- 4 
2 3  
2 3  

1 4 9  
1 4 9  
2 6 0  
260 
3 7 1  

688  
5 8 6  
6 7 7  
6 7 3  
6 3 7 
6 3 4  
609 
6 0 5  
5 9 1  

799 
796  
7 7 5  
7 7 2  
7 2 0  
7 1 9  
6 9 4  
689 
6 7 4  

U I1 
( 7; ) 

6 . 2  
6 . 0  
5 . 8  
5 . 5  
4.5 
4 . 2  
3.9 
3 . 9  
3 . 6  

2 ‘7 7 4  
2 4  7 4  
2 9 3 3  
34 9 1  

E l ,  
( 7; ) 

1 8 . 7  
18 .1  
18 .0  

1 7 4  
1 6 . 3  
15 .4  
1 4 . 3  
l l i .  5 
1 4 . 9  

rt A 
( 2 )  

7 4 . 5  
7 3 . 7  
7 5  e 4 
7 4 . 2  
7 5 . 3  
7 3 . 9  
7 3 . 5  
7 3 . 3  
0 8 . 4  



79 

-4  
- 4  
23 
2 3 
9 3  
9 :I 

1 4 9  
1 4 0  
2 0 4  
204 
2 0 0 

316 
3 1 ii 
3 7 1  
'3 7 I 

2 (J  0 

7 4 2  
7 5 3  
7 2 2  
7 4 0  
698 
6 7 8  
6 5 8  
0 5 7 
0 3 5 
h 'i 3 
6 5 8  
0 2 7 
6 2 4  
f l  2 4 
c., 3 7 
6 5 0  

S P E C  T E $1 P Y I ,D lJLT 
FJ 0 ( ) ( ! l P A )  (!?PA j 

AI163 
AN68 
A ?i 5 9 
Alib4 
AN60 

A I J G  1 
A i.; 6 6 
4 N h 2 
A N 6 7 

A I J 6 5  

- 4 
- 4 
2 3 
2 3  

1 4 9  
1 4 9  
2 60 
2 6 0 
3 7 1  
3 7 1  

590 
579 
578 
572 
575 
533 
7 1 7  
505  
506 
4 9 9  

7 1 2  
7G9 
6 8 7  
0 8 7  
G 3 1 
6 2 8  
610 
601 
597 
593  

U R  
( z ) 

b . 9 
6.5 
5.8 
5*8 
5 . i )  

5 . 2  
4 , 9 
4 . 9  
4 . 6 
4 . 3 
4 . 2  
4 . 3 
4 . 2  
4 .1  
' 3  . 2 
3 . 9 

UE 
( Z j  

0 . 6 
7 . 2  
6 . 1  
6.6 
5 " 0 
5.4 
4 . 3  
h . 6 
4 . 2  
4 . 2  

I-: I, 
( Z )  

19.4 
1 b * 8  
1 7 . 9  
1 7 . 5  
I. 7 . 3 
1 7 . 4  
1 6 . 3  
1 6 . 2  
I. t) . 3 
I. .5 % 6 
1 4 . 7  
l S . 4  
1 3 - 0  
1.4.4 
1 3 . 6  
1 3 f j  

E I, 
( X )  

1 9 . 5  
19.9 
1 9 . 4  
70.1 
1 7 . 0  
1 7 . 0  
15 .3  
1 5 . 4  
1 4 . 3  
1 4 . 7  

K il 
( :: j 

7 3 . 1  
7 1 . 3  
7 3 . 3 
7 3 . 0  
7 5 . 0  
7 4 . 6  
7 5 . 0  
7 3 . 3  
7 4 . 2  
7 . 3 . 5  
73.2 
7 2 . 4  
61; ~ L: 

f, ( . :? 
66. 7 
67.0 

73 I 9  
72.8 
7 4  e 2 
73.9 
75.0 
72" e 
7 3 . 9  
7 2 . 1  
6C. 2 
6 7 . 2  
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P I A ' T E R T A L :  A 9 3 4 9  NT CS >!O. 5 
TEI.!PCK : 688C/SII T P 1 2 0 . 0 9  

TErIP  
( C )  

- 4 
- 4  
2 3  
23 
9 3  
9 3 

1 4 9  
1 4 q  
2 0 4  
2 0 4 
2 6 9 
26!1 
316 
316 
3 7 1  
371 

Y L D  
(: iPA ) 

594 
5 7 7  
569  
550 
5 3 7  
5 2 6 
511 
5 3 5  
5 0  1 
5 0 3 
4 9 3  
51L 
4 9  5 

4 7 5  
47:: 

f L  8 6 

ULT 
(: ' iPA) 

719 
703 
6 8 5  
6 7 1  
6 3 0  
G 3 2 
6 1 2  
6 3 0  
599  
6 0 3  
503  
6 1 3 
5 9 4  
5 8 3 
5 13 ' 3  
583 

$ ! A T E R I A L :  A 9 3 4 9  NT GS N O .  5 
TIIYIPI:R: 6?3C/161! TP=20.[iI: 

P. K 7 3 
A $1 7 8 
Ai469 
A S 7 4  
A?i70 
AN75 
AN76 
'1 N 7 2 
APl77 

- c, 
- 4  
2 2  
2 2  

1 4 9  
1 4 9  
250 
3 7 1  
3 7 1  

4 9 9  
5 1 6 
4 9 1  
4 9 1  
4 2 8  
4 5 2  
4 2 6 
4 2 8  
4 3 9  

6 4 4  
6 5 4  
6 2 1  
0 2 1 
551 
561 
5 3 6  
5 3 9  
5 4 7  

UT, 
( ) 

7 . 5  
7.3 
6 . I: 
7 . 2  
5 .8  
5 . 9  
5 . 5  
5 . 1  
5 .0  
5 . 2  
4 . 8 
4 . 5  
4 . 7 
4 . g  
4 . 9  
L . 9 

UE 
( 2 1  

9 . 7  
9 . 4  
7 . i3 
7 . 9  
6 . 5  
6 . 1  
5 .  I 
5.8  
5 . 6  

!1 I, 
( 7; ) 

2 0 , 6  
2 0 . 1  
1 9 . 5  
2 0  * :3 
18.4 
18.3 
1 8 , 6  
17 . f t  
1 7 . 0  
1 6 . 9  
1 5 . 7  
l i . 2  
15.b  
1 5 . 4  
15.4 
1 A . O  

11 L 
( :5 ) 

2 3 . ?  
2 2 . 7  
2 2 . 2  
2 1 . 7  
1 9 . 0  
1 8 . 7  
1 7 . 1  
1 6 . 3  
1 0 c -5 

R A  
( 2 )  

7 4 .  G 
7 5 . 0 
7 4 . 6  
7 4 . 5  
72. h 
7 4 . 7  
7 5 . 6  
7 5 . Q  
7 3 . 3  
7 2 . 9  
7 4 . 1  
71:. 1 
7 0 . 5  
0 7 . 8  
6 *'j . 2 
0 7 .  s 

R A  
( Z )  

7 4 . 2  
7 3 . / 9  

7 3 . 7  
7 3 . 8  
7 4 . 8  
7 5 . 3  
73 .0  
6 9 . 6  
6 3 . 9  
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9 6 . 7  
9 0 . c 
b 6 . 3  
L 3 . 2  

to. 1 
:J 9 . 4 
7 8 . 7  

8 1 . 5  

2: . 5 
8 . 5 
6.3 
6 . 5  
5 . 5  
5 . 4  
5.3 
5 . 0 

2 2 . 7  
2'3 = 2 
2 c . 1  
1 9 . b  
18.2 
1 7 . 3  
1 7 . 0  
1 7 . 2  

72.5 
7 4 . 3  
74.5 
7 4 . 3  
7 4 . 3  
-7 4 . 5 
7 4 . 0  
7 0 . 3  

1 1 5 . 5  
1 1 7 . 7  
1 0 5 . 1  
1 i . l  . o  
1 Ob. i) 

I :  7 
I . I  

'9 7 . 5 
95.4 
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G c 4 i', 25 6 6  5 7 6 3  6 . 8  2 3 . 1  7 4 . 0  
C0.46 %i 0 1 720 G . 5 '1. 3 . 1 7 4 . 0  
CG40 2 5  4 9 7 0 0 6 5 . t ;  110.0 74.3 
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MATERIAL: 3CR-1.5MO-NI 
ASTM GS NO. 7 
TEMPER: TP-17.013 (565C/4H) 
STRAIN RATES 0.02/)1IN/ 0.02/MIN/ O.OOS/MIN 

s P E c TEMP YLD UTS UE EL K A  
NO. ( C )  (MPA)  (MPA) ( Z >  ( X )  ( X )  

i 3C18  25 1029 1161 5.1 15.5 66.9 
B C 4 0  25 9 9 4 1170 5.3 22,o 68.8 
BC33 25 966 1187 4.9 15.4 65.8 

MATERIAL: 3CR-1.5MO-NI 
ASTM GS NO. 7 
TEMPER: TP=19.53 (663C/8H) 

S P E C  TEMP YLD UTS 
N O .  ( C >  (MPA ( M P A )  

BC6 25 6 4 6  771 
R C 1 7  93 635 7 4 0  
BC39 204 630 730 
HC45 316 585 694 
B C 1 0  316 570 699 
BC 13 4 8 2  523 564 
BC8 482 521 569 

7 . 4  
5.8 
4.4 
3.8 
4 . 0  
1.7 
2.8 

20.0 
19.4 
16.6 
28.4 
18.6 
29.6 
2 2 , 4  

R A  

71.5 
70.5 
73.0 
67.8 
66.3 
78.7 
77.7 
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MATERIAL: 3CK-1.5MO-NX 
ASTM G S  NO.  7 
TEMPER: T P = 2 0 . 4 2  (6906/16B) 

S I4 E C 
NO" 

TEMP 
( e >  

2 5  
9 3  

204 
316 
316 
4 8 2  
482 

Y L D  
(MPA) 

5 0 1  
485 
476  
4 3 8  
447 
402 
4 0 3  

u w  
(MPA ) 

633 
599 
584 
5 4 9  
5 7 2  
461 
4 7 3  

UE 
( 2 1  

7 , 6  
6 , 4  
6.5 
6 .5  
5 .3  
2.8 
4 . 0  

20.8 
23 .6  
22.1- 
19.3  
20.9 
31.0 
25.0 

7 1 . 0  
7 4 . 2  
7 1 . 7  
69.9 
66 .8  
81 .7  
7 7 . 0  

ATERIAL:  3CR-1. SMO-NI 
ASTFI G S  N O .  7 
TEMPER:  TP=20.98 ( 7 0 4 C / 3 0 1 i )  

SPEC TEMP Y L D  UTS UE E L  R A  
N O .  ( C >  ( M P A )  (MPA) ( X )  ( z ) (XI 

R C 2 2  2 5  
B C 3 2  9 3 
BC27 2 0 4  
B C 3 0  316 
n c  I 5  316 

MC3 482 
B C 3 5  4 8 2  

4 5 4  593  10.0 26.0 
439  559 7 . 5  2 5 . 7  
412 531 7 * 4  2 4 . 6  
3 9 5  511 5 .3  2 2 . 9  
400 544 7 . 4  2 3 . 2  
3 7 8  536 3.2 31.0 
364  4 4 0  5.6 2 8 . 9  

70 .2  
7 5 . 1  
7 2 . 9  
6 9 . 5  
6 4 . 2  
81.1 
7 7 . 0  
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M A T E R I A L :  N K K  3CR-1 e 5MO-V 
O R N L  DATA 
TEMPER: TP=19.54 (663C/8II) 

663-5 25 620 7 4 8  6.5 22.7 7 4 - 4  
663-4 25 622 7 4 2 6.7 2 3 - 7  75.2 

663-10 204 575 676 5.0 21.9 7 6 , 2  
663-3 316 554 653 4 . 9 20.3 72.5 

M A T E R I A L :  N K K  3CR-1.5MO-V 
O R N L  D A T A  
TEMPER: TP=20.44 (690@/168) 

690-1 25 542 673 7 . 7  2 4 , 7  74.2 
690-9 25 524 658 7.5 25.1 75.3 
690-7 204 487 592 5.5 22.6 7 0 . 1  
690-3 316 477 587 4.8 20.3 72.4 

M A T E R I A L :  N K K  3CR-1.5MO-V 
ORNL D A T A  
TEMPER: TP=20.98 ( 7 0 4 C / 3 0 H )  

S P E C  TEMP Y L D  urr s UE EL R A  
N O ,  (C) ( 1.1 P A ) (MPA ) ( 2 )  ( % )  ( % I  

704-5 25 394 555 13.2 32.8 75.6 
704-9 25 390 555  12.7 34.7 24.5 
704-8 204 362 488 8.2 27-7 75.9 
704-4 316 353 488 7.9 2 4 - 0  74.8 
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MATERIAL: N K K  3CR-1.5MO-V 
N K K  DATA AT T / 4  
TEIIPER: T P = 2 0 . 5  (690C/20H) 

SPEC TEMP Y L D  UTS 
N O .  ( C )  (PIPA ) (MPA) 

N K K  1 2 5  542 6 7 2  
N K K 2  400 4 4 2  537 
N K K 3  4 5 0  4 3 8  512  
NKK4 500  413 4 7 1  
N K K 5  5 5 0  375 434 
NKR6 600 313 3 8 2  

UE 

N A  
N A  
N A  
N A  
NA 
N A  

2 6  
16 
18 
20  
2 3  
28  

R A  
( 7; ) 

7 1  
7 1  
7 3  
7 8  
8 4  
88 

MATERIAL: WAMAX SA WELDMENT 
SPECIMEN LOCATION: WELD 
TEMPERS: 704C/16H, 677C/lGH, & 6 4 9 C / 8 H  

A X I ,  1 1 2 5  400 572 2 2 . 0  73.5 21.69 
AXL2 :L 2 5  4 9 0  6 2 2  1 9 . 5  71.5 2 0 , 1 4  
AXL32 2 5  653 750 20.5 69.5 1 9 . 2 7  
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MATERIAL: W A M A X  SA WELDMENT 
SPECIMEN 1,OCATION: HAZ 
TEMPERS: 7 0 4 C / 1 6 H 9  6 7 7 C / 1 6 H ,  R 649C/8H 

SPEC TEMP Y 1, D UTS E L  R A  T P 
N O .  ( C )  (MPA ) ( M P A ) ( % >  ( X )  (K) 

AXL12 2 5  400 5 7 2 2 2 . 0  7 3 . 5  2 1 . 6 9  
AXL22 2 5  4 6 7  610 2 3 . 0  7 2 . 5  2 0 , 1 4  
AXL32 2 5  4 6 7  710 2 3 . 0  72.5 2 0 . 1 4  

MATERIAL: WAElAX SA WELDMENT 
SPECIEIKN LOCATION : RASE METAL 
'I'EFIPERS: 704C/ ' lGI I ,  6 7 7 C / 1 6 1 I ,  R 6 4 9 C / 8 H  

SPEC TEMP YLD UTS EL R A  T P  
NO. ( C )  ( !*I P A ) (MPA) ( 2 )  ( X I  (K) 

AXL10 2 5  3 7 3  554 32.0 7 5 . 0  21.69 
AXL21 2 5  458 609 29 .0  73.0 2 0 . 1 4  
AXL30 2 5  6 5 2  7 5 8  2 4 . 0  7 1 . 5  1 9 . 2 7  
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Tens i l e  properties of 3 Crc-1.5 Mo-+ submerged arc weld metal 
(weld JFK 328) a f t e r  pos tweld  heat treatlment 

-.- 
0.2% Offset 

s t re rigt h 

Postweld heat Test U l  t 1 mate D u c t i l i t y  ( X )  
treatmenta teuperature y i e l d  s trengthb 

T o t a l  Reduct ion 
(MPa) (ksi) e l o n g a t i o n  01 a r e a  

16 6 6 3  

16 677 

8 6 9 0  

10 6 9 0  

16 704  

1225 

1 2 5 0  

1275 

1275 

1300 

2 6 0  500  
371  7 0 0  

24 7 5  
93.3 200  

149  3 0 0  
204 400 
260 500 
316 500 
3 7 1  7 0 0  

2 4 7 5  
1 4 9  3 0 0  
260 500 
371 7 0 0  

24 7 5  
93.3 200  

1 4 9  300 
204 4 0 0  
260 5 0 0  
316 600 
3 7 i  7 0 0  

24 7 5  
149  300 
2 6 0  500 
3 7 1  7 0 0  

2 4 7 5  
93 .3  200 

1 4 9  300 
204 400 
2 6 0  501) 
3 7 1  7 0 0  

528 
510 

556 
528 
516 
509 
5 1  3 
507 
456 

517 
507 
4 7 1  
432 

510 
459 
475 
436 
4 3 8  
4 2 0  
437 

4.50 
42 1 
408 
402 

396 
398 
394 
386 

37 8 
38 5 

76.6  
73.9 

80.6 
76.6 
74.9 
73 .8  
74.4 
73.5 
66.2 

7 5  
63 .5  
68 .3  
62.6 

7 4  
66.6 
68.9 
6 3 . 2  
63.6 
60 .9  
63.4 

65.3 
61.1 
59.1 
58.3 

57.4 
57.8 
57.1 
56.0 
55.8 
54.9 

588 
574 

6 3 0  
616 
562 
578 
57 6 
58 4 
54  1 

59 1 
549  
520 
515 

601 
4 54 
501 
524 
512 
51 1 
514 

563 
471 
492 
494 

53 7 
511 
498 

475 
4 7 8  

482 

85.2 
83.2 

91.4 
89.3 
81.5 
83.9 
83.5 
84.7 
7 8 . 4  

85.7 
79.6 
75.4 
74.7 

87.2 
7 9 . 1  
72.6 
76 .O 
74.3 
74.1 
74.6 

81.6 
68.3 
71.4 
76.6 

77.9 
74.1 
7 2 . 3  
b9.9 
68 .9  
69 .4  

23.9 
20.9 

33.2 
26.0 
24.3 
22.0 
20.9 
22 - 0  
21.1 

25.9 
25.2 
20.9 
22.9 

28.1 
29.2 
22.5 
27.0 
27.5 
22.5 
22.5 

30.0 

26.0 
24.6 

70.0 
29.0 
29.0 
30.0 
3 0 . 0  
24.5 

28.7 

75.5 
73.9 

74 .8  
75.5 
75.1 
75.5 
73.5 
73 .5  
72 .7  

77.3 
7 5 . 0  
63.0 
72.7 

75.9 
7 5 . 5  
76.9 
77.6 
75.6 
74.6 
73 .2  

77.3 
74.9 
76 .4  
73.6 

7 5 . 2  
75 .5  
77 .8  
77.6 
75.2 
7 2 . 9  

x I_ 

"Preceded by stress r e l i e f  2.5 h a t  621°C.  

hAll specimens t r a n s v e r s e  t o  welding direction. 



MATERIAL SA WELD J F K 3 4 2  
SPECIMEN LOCATION: WELD METAL 
TEMPER : 6 6 3 C /  811 TP= 1 9 . 5  7 

SPEC TEMP YLB IJTS U E  E L  R A  
NO. ( C I  (MPA) (MPA) ( X )  (XI 

342A1 2 5  6 2 6  ‘7 2 1 4 . 3 2 3 , C  7 2 , 9  
342A2 2 5  6 2 2  7 1 4  4 . 1  2 0 . 9  7 2 . 6  
342A3 3 1 5  4 7 0  6 2 5  3 .8  2 1 . 2  7 1 . 3  
342A4 3 1 5  5 4 8  630  2.9 2 0 . 2  7 2 . 0  

MATERIAL SA WELD .JFK342 
SPECIMEN L O C A T I O N  : WELL) ME’l’AL 
T E M P E R :  6 7 7 ~ / 1 6 ~  T P - 2 0 . 1 4  

SPEC TEMP Y L D  U T  s UE E L  R A  
N O .  ( C )  (NPA) (MPA) ( Z >  ( 2 )  (7,) 

342B1 2 5  516 6 2 8  6 . 4  2 7 . 0  7 2 - 9  
342B2 2 5  5 2 7  6 4 2  5 . 4  26 .5  3 2 . 6  
342B3 3 1 5  4 5 6  553 4 . 6 2 1 . 1  7 1 . 3  
342B4 3 1 5  4 4 9  550 5 . 3  2 2 . 7  7 2 . 0  
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MATERIAL SA WELD J F K 3 4 2  
SPECIMEN LOCATION: WELD METAL 
TEMPER: SK 6 2 1 C / 2 . 5 H  

3 4 2 E l  2 5  691 7 7 9  
3 4 2 E 2  2 5  801 9 2 6  
3 4 2 E 3  315 7 4 2  768 
3 4 2 E 4  315 7 7 3  8 5 4  

MATERIAL SA WELD J F K 3 4 2  
SPECIMEN LOCATION : WELD METAL 
TEMPER:GG3C/8H T P = 1 9 . 5 7  

SPEC 
N O .  

3 4 2 E 1  
3 4 2 E 2  
3 4 2 E 3  
3 4 2 E 4  
3 4 2 A 1  
3 4 2 A 2  
31+2A3 
3 4 2 8 4  
3 4 2 B 1  
3 4 2 8 2  
3 4 2 B 3  
3 4 2 8 4  
3 4  2 c  1 
3 4 2 C 2  
3 4 2 c 3  
3 4 2 C 4  

TEMP 
( C )  

2 5  
2 5  

315 
315 

2 5  
25  

315 
3 1 5  

2 5  
2 5  

315 
3 1 5  

2 5  
2 5  

3 1 5  
315 

691 
80 1 
7 4 2  
7 7 3  
6 2 6  
6 2 2  
4 7 0  
5 4 8  
516 
5 2 7  
4 5 6  
4 4 9  
4 3 5  
4 3 3  
3 8 3  
385 

7 7 9  
9 2 6  
7 6 8  
8 5 4  
7 2 1  
7 1 4  
6 2 5  
6 3 0  
6 2 8  
6 4 2  
553 
550 
5 6 8  
571  

506 
5 0 4  

UE E L  
(XI ( % )  

1 . 5  6 . 6  
4 . 5  19.5 
1.1 2.9 
3.2 1 7 . 1  

1.5 
4 . 5  
1.1 
3 . 2  
4 . 3  
4 . 1  
3 , 8  
2 . 9  
6.4 
5 .4  
4 , 6  
5.3  
9.0 
8 .9  
6 . 5  
7 . 2  

E L 

6 . 6  
1 9 . 5  

2 . 9  
1 7 . 1  
2 3 - 6  
20 .9  
2 1 . 2  
2 0 . 2  
2 7 . 0  
2 6 . 5  
2 1 . 1  
2 2 .  '7 
2 7 , 9  
3 2 . 3  
2 4 . 8  
2 4 . 9  

7 3 . 6  
6 5 . 0  
7 2 . 9  
6 0 . 7  

R A  
( X I  

7 3 . 6  
6 5 . 0  
7 2 . 9  
6 0 . 7  
7 2 , 9  
7 2 . 6  
7 1 . 3  
7 2 . 0  
7 2 . 9  
7 2 . 6  
7 1 . 3  
7 2 . 0  
7 6 . 2  
7 5 . 6  
7 4 . 3  
7 4 . 0  
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MATERIAL SA WELD J F K 3 4 2  
SPECIMEN LOCATION: WELD METAJ., 
TEMPER: 704C/16I-I TP=20,7% 

3 4 2 C 1  2 5  4 3 5  5 6 8  9 .0  27 .9  7 6 . 2  
342G2 2 5  4 3 3  5 7 1  8 . 9  3 2 - 3  7 5 , 6  
3 4 2 C 3  3 1 5  3 8 3  504  6 .5  2 4 . 8  7 4 . 3  
3 4 2 C 4  3 1 5  3 8 5  5 0 6  7 . 2  2 4 . 9  7 4 . 0  

MATERIAL SA WELD JFK 344  
SPECIMEN L O C A T I O N  : WELD METAL 
TEMPER: 7 0 4 C / 3 0 H  T P = 2 0 . 9 8  

3 4 4 - 1 0  2 5  5 0 8  6 3 4  3 . 1  2 9 . 3  7 2 . 1  
344-7 2 5  4 9 6  6 2 6  8 . 2  2 4 , 6  7 3 . 6  

3 4 4 - 1 3  2 0 4  4 4 0  5 4 1  5 . 6  2 2 . 4  7 3 . 5  
3 4 4 - 1  3 1 6  4 2 6  5 3 3  5 .7  1 9 . 6  6 8 . 5  

MATERIAL SA WELD JFK 3 4 4  
SPECIMEN LOCATION: IdELD METAL 
TEMPER: 6636/8H T P z 1 9 . 5 6  

SPEC TEMP YLD UTS UE E L  R A  
N O .  ( C >  (MP.4) (MPA) ( a )  ( % )  ( a )  

3 4 4 - 2  2 5  6 4 7  7 5 5  5 . 9  2 2 . 1  69.3  
3 4 4 - 8  2 0 4  5 8 7  669 3 , 3  1 9 . 1  7 1 . 9  

3 4 4 - 1 4  3 1 6  5 4 4  659 3 .4  1 8 . 2  67 .  7 
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M A T E R I A L  SA WELD .JFK 3 4 4  
SPECIMEN L O C A T I O N  I WELD METAL 
TEMPER: 690C/16€I T P = 2 0 . 4 2  

SPEC TEMP Y L D  UTS 
N O D  ( e >  (MPA) (MPA) 

344-1  5 2 5  506 632  
3 4 4 -- 3 2 5  5 2 0  6 4 5  

3 4 4 - 1 2  204  4 6 8  568 
3 4 4 - 5 316 442  5 4 7  

9 . 3  2 9 - 3  72 .2  
7 * 2  26.6 7 2 . 4  
6 . 0 22.7 7 4 . 4  
5.6  a9,9 69.7 

M A T E R I A L  S M A  WELD IN A 9 3 4 9  NT 
TRANSVERSE WELD C E  
Sf” KP A S  W E L D E D ,  SP KO TEMPERED 603C/16If 

K P  2 5  1023 1098 N A  16.0 4 8 . 4  
KO 25 611 715 N A 19.0 6 8 , 3  



T e n s i l e  p r o p e r t i e s  of 3 Cr-1.5 Mo-V s h i e l d e d  metal 
arc weld a f t e r  postweld heat treatment 

S t r e n g t h ,  ma (ksija D u c t i l i t y  % 

Yieldb  U1 t kma t e e l o n g a t i o n  

Tes t 

O C  

Total Redu c t  i o n  
of area 

temperature Postweld 
h e a t  treatment 

8 h a t  663°C 24  675  (97.9) 7 7 4  ( 1 1 2 . 2 )  14.7 65  
149  435 (63.1) 587 ( 8 5 . 2 )  17.2 7 1  

2 6 0  405 (58.8) 498  ( 7 2 . 3 )  14.9 7 3  
37 1 587 ( 8 5 . 2 )  667 ( 9 6 . 7 )  14.6 7 5  

16 h a t  663°C 24 436  (63.3) 7 3 6  (106.8) 17 .Q 7 4  

260  566 (82.1) 651 ( 9 4 . 5 )  14.5 7 6  
37 1 389 ( 5 6 . 4 )  501 ( 7 2 . 7 )  12.3 7 5  

1 4 9  595 (86.3) 688 (99 .8)  15.5 68 

16 k a t  677°C 24 409 ( 5 9 . 3 )  585 ( 8 4 . 9 )  17.5 7 3  
149 543 ( 7 8 . 7 )  633  (91.8) 15.4 7 5  
260 528 ( 7 5 . 2 )  609 ( 8 8 . 4 1  15 .O 7 6  
37 1 365 (52 .9)  485 ( 7 0 . 4 )  14.7 65 

“ A l l  specimens t r amverse  to  welding d i r e c t i o n .  

bg. 2% o f f s e t .  
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M A T E R I A L :  SMA WELD JFK 341  
TRANSVERSE 
TEMPERS: A W ,  663C/8H, 663C/1611, 690C/SM 

S P E C  
NO 

341E1 
343E2 
341E3 
3 4 1 E 4  
341A1 
341112 
3 4 1 A 3  
341A4 
3 4 1 B l  
3 4 l B 2  
341B3 
3 4 1 B 4  
3 4 1 c 1  
3 4 l C 2  
341C3 
341C4 

TEMP 
( C >  

24 
14’9 
260  
371  

24 
1 4 9  
260 
3 7 1  

24 
1 4 9  
260 
3 7 1  

2 4  
1 4 9  
24c3 
3 7 1  

Y L D  
(MPA) 

7 5 8  
600 
4 9 8  
7 2 1  
6 4 5  
6 2 3  
5 7 1  
5 4 3  
585 
5 5 3  
496 
496  
605  
6 0 2  
507 
5 2 2 

UTS 
(MPA 1 

1055 
1020 
1 0 9 6  
1 0 7 5  

754 
720 
683 
656 
639 
6 4 2  
612 
6 0 1  
718  
6 4 4  
6 4 0  
622  

E I” 
( % I  

1.5.7 
1 4 . 3  
1 2 . 3  

3 . 9  
2 2 . 5  
20.7 
1 7 . 5  
2 0 . 4  
1 9 . 0  
18.5 
1 4 . 7  
1 3 . 2  
23.1 
1 8 . 7  
1 8 . 5  
14 .9  

R A  

51.7  
52 

17.0 
5 . 6  

5 7 . 8  
6 9 . 0  
65.0 
4 5 . 0  
6 9 . 0  
71 .8  
64 .1  
6 3 . 8  
72 .4  
7 0 . 2  
6 7 . 5  
6 5 . 9  

( X I  
“ P  

K 
A ld 
A w 
A W 
A W 

1 9 . 5 6  
1 9 . 5 6  
1 9 . 5 6  
19.56 
1 9 . 8 5  
19.85 
1 9 . 8 5  
1 9 . 8 5  
1 9 . 9 3  
1 9 . 9 3  
1 9 . 4 3  
1 9 . 9 3  





Appendix B 

CHARPY V-NOTCH IMPACT DATA 

The d a t a  i n  t h i s  appendix are reported i n  degrees F, 
foot-pounds, and mils. They can be converted t o  degrees  6 ,  
j o u l e s ,  and millimeters as shown b e l o w .  

"C  = 5("F - 32)/9; 
J = 1.36 x f t - l b ;  

mm = 0,0254 x m i l s .  
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Material: 3Cr-1.5 Mo-V 
Heat: A9349 NT 
ASTM G r a i n  S i z e :  5 
Heat Trea tmen t :  1300F/30h 
Specimen Locatiod: T / 2  
R e f e r e n c e  : Lukens 

TMPERAIURE!F) 
-140, 
-120 s 
-100. 
-103. 
- 100 * 
-80 9 

-60. 
-40 t 
-30 + 
-20, 
0, 

60 t 
80 
100, 

Material: 3Cr-1.5 Mo-V 
Heat: A9349 NT 
ASTM G r a i n  S i z e :  5 
Heat Trea tmen t :  1175F/4h 
Specimen L o c a t i o n :  T/2 
K e f  erence : Lukens 

LATERAL 
EXPANSION? HILS 

90. m, 
86 , 
87 
72 t 
94 * 
75 e 

94 9 

97 . 
73. 

EHERGY % FIBROUS LATERAL 
TWERAWEIF) ABSORED(FT-LPS) FRACTURE MPANSIOHiHILS 

-120 D 

-109. 
-80 
-60 v 
-90. 
-20, 

0. 
20 t 
40. 
60, 
80 t 
100, 
100. 
120 b 
140 t 
14i) )r 
160 * 
120, 
200, 
220, 
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Material: 3Cr-1.5 Mo-V 
Heat: A9349 NT 
ASTM Gra in  Size: 5 
Heat Treatment : 1200F//ih 
Specimen T , n c a t i o n :  T/7. 
Reference: Lukens  

ENERGY 
TEWPERATURE(F1 ,4BSQRPEn(FT-LE) 

-120. 9 ,  
-100 I 

-85 * 
-60 + 
-40 t 
-20 I 

0 ,  
2 0 .  
40 t 
60 P 
60 t 
80 

100, 

---Ct--̂ .~_- ---- ----~1 

120 t 
120, 
140 e 
160, 
180 I 
200 b 

14, 
24 , 
31 e 
30 a 
45 , 
49 L 
54 8 

92 L 
94 P 
111, 
102, 
106. 
103, 
125, 
136, 

220 )I 166, 

Material : 3Cx-1.5 Mo-V 
Heat: '49343 NT 
ASTM G r a i n  S i z e :  5 
Heat Treatment : 1240Y/4h 
Specimen Loca%ion: T / 2  
Kef erence : Lrikens 

-120 , 
-100. 

-60, 
-40, 33 s 
-20,  34 8 

0, 36 , 
20 * 56. 
40 t 75 ,  
60 + 78 I 
20 + 
100, 
120, 
140 t 
140 9 

160 0 

-80, 

is0 

6, 
24 , 
28 , 
2 6 .  

95 t 
116, 
140 8 

132 8 

1431 
145 1 

169, 
l b 8 l  
165+ 
170 

10 I 20 + 
10, 19 * 
14 30 + 
15 t 22 I 

29 , 4 4 s  
32, 47 . 
47 t 62 
61 t 70 9 

67 67 t 
69 , ha, 
69 8 

73 P 
87 t 

66 t 
l a  6 

84 , 
- i  

89 t 82. 
100. 91 , 
100, 91  t 
lbDP 84 > 

6t 20 )I 
a ,  25. 

11 , 24 
24 I 39. 
36 50 I 
37 8 52 b 

b2 . 62 + 
80 a 71 
98 e 85 6 
91 82 t 
ea, 97. 
90 t 30. 

100 I 82 + 
100 e 92. 
100. 92 t 
loot 92 1 
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Material: 3Cr-1.5 Mo-V 
Neat: A9349 WT 
ASTM Grain S i z e :  5 
Heat Treatment: 1275F/4h 
Specimen Location: T / 2  
Kef erence : Lukeris 

TEEIPERIITME( F) 

-140 t 
-129. 
-100, 
-80 I 
-&I, 
-40, 
-20 

180, 173, 
200 172, 
229 169, 

Material-: 3Cr-1.5 Mo-V 
Neat: A9349 NT 
ASTM G r a i n  S i z e :  5 
Beat Treatment: 1300F/4h 
Specimen Location: T / 2  
Reference: Lukens 

66 I 
85 a 
95. 

SO,  100, 
70 t 129 + 
80 + 145, 
100 * 144 8 

120. 1708 
140, 177, 
lb0I 172, 
180 * 172 t 

I]. * 21 * 
18 I 44 * 
27. 55 
23 + 40 0 

34. io. 
27 (I 52 t 
44 s 62 I 
60 + s9 * 
65 L 66 * 
65 * 63 
83. 58, 
30. 92 I 

100 E 92. 
100 I 90, 
100, 96 + 
1008 92, 
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Material: 3Cr-1.5 Mo-V 
Heat: A93(+9 NT 
ASTM Grain S i z e :  5 
Heat T r e a t m e n t :  1174F/4h +TE* 
Specimen L o c a t i o n :  T/2  
R e f e r e n c e :  Lukens 

* 1100"F, 1 h o u r ,  F.C. t o  
1000"F, 16 hours ,  F.C. t o  
975"F, 24 h o u r s ,  F.C. t o  
925"F, 48 h o u r s ,  F.C. t o  
875"P, 72 h o u r s ,  A.C. 

Temp * E n e r g y  F i b r o u s  Lat.Exp. - 
-e:--- ___.- ( E )  ( F t . L b s )  ( X )  (Mils) 

6 
20 
23 
4 I+ 
4 5  
57 
6 2  
7 h 
H6 

i o n  

5 
31 
30 
4 8  
50 
53 
5 4 
62  
7 7  
82  

Material: 3Cr--1.5 Mo-V 
Heat: A9349 NT 
ASTM G r a i n  Size: 5 
Heat T r e a t m e n t :  1200F/4h +TE* 
Specimen L o c a t i o n :  T / 2  
R e f e r e n c e :  Lukens 

* 1100"F ,  1 hour ,  F.C. to 
1000"F, 16 h o u r s ,  F.C. t o  
975"F, 24 h o u r s ,  F.C. to 
925"F, 4 8  h o u r s ,  F.C. t o  
87S"F ,  72 h o u r s ,  A.C. 

Temp. Energy F i b r o u s -  Jhat.Exp. 
-%- ( 1 . )  (Ft.Lbs) ( X I  ( M i l s )  

7 3  
1 2 0  
160  
200 
2 4 0  
280 
300 
320 
360 
400 

11 
24 
26 
3 1  
39 
67 
6 1  
88 

1 2 8  
1.52 

2 
8 

1 5  
2 2  
34 
4 5 
52 
62 
8 8  

100 

8 
15 
18 
2 3  
30 
4 6 
47 
6 2  
81 
8 9  
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Material: 3Cr-1.5 Mo-V 
Heat: A9349 NT 
AS?% Gra in  S i z e :  5 
H e a t  Trea tment  : 1240F/4h +TE* 
Specimen Loca t ion :  T / 2  
Re fe rence :  Lukens 

* 1100"F, 1 hour ,  F.C. t o  
1000"F, 16 hours ,  F.C. t o  

9 7 5 " F ,  24 hoiirs, F.C. t o  
925'F, 48 h o u r s ,  F.C. t o  
S7S°F,  7 2  h o u r s ,  A . C .  

7 5  
12.0 
140 
160 
180 
200 
2 20 
2 4 0 
260 
280 
100 
3 10 
3211 
340 
3 0 0 
380 

420 
440 
460 

4 o o 

Energy  
( F t  1 bs ) 

14 
24 
10 
27 
24 
25 
73 
53 
8 1  
6 5  
85 
78 

1 7 4  
150 
137 
131 
137 
157 
I513 
155 

5 
b 
7 
10 
12 
17 
20 
31 
h 0 
48 
69 
52  
88 
90 
9 2  
9 2  
92 
100 
100 
100 

Lat. Exp.  
(Mils) 
10 
16 

5 
22 
15 
18 
2 6 
39 
5s 
4 6 
59 
52 
7 4 
t i  8 
85 
8 0 
U? 
8 2  
8 7  
tl 1 

Material: 3Cr-1.5 Mo-V 
Heat: A9349 NT 
ASTM Gra in  S i z e :  5 
Heat Trea tment :  1275F/4h +TE* 
Specimen Loca t ion :  ' r /2  
Keference: Lukens 

* 11OO"P, 1 hour ,  F.C. t o  
1OOO"F, 16 hour s ,  F.C. t o  

975"P,  24 lioiirs, F.C. to 
925"F,  48 hours ,  F.C. tQ 
875'F, 72 hours ,  A.C. 

Energy  
(P - t ' 1. bs) 

L a t .  Exp. 
(Mils) 

5 
2 1  
2 5  
2 4 
17 
25 
39 
36 
58 

63 
67 
7 7  
7 7  

8 5 
87 
87  
9 0 
13 8 

8 

() P 
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Material: 3Cr-1.5 Mo-V 
Heat: A9349 NT 
ASTM Grain S i z e :  5 
Heat Trpatrnent : 1300F/4h +Tr:* 
Specimen Location: T/?  
RcFerence: 1,11kens 

* l lOO°F,  1 hour ,  F.C. t o  
1000°F, 16 h o u r s ,  F.C. to 
975"P, 24 hours, F.C. to 
925"F, 48 h o u r s ,  F.C. to 
875"F, 7 2  hours ,  A.C. 

Tzmp. Energy F i b r o u s  L a t .  Exp. 
1__- 

( P I  (PtOlbs) ( W )  (Mils) 

- 30 1, 
- i n  1 3  

10 2 0  
30 19 
5 0 26 
IS 3 0  

100 4 0 
120 34 
l'tr) 30 
160 75 
180 50 
200 87 
2 2 0  69 
2 4 0  112 
260 1 2 4  
280  1 5  1 
300 152 
320 179 
340 18 1 
760 ? 17 

0 
0 
3 
3 
6 

11 
15 
15 
17 
4 4  
3 4  
55 
52 

7 4 
8 2  
97 
100 
100 
100 

7 8  

2 
10 
16  
13  
19 
23 
35 
28 
25 
60 
4 1 
70 
60 
76 
85 
9 4 
99 

83 
7 1. 

a3  

Maierial: 3Cr-1.5 Mo-V 
Heat: A9349 NT 
ASTM Grdin S i z e :  5 
Heat Treatmerit: 1300F/8h +TE* 
Specimen Loca t ion :  T / Z  
Reference: Lukens 

* 1100"F, 1 hour, F.C. to 
1000°F, 16 h o u r s ,  F.C. to 

925"F, 4% h o u r s ,  F.C. to 
875"F,  72 h o u r s ,  A.C. 

975"F,  24 hours ,  F.C. to 

T y p  e 

-50 
-30 
- 10 

10 
30 
50 
75 
90 
101) 
120 
130 
140 
160 
180 
2 00 
200 
210 
2 2 0  
240 
260 

( F)  
Knergy 
(Pt "1 bs 3 

10 
/ 

2 2  
26 
2 5  
55 
4 3 
2 1  
7 0 
7 0  
7 3  

1 2 2  
118 
14 9 
128 
130 
138 
2 17 
202 
2 0 0  

Fibrous  

2 
0 
3 
6 
6 

24 
17 
19 
21 
4 9 
35 
68 
66 
9 A 
80 
8 (3 
8 It 

100 
109 
100 

----- 
(%9 

Lat. Exp. 
(Mils) 

9 
7 

19 
24  
2 2  
46 
37 
2 0  
6 6  
57 
67 
85 
9 4 
92 
90 
96 
8 4 
76 
82 
76 



M a t e r i a l  : 3Cr-1 e 5 No-ir 
Heat: A9349 NT 
ASTM Grain S i z e :  5 
Heat Treatment:  1050F/2h 
Specimen Loca t ion :  .18T (229-233); .32T (234-238); .68T ( 2 3 9 - 2 4 3 ) ;  .82T (244-247)  
Reference: ORNL 

Number Temperature 
A) - 

AN-229 
AN-230 
AN-23 1 
AN-232 
AN-233 
AN-234 
AN-235 
AN-236 
AN-2 3 7 
AN-238 
AN-239 
AN-241) 
AN-24 1 
AN-242 
AN-244 
AN-2 4 5 
AN-246 
AN-247 

67 
- 50 

200 
300 
4 00 
550 
175 
275 
300 
200 
450 
3 50 
500 
2 50 
3 30 
100 
225 
125 

Energy Lat. Exp. F i b r o u s  
( F t - l b )  (mils) (%) 

10.0 
3.5 

16 ,5  
16.7 

111.5 
118.0 
26.0 
48 .5  
75.0 
40,2 

122.0 
94.0 

122.0 
59.7 
84.0 

7.5 
55.0 
26.8 

1.5 
.3 

5 * 5  
39.0 
54.0 
67.0 
15.5 
18.5 

16.0 
58.3 
52.0 
62.9 
28.2 
39.9 

4 - 3  
23.6 
14,7 

38.6 

0 
0 
0 

40 
.= 90 
100 

u 
0 

40 
0 

100 
70 

100 
5 

5 5  
0 
0 
0 

I- 
C 
cr; 
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Material: 3Cr-1.5 Mo-Y 
Heat: A9349 NT 
ASTM G r a i n  S i z e :  5 
Heat Treatment : 1225F/8h 
Spec imen Location: .66T (139-145); .80T ( 1 4 6 1 5 2 )  
R e f  e r e n c e  : ORNL 

Nuinbe P Tempe rat ure E n e r g y  Lat. Exp. F i  b r o w  
(OF) (F t -1b) ( m i l s )  ._I_DD__ ( % >  

AN-139 
AN- 140 
AN-141 
AN-142 
AN-143 
AN-144 
AN-145 
AN-146 
AN-147 
AN-148 
AN-149 
AN- 150 
AN-151 
AN-152 

74  
250 
450 

0 
12.5 
25 

-75 
150 
350 
550 
-50 
100 
50 

-25 

100.0 
159.5 
157.5 
84.0 

158.5 
62.0 
31.0 

160.0 
162.0 
150.5 

33.5 
120.5 
109.0 
41.7 

58.0 
82.0 
73.0 
52.0 
83.0 
39.0 
19.0 
78,O 
79.0 
75.0 
23.0 
71.0 
66,O 
26.0 

6 4 
100 
100 

31 
100 

20 
0 

100 
100 
100 

10 
7 2  
50 
10 
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Material: 3Cr-1.5 Mo-V 
H e a t :  A9349 NT 
ASTM Grain Size: 5 
H e a t  Treatment: 1225F/8h 
Specimen Location: .66T (139-145); .BOT (146-152) 
Reference : ORNL 

Fibrous Number Temperature Energy Lat .  Exp. 
( O F )  (F t -1b) (mi l s )  ( % >  

AN-7 9 
AN-80 
AN-8 1 
AN-8 2 
AN-83 
AN-84 
AN-8 5 
AN-84 
AN-87 
AN-88 
AN-89 
AN-90 
AN-9 1 
AN-92 
AN-9 3 
AN-94 
AN-9 S 
AN-9 6 
AN-97 
AN-98 

74  
250 
450 

0 
- 25 

200 
50 

- 75 
500 

-125 
150 
350 
550 

- 50 
25 

400 
100 

0 
-100 

65 

121.0 75.0 
169.5 86.0 
149.5 72.0 

42.5 24.0 
41.5 25.0 

167.5 87.0 
83.0 50.0 
25.0 13.0 

156.8 78.0 
14.5 6.0 

160.0 77.0 
178.0 80.0 
153.5 80.0 
40.0 24.0 
98.5 61.0 

169.7 83.0 
163.5 87.0 
77.0 49.0 
21.2 11.0 

106.3 43.0 

73 
100 
100 

16 
16 

100 
43 

7 
100 

0 
100 
100 
100 

13 
36 

100 
100 
26 

5 
68 
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Mat-erial: ~CK--1.5 Mo-V 
Heat: A3349 NT 
ASTM Gra in  S i z e :  5 
Hesat Treatment:  1245FJ16h 
Specimen Loca t ion :  .66T (153-159); .80T (160-166) 
Reference : OKNL 

Number Temperature Energy Lat .  Exp. FibKOus 
(mi Is ) 

(OF) -I-.__. ( F i - l b )  ---. 

AN- 1 5 3 
AN-154 
AN-155 
AN-1 56 
AN- 1 5 7 
AN-1 58 
AN--1 59 
AN-160 
AN-161 
AN-162 
AN-163 
AN-164 
AN-165 
AN-166 

76 
2 50 
450 

0 
-100 

60 
25 

150 
350 
550 

- 50 
40 
i 3 

-125 

- -  

172.5 
165.0 
158.5 
85.0 
19.5 

167.5 
84.0 

168.5 
163.0 
174.5 
51.5 
91.0 
48.3 

9.0 

84.0 
82.0 
88.0 
57.0 
11.0 
88.0 
60.0 
86.0 
75.0 

34.0 
57.0 
32.0 

4 " 0  

76.0 

100 
100 
100 

37 
5 

100 
36 

100 
100 
100 

1 5  
48 
10 

3 
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Material: 3Cr-1.5 No-V 
Heat: A9349 NT 
ASTM G r a i n  S i z e :  5 
Meat Trea tment :  1270F/8h 
Spec imen Loci3tion: . 66T (99-108); 
Re fe rence :  ORNL 

.BOT (104-1 18) 

Number T e m p e r a t u r e  Energy Eat. Exp.  F i b r o u s  
(OF.> (Ft-Lb) ( m i l s )  ( % >  

AN-9 9 
AN-100 
AN-101 
AN-IO2 
AN-103 
AN-104  
AN-105 
AN- 106 
AN-107 
AN- 108 
AN-109 
AN-P 10 
AN-] 11 
AN-112 
AN-1 13 
AN-1 14 
AN-1 15 
AN-1 16 
AN-1 17 
AN-1 18 

77 
200 
3 50 

0 
-100 
- 75 

125 
5lJ0 

- 25 
90 

s 50 
150 
2 50 
450 

50 
- 50 

100 
2s 

550 
- 60 

129.5 
177.7 
175-0 

76,0 
9.5 

30.5 
167.5 
177*3 
88.0 

178.5 
1 5 9 . '3 
176.8 
184,O 
174.5 
126* 5 

75.0 
175.5 
118.2 
192.5 

70.0 

72.0 
88.0 
83.0 
50.0 
11.0 

81-0 
73.0 
60).0 
88.0 
7 7 , O  
90.0 
81.0 
7 9 - 0  
80. n 
48.0 
81.0 
73.0 
70,o 
51.0 

- 

73 
100 
1.00 
3 4 

0 
12 

100 
100 
30 

1.00 

100 
100 
LO0 

72 
31 

100 
60 

lo0 
20 

loo 
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Material: 3Cr-1.5 Mo-V 
Heat: A9349 NT 
ASTM Grain Size: 5 
Heat Treatment: 1280F/16h 
Specimen Location: .66T (167-173); .BOT (17&--180) 
Reference: ORNL 

Number Temperature Energy L a t .  Exp. F i b r o u s  
(OF) ( F t -1 b ) (mils) 1-. ( X I  

AN-167 
AN-168 
AN-169 
AN-170 
AN-1 7 1 
AN-1 7 2  
AN-173 
AN-174 
AN-175 
AN-176 
AN-177 
AN-178 
AN-179 
AN-180 

74 
250 
450 

0 
- 25 
- 75 
-12s 

150 
350 
550 

- 50 
100 
25 

-100 

155.5 
182.5 
199.5 
94.0 
95.5 
59.5 
8.0 

183.0 
178.5 
226.2 

25.0 
174.0 
139.5 
25.0 

84.0 
85.0 
72.0 
64.0 
66.0 
41.0 

5.0 
80.0 
98.0 
76.0 
14.0 
91.0 
79.0 
16.0 

100 
100 
100 
45 
41 
14 
0 

100 
100 
100 

10 
100 

73 
8 
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Material: 3Cr-1.5 Mo-V 
Heat: A9349 NT 
ASTM Grain S i z e :  5 
Heat Treatment:  1293F/16h 
Specimen Loca t ion :  .66T (119-128); 
Reference : ORNL 

.8OT (129-138) 

Number Temperature Energy  L a t .  Exp. F i b r o u s  
( O F )  ( F t - l b )  (mils ) (%I  

AN-1 19 
AN-120 
AN-1 2 1 
AN-122 
AN-123 
AN-124 
AN-125 
AN-126 
AN-127 
AN-128 
AN-129 
AN-130 
AN-1 3 1 
AN-132 
AN-133 
AN-134 
AN-135 
AN-1 36 
AN-137 
AN-138 

76 
250 

0 
-100 
-150 

300 
200 

20 
- 25 
- 90 

150 
350 
550 

- 50 
- 75 

40 
100 

-125 
- 65 
- 70 

162.5 
177.0 
104.0 
60.5 
10.0 

178.0 
174.0 
129.0 
107-0 

12.8 
174.7 

-239.0* 
-239.7* 

88.5 
2.5 

165.5 
185.5 
20.0 
88.0 
85.0 

90.0 
78.0 
69.0 
44.0 

6.0 
74.0 
85.0 
78.0 
76.0 

3.5 
72.0 
82.0 
72.0 
67.0 

0 

86.0 
14.0 
63.0 
60.0 

87.0 

100 
100 
49 
23 
0 

100 
100 
68 
47 

0 
io0 
100 
100 
35 
0 

100 
100 

6 
30 
25 
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Material: 3Cr-1.5 Mo-V 
Heat: A9349 NT 
ASTM G r a i n  S i z e :  8 
Heat T r e a t m e n t :  1275P/8h 
Spec imen Locat i n n  : 
R e f e r e n c e  : ORNL 

Number T e m p e r a t u r e  E n e r g y  L a t .  Exp. F i b r o u s  
( O F )  ( F t - l b )  -.-.--.I_- (mils) ( X I  - 

AN-360 
AN-36 1 
AN-362 
AN-3 63 
AN- 3 6 4 
AN-365 
AN-366 
AN-367 
AN-368 
AN-369 

68 
150 
300 
0 

- 50 
-100 
-150 

35 
- 35 
500 

140.0 
156.5 
151.5 
50.0 
50.5 
20.0 
7.5 

110.5 
93.5 
144.5 

81.0 
83.0 
82.0 
41.0 
37.0 
15.0 
5.0 
72.0 
64.0 
99.0 

100 
100 
100 
12 
10 
6 
0 
65 
38 
100 



Material: 3Cr-1.5 Mo-Y 
Heat: A9349 QT 
ASTM Grain S i z e :  8 
Heat Treatment: 1275F/16h 
Specimen Location: 
Reference : ORNL 

.18T (28%292); .32T (293-296); .68T (29?--300); .82T (301-304) 

Fibrous Number Temperature Energy Lac. Exp. 
(OF) ( F t - l b )  (mi l s )  ( X I  

AN-289 
AN-290 
AN-29 1 
AN-292 
AN-293 
AN-294 
AN-29 5 
AN-296 
AN-297 

AN-299 
AN-300 
AN-301 
AN-302 
AN-303 
AN-304 

~ ~ - 2 9 8  

72.5 - 50 
100 

0 
0 

-100 
50 

- 75 
- 25 
-150 

200 
500 

- 75 
25 

-100 
300 

162.0 
81.7 

169.0 
109.3 
102.3 

25.0 
160.0 

58.0 
98.0 

9.0 
169.0 
163.5 
77.5 

153.5 
29.5 

172.5 

82.0 
56.0 
86.0 
70.0 
68.0 
10.0 
46.0 
38.0 
71.0 

8.0 
84.0 
90.0 
55.0 
89.0 
23.0 
94.0 

100 
93 

100 
56 
58 
10 

100 
28 
52 
0 

100 
100 
33 

100 

100 
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Material: 3Cr-1.5 Mo-V 
Heat: A9349 QT 
ASTM Grain Size: 8 
Heat Treatment: 1050F/2h 
Specimen Location: 
Reference: ORNL 

.18T (251-255); .32T (256-260); .68T (261-265); .82T (266-270) 

Number Temperature Energy L a t e  Exp. F i  b r o w  
( O F )  ( F t - l b )  (mi Is ) (%) 

AN-25 1 72 
AN-25 2 72 
A N - 2 5 3  - 50 
AN-254 200 
AN-255 400 
AN-256 550 
AN-257 50 
AN-258 150 
AN-259 175 
AN-260 125 
AN-261  450 
AN-262 350 
AM-263 500 
AN-264 250 
AN-265 200 
AN-266 0 
AN-26 7 300 
AN-268 150 
AN-269 100 
AN-270 200 

23.0 
20.8 
8.8 

37.2 
100.0 
97.0 
13.3 
33.0 
54.2 
28.0 
98.0 
90.7 
96.0 
67.0 
65.3 

2.5 

48.0 
27.5 
78.5 

a3.0 

9.3 
4.0 
14.2 
51.8 
46.0 
4.2 
10.0 
20.0 

38.2 
43.0 
47.5 
28.8 
26.5 
0.5 

35.0 
17.5 
9.0 

34.5 

a. 7 

0 
0 

10 
100 
i 00 

0 
10 
0 

1 0  
100 
100 
100 
48 
40 
0 

82 
20 
0 
58 
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Material: 3 3 - 1 . 5  Mo-V 
Neat: ,49349 QT 
ASTM G r a i n  Size: 8 
Heat Treatment: 1 2 2 5 F / 8 h  
S p e c i m e n  Location: 
RefPrence: ORNL 

T,at. EXP. F i b r o u s  Number Temper at u r e  Energy 
(OF) ( F t  -1 b ) ( m i l s )  (2)- 

_DcI __... --_cll-----__ll-_ll_.--p ...... --.--.- 

AN- 7 7 4 
AN-375 
AN-376 
AN-37 7 
AN--- 3 7 8 
AN-37'3 
AN---3 8 0 
AN-38 1 

68 
0 

3 5 
500 
300 

- 50 
-100 

150 

131.5 78.0 88 
32.0 

110.5 64.0 70 
82.0 100 

100 
147.5 
175.5 74.0 

34.0 2 2 - 0  12 
23.0 16.0 I 

147.0 7 4 , O  100 

Material: WAMAX Weld 
Heat: A9349 
AS'I'M Grain Size: 
Went Treatment: 704C/16h 
Specimen Locat ion:  
R e f  erenee : AMAX 

Spec imer 
No 

L13A 
L138 
L13C 
L13D 
L 1 4 A  
L14B 
L14C 
L14D 
L15C 
L15D 
L15A 
L15B 
L16A 
L16B 
L16C 
L16D 
L 1 7 A  
L17R 
L17C 
L17B 

-.- 

_I-_-___ 

NoPlch 
Location-- 

H A 2  
MA 2 
MAZ 
MA z. 
HA2 
HA 1, 

HA z 
HAZ 
HAZ 
MA z 

Wold Metal 
Weld EbIeta1 
Weld M e t a l  
Weld Metal. 
Weld M e t a l  

Weld Metal 
Weld Metah 
I.beld Metal 
Weld Metal 

weia m t a i  

2 3  ( '14 
-20 
-40 
-6 0 
-80 
-100 

-30 
-5 
-10 

40 
23 
23 

-20 
-40  
-10 

-4 
-40 
-76 
-112 
-148 
-9 4 
23 
14 

10 4 
74 
74 
- 4  

-4Q 
14 

0 ( 32 
-15 ( 5 

40 ( 104 
-30 ( -22 
- 3 5  ( -31 

Impact 
Ene ic 4 y 

__ J jft-lb) 

2.14 ( 1 5 8 )  
125 ( 9 2 )  
1 3 8  (102) 
139 (101) 

56 ( 41) 
4 ! 3 )  

1-02 ( 7 5 )  
2 5 5  (1863) 
197 (145) 
2 5 4  (188) 
171 (126) 
156 (115) 
84 ( 63) 
11 ( 8) 

141 (104) 
125 1 92) 
137 (101) 
239 (176) 

7 5  ( 55) 
6 2  ( 4 6 1  

rr 

percen t  
Shear 

Fr ac tu  t e 

100 
55 
50 
4 9  
21 

0 
35 

10 0 
80 

10 0 
8 7  
85 
35 
10 
65 
59 
63 

1.0 0 
30 
2 6  

.._. 

- 
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ijlaterial: W M X  Weld 
Heat: A9349 
ASTN Grain  S i z e :  
Heat Treatment: 1250F/16h 
Specimen Location: 
Reference: AMAX 

L23A 
L23B 
L23C 
L23D 
L24A 
L24B 
L24C 
L24D 
L25C 
L25D 
L25A 
L2 55 
L26A 
L268 
L26C 
L26D 
L27A 
L27B 
L27C 
L27D 

HA2, 
HAZ 
H AZ 
HA Z 
HAZ 
HA Z 
HAZ 
HAZ 
HAZ 
HA74 

Weld Metal 
Weld Metal 
Weld Metal 
Weld Metal 
Weld Metal 
Weld Metal 
Weld Metal 
Weld Metal 
Weld Metal 
Weld Metal 

23 ( 74) 193 (143) 
-20 ( -4) 99 ( 73) 
-40 ( - 4 0 )  125 ( 92)  
-60 ( -76) 99 ( 73) 
-80 (-112) 

-200 ( - 1 4 8 )  
-70 ( -94) 
-5 ( 2 3 )  

-10 ( 14) 
40 ( 104) 
2 3  ( 74) 
2 3  ( 7 4 )  

-20 I - 4 )  

-10 ( 14) 
0 ( 32) 

-15 ( 5) 
40 ( $04) 
70 ( 158) 

-15 4 5) 

-40 ( -40) 

69 ( 5 1  
9 (  7 
39 ( 29 

168 (124 
168 (124 
237 (175 
133 ( 98 
182 (134) 
27 ( 20) 
18 ( 13) 

122 ( sa, 
114 ( 8 4 )  
41 ( 30)  

149 (110) 
210 (155) 
49 ( 36) 

I 

9 2  

63 
36 
21 

0 
10 
7 6  
80 

10 0 
70 
95 
15 

5 

57 
5 5  
2 6  
8 0  

1 0 0  
30  

5a 
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Material: SA Weld JFK 329 
Heat: A9349 
ASTM Gra in  S i z e :  
Heat Treatment:  1290F/16h 
Specimen Locat ion:  
Reference  : ORNL 

Number J, o ca  t ion Temperature Energy L a t .  Exp. F i b r o u s  
( t  ( F t  - l b )  (mils) ( % >  

AN-2 17 
AN-2 18 
AN-2 19 
AN-220 
AN-22 1 
AN-222 
AN-223 
AN-224 
AN-22 5 
AN-226 
AN-227 
AN-228 

.13 

.27 

.39 

.56 

.70 

.84 . 13 

.27 

.39 

.56 

.70 

.84 

67 
0 

-100 
- 75 
- 50 
- 25 

550 
150 
250 
400 
100 

- 62 

148.0 94.3 
153.5 87.0 

8.0 4.3 
11.6 8.0 
85.3 61.5 
90.5 62.0 

235.0 76.0 
185.0 94.0 
210.3 77.0 
239.3 85.0 
191.0 95.0 
23.0 15.0 

83 
83 

0 
0 

33 
42 

100 
100 
100 
100 
100 

10 

Material: SA Weld JFK 328 
Heat: A9349 
ASTM Grain Size: 
Heat Treatment:  1300F/16h 
Specimen Locat ion:  
Reference:  OWL 

Number Locat ion  Temperature Energy Lat. Exp. F i b r o u s  
(t> (OF) ( F t - l b )  ( m i l s )  (%) 

AN-205 .09 74 217.3 82.0 100 
AN-206 .23 - 50 115.3 76.8 44 
AN-207 -37 550 239.0 82.4 100 
AN-208 .50 200 217.2 70.4 100 
AN-209 .64 - 60 8.0 4.4 5 
AN-2 10 .78 90 205.5 80.1 100 
AN-2 1 1 .09 0 159.5 82.3 71 
AN-2 12  .23 -100 6.0 1.3 0 
AN-2 13 .37 150 215.2 80.0 100 
AN-2 14 .50 - 75 9.0 4.5 5 
AN-215 .64 300 239.7 85.8 100 
AN-2 16 .78  50 113.0 84.2 100 

WT d i r e c t i o n  
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Material: SA Weld JFK 328 
Heat: A9349 
ASTM Grain S i z e :  
Heat T r e a t m e n t :  1225F/161i 
Specimen Locati-on: 
Reference: ORNL 

Number Location Temperature Energy Lat. Exp. F i b r o u s  

AN-181 
AN-182 
AN-183 
AN- 184 
AN-185 
AN- 186 
AN-187 
AN-188 
AN-189 
AN-1 90 
AN-191. 
AN-192 

.09t 

.23 

.37 

.50 

.64 

.78 

.09 

.23  

.37 

.50 . 64 

. 7 8  

74 
25 

550 
250 

- 75 
.- 50 

0 
125 
400 

- 25 
50 
10 

186.0 
116.0 
173.0 
179.5 

12.2 
22.0 
23.7 

175.5 
179.8 

58.5 
141.0 
109.0 

96.1 
73.0 
83.9 
84. 4 

6.5 
12.9 
18.5 
87.0 
82.1 
39.1 
85.3 
70.6 

100 
76 

100 
100 

0 
5 

22 
100 
100 

28 
83  
67 

Material: SA Weld JFK 328 
Heat: A9349 
ASTM Grain S i z e :  
Heat: Treatment:  1275F/8h 
Specimen Location: 
Reference: ORNL 

Nuinbe r Location Temperature Energy Late. Exp. F i b  r oiis 
( II--.-. ( O F )  (Ft -1b ) ( m i l s  ) ( X I  

AN-193 
AN-194 
AN-195 
AN-196 
AN-197 
AN-198 
AN-1 99 
AN-200 
AN-20 1 
AN-202 
AN-203 
AN-204 

.09 

.23 

.37 

.50 

.64 

.78 

.09 

.23 

.37 

.50 

.64 

. 7 8  

74 
- 50 

550 
350 

40 
25 

0 
-100 

150 
250 

- 25 
- 7s 

200.1 
56.4 

239.2 
206.7 
196.2 
132.0 
129.3 

9.5 
208.0 
210.0 
130.7 

11.3 

79.8 
37.5 
82.0 
73.3 
96.2 
85.8 
82.0 

5.0 
86.3 
76.9 
80.1 

4.1 

100 
28 

100 
100 
100 
78 
62 
0 

100 
100 

SO 
0 
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Material: UAZ of SA Weld .TPK 329 
Heat: A9349 
ASTN G r a i n  Size:  
Heat Treatment: 1 l50F/2.5h 
Specimen Location: 
Reference: ORNL 

Number Temperature Energy 
( O F )  ( F t  - lb )  

AN-321 50 64.0 
AN-322 - 100 26.3 
AN-323 -200 15.0 
AN-324 -50 46.5 
AN-325 1 00 134.0 

AN-327 -150 
AN-328 0 
AN-329 7 2  
AN-'330 300 

19.0 
70.5 

108.0 
131.3 

Material: SA Weld JFK 329 
Heat:: A9349 
ASTM Grain S i z e :  
Heat Treatment: 
Specimen Location: 
Reference : ORNL 

Number Tempera tu re  Energy Fibrous 
(OF) ( F t - l b )  { X )  

AN-331 
AM-332 
AN-333 
AN-335 
AN-336 
AN-33 7 
AN-338 
AN-339 
AN-340 
AN-34 1 
AN-342 

7 5  
0 

50 
100 
200 
400 
300 
2 50 
150 
400 
500 

6.5 
6.0 
6.5 

15.5 
59.5 
68.5 
80.5 
79.0 
42.5 
68.0 
77,0 

0 
4 
0 

10 
68 

100 
100 
95 
4 2  

100 
100 
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Material: Base Metal of SA Weld JFK 329 
Heat: A9349 
ASTM Gra in  S i z e :  
Heat Treatment:  1150F/2h 
S pe ci m e  n Loca t i o n  : 
Reference:  OKNL 

Number Temper a t  u r e  Energy Fibrous  
( O F )  ( F t - l h )  ( W >  

AN-343 75 129.0 55 
AN-344 0 80.5 27 
AN-345 - 50 29.0 0 
AN-346 500 170.5 100 
AN-347 150 158.0 100 
AN-348 -100 15.0 0 
AN-349 25 92.0 3 3  

AN-3 5 b 200 160.5 100 
AN-352 -150 7.7 0 
AN-3 5 3 400 165.0 100 
AN-354 300 183.5 100 

Material: 3Cr-1.5 Mo-V 
Heat: A9349 
ASTM Grain S i z e :  2 
Heat T r e a t m e n t  : 1225F/9.7h 
Specimen Location: .25T; .75T 
Kef e rence : ORNL 

F ibrous  Number Temperature Energy Lat. Exp. 
-.----- ( O F )  111 ( F t - l b )  - ( m i  1-53 ) ( % I  

A-1 1 71 71.0 44.2 42 
A-12 150 133.0 92.0 80 
A-13 250 174.5 84.8 100 
A-14 l450 162.5 85.8 100 
‘4-15 300 180.5 85.8 100 

A-2 I. 0 42.5 35.0 20 
A-22 - 50 16.0 21.9 8 
A-23 -100 16.0 15.2 8 
A-24 -150 14. 5 1 .2  4 
A-25 35 SO. 5 37.8 28 
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Material: SMA Weld BH 
Heat: A9349 
ASTM Grain S i z e :  
Heat Treatment: 1300F/8h 
S p e c i men Lo ca t i on : 
R e f e r e n c e :  CX 

Tempe r a t  u re Ene rgy L a t .  Exp. F i b r o u s  
( O F )  ( F t - l b )  (mils > ( % >  

-100 5 1 0 
- 80 7 2 0 - 40 61 39 30 
- 40 5 2  41 30 
- 20 57 3 3  25 

0 116 6 3  70 
2 0  12 1 66 70 
50 150 81 100 

100 148 82 100 
2 00 160 80 100 
3 00 164 77 100 
4 00 207 62 100 
5 00 204 77 100 

Material: SMA Weld BF 
Heat: A9349 
ASTM Grain S i z e :  
Heat Treatment: 1300P/8h 
Specimen Location: T / 2  
R e f e r e n c e  : CE 

Temperature Energy Lat. Exp. F i b r o u s  
(OF) (Ft-lb) ( m i l s )  (%I7 

- 100 
- 80 
- 60 - 40 
- 20 

0 
20 
S O  

100 
2 00 
3 00 
4 00 
5 00 

46 
53 
70  
97 

110 
123 
134 
153 
145 
1 5 4  
169 
173 
226 

26 
31 
42 
54 
61 
69 
71 
80 
79 
78 
76 
69 
58 

15 
20 
40 
60 
70 
80 

100 
100 
100 
100 
100 
I O U  
100 
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Material: SMA Meld BG 
Heat: A9349 
ASTM Grain S i z e :  
Heat Treatment: 1300F/$tn 
Specimen Loca t ion :  T / 2  
R e f e r e n c e  : CE 

Teiuperature Energy Lac. Exp. F i b r ou s 

( O F )  .-.- ( E t - l b )  __ (mils) ( X I  

-100 
- 80 
- 60 
- 40 
- 20 

0 
20 
50 

100 
2 00 
3 00 
400 
5 00 

18 
44 
95 

102 
I10 
130 
129 
158 
160 
156 
232. 
20 1 
212 

9 
26 
59 
6 2  
66 
7 b  
7 4  
80  
7 7  
77  
59 
70 
57 

5 
15 
50 
7u 
70 
80  
80 

100 
100 
100 
100 
100 
100 

Material: SMA Weld BF 
Heat: A9349 
AS'L'M Grain Size: 
Heat Treatment:: As welded  
Specimen Location: T / 2  
Re fe rence  : CK 

5 00 

2 00 
2 5  
2 0  

40 22 100 
44  22 40 
39 19 20 
18 10 10 
12 2 0 
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Material: S 
Pleat: A9349 
ASTM Grain Size: 
Heat Treatment: 122%/16h 
S p e  ci me n Lo cat i oil : 
Reference: CE 

T / 2 

Tempe ra t  i t  re E ner gy Eat:. Exp.  F i  brcsus 
( X I  ( O F ' )  ( F t - l b )  (mils 1 

400 
2 00 

2 5  
20 

0 
- 20 
- 40 
- 60 
- so 
-100 

117 
171. 

99 
96 
83 
84 
52 
41 
12 

3 

7% 
8 3 
6 3  
60 
53 
36 
28 
2 0 

2 
0 

Mateii-ia'P: 3 C r - l  5 Mo-Ni 
Heat: A9749 
ASTM C8;si.n S i z e :  6 
Heat Treatment: 1300F/30h 
Specimen Locatinn: T I 4  
Reference: ORNL 

N u m b e  s Tempera t urc Energy Late Exp, F' i br Oll  s 
I ( " P I  ( F t - l b )  (mils 1 ( X )  

AN- 14 72  155,e) 84 100 
AN-15 9 50 160.0 a5 1 00 

AN-23 300 147.8 B 4 100 
AN-24 500 168,O 84 100 
AN-2 5 0 95" 7 61 59 

AN-3 2 - 50 65.5 4 2  2 1  

AN-35 -100 23.0 19 8 

AN-4 1 -150 6.8 6 0 
AN-42 - 75 43.5 28 E2 
AN-43 2 5  109.5 67 7 7  
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Material: 3Cr-1.5 Mo-Ni 
Heat: A9749 
ASTH Grain S i z e :  6 
H e a t  Treatment:  1225F/3h 
Specimen Loca t ion :  T / 4  
Reference : ORNL 

Number 'Temperature Energy La t .  Exp. F i br 011 s 
__ ( O F )  (FL - 1 b ( m i l s )  ( 2 )  

AN-1 1 7 2  106.0 59 62 
AN- 12 150 114.5 4 8 66 
AN- 1 3 300 152.5 88 100 

AN-2 1 500 147.0 83  100 
AN-22 0 85.5 42 31 

AN-3 1 - 50 24.0 16 6 

AN-33 -100 10.5 8 0 
AN-34 -150 5.5 1 0 

AN-44 25 87.5 49 52 
AN-45 - 25 34.8 31 10 

Material: 3Cr-I. 5 Mo-Ni 
H e a t :  A9749 
ASTM Grain Si.ze:  6 
Heat Treatment:  1275F/16h 
Specimen Locat ion:  T/4 
Keference:  ORNI. 

Numb r Tempe r a t  lire Energy L a t .  Exp. F i b r o u s  
(OF) ( F t - l h )  ( m i l s )  - (%)  

0-11 72 161.0 91 100 
B-12 150 15% 5 92 100 

B-15 300 157.5 90 100 

B-2 il 500 158,7 86 100 
B-22 0 91.3 56 50 

8-24 - 50 61.5 41 42 
B-25 -100 15.0 9 4 

B-35 -150 13.0 6 4 

B-4 1 - 75 40.7 29 13 

13-44 25 123-0 8 2  81 
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Material : 3Cr-1 e 5 Ma-Ni 
Heat: A9749 
ASTM Grain  S ize :  6 
Heat Treatment:  1125F/4h 
Specimen Locat ion:  T/4 
Kef erelice : OWL 

Number Temp era t u  re E ne r gy L a t .  Exy. F i b r o u s  
( O F )  (F  t -Lb 1 (mi1S) ( 2 )  

R-13  
B-14 

B-23 

B-3 1 
B-32 
B-33 
R-34 

R-42 
B-43 
B-45 

72 
100 

125 

200 
300 
400 
550 

350 
150 
250 

5 . 0 
17.5 

5.0 

49.0 
68.5 
94.0 
92.5 

93.0 
41.0 
50.0 

1.5 
10*5 

0 

23.0 
46.5 
SO. 0 
47.13 

47.0 
16.0 
22. 5 

0 
3 

0 

12 
71  

100 
100 

100 
9 

37 

Material: 3Cr-1.5 Mo-Ni 
Heat: A9349 
ASTM Grain S i z e :  2 
Heat Treatment: 1275F/8h 
Specimen Locat ion:  .25T; .75T 
Reference  : O K N L  

Number Temperature Energy Late Exp, F i b r o u s  
( O F )  ( F t - l b )  (mi l s )  

A-3 1 71 102.5 66.7 52 
A-32 150 147.0 7 5 * 9  8 4  
A-3 3 250 175. 5 80.3 1 00 
A-34 450 271 .5  84.6 100 
A-35 300 472.5 87.4 100 

A-4 1 0 34.0 26.3 14 
A-47. - 50 31.5 2 7 * 5  15 
A-43 -100 9.0 9.0 8 
A-44 -150 7.5 4.5 5 
A-45 35 0 4 * 5  58.8 42  
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Summary of Charpy impact results 

- -  

Material TP msb T T ~ ~ C  F A T T ~  U S E ~  cmRTf 
i d e n t i f i c a t i o n  (K) (?Pa) ("C) ("C) (J)  (J) 

A9349 NT 
A9349 NT 
A9349 NT 
A9349 NT 
A9349 NT 
A9349 ANT 
A9349 NTg 
A9349 NT9 
A9349 NTg 
A9349 NTg 
A9349 NT9 
A9349 NTg 
A9349 NTg 
A9349 EJTh  
A9349 QTh 
A9349 QTh 
A9349 QTh 
A9349 QTh 
A9349 QT? 
A9349 NT: 
A9349 NT" 
A9749 
A9 749 
A9749 
A9749 
NKK 
NKK 
NKK 
NKK 

WAMAX 
WAMAX 
W A M A X  
wAMAx/HAz 
WAMAX/HAz 
WApIAx/HAZ 
JFK328 
JFK328 
JPK328 
JFK329 
JFK329 
JFK329 /HAZ 
JFK3 29 /BASE 

18.71 
19.02 
19.43 
19.84 
20 44 
21.01 
17.03 
19.57 
19 -85 
20 08 
20.09 
20.48 
20.65 
20.09 
17.03 
19.56 
20.44 
21.0 
19.56 
19.64 
20.13 
17.03 
19.56 
20.42 
21.8 
20.5 
19.54 
20.44 
20.98 

Base Metal 

9 32 
8 42 
7 89 
7 49 
6 56 
586 

1310 
774 
7 31 
687 
678 
621 
5 90 
7 07  

1262 
7 70 
6 26 

792 
7 63 
7 20 

1170 
771 
633 
593 
672 
745 
6 66 
555 

582 

-3 7 
-2 9 
-1 8 
-2 1 
-5 7 
-7 6 

98  
--3 9 
-3 7 
-5 5 
-60 
-5 8 
-7 2 
-5 7 

67 
-7 3 
-7 0 
-78 
- 4 7  
-1 1 

29 
90  

-3 8 
-60 
-57 
-60 
-68 
4 0  
-54 

32 
16 
19 
16 
4 

-3 2 
160 
-1 2 

6 
-1 2 
-1 3 
-20 
-28 

-7 
118 
-2 9 
-3 5 
-34 
-1 3 

29 
18 

130 
10 

-2 5 
-2 5 
-44  
-30 
-1 8 
-30 

Submerged-Arc Welds 

19.27 750 10 15 
20.14 622 -1 5 -5 
21.69 572 -35 -15 
19.27 741 - 4 5  -15 
20.14 610 -70 -40 
21.69 572 4 0  -50 
19.85 581 -27 -18 
20.13 589 -52 -29 
20.72 537 -56 -29 
AW 65 74 
20.61 -50 -20 
18.15 - 4 7  
19.31 - 4 2  10 

195 
225 
228 
232 
234 
237 
169 
218 
225 
230 
243 
266 
273 
207 
136 
225 
233 
2 66 
216 
239 
236 
130 
190 
225 
225 
2 10 
205 
2 10 
280 

2 10 
2 10 
240 
200 
235 
2 50 
240 
280 
3 00 
100 
3 20 
180 
2 30 

50 
50 
40 
60  
90  

155 
10 

155 
170 
2 20 
2 20 
2 20 
230 
180 

25 
2 20 
2 20 
2 20 
180 
96 

139 
10 

150 
220 
2 20 
NA 
169 
2 09 
2 50 

100 
160 
200 
741 
2 10 
240 
215 
270 
285 

8 
2 30 
150 
175 
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Summary of Charpy impact r e s u l t s  (continued) 

M a  t: e r i a 1. T P ~  U T S ~  T T ~ ~ C  F A T T ~   USE^ C V E ~ $  
identification (K)  (MPa) ( " C )  ( " e >  ( J )  (J) 

JFK/ 34 2 
JFK344 
JFK344 
JFK344 

EBW 

EB/BASE 
E B / W  

BF 
KO 
KP 
BG 
BH 

~ ~ e ~ ~ r g ~ i ~ - ~ r ~  weids (cont-hr~ued) 

19.57 721 -53 220 
19.56 755 -53 4 5  170 
20.42 637 -57 -45 195 
21.0 630 -57 -50 210 

~iectrsn-~eam weids 

19.9 -6 0 2 50 
19.9 -60 17 5 
20.5 - 4 0  260 

Shtelded Metal-Arc Welds 

20.33 ----7 0 -45 2 10 
19.85 715 -50 -20 160 
AW 1023 100 230 55 
20.33 -60 -50 220 
20.33 -50 -2 5 2 20 

220 
147 
182 
190 

2 20 
175 
2 20 

200 
150 

25 
2 20 
200 

~ T P  F tempering parameter = ~ ( 2 0  -P- l o g  t;) x 10-3. 

b u T ~  E ultimate tensile s t r e n g t ~ i .  

C7'Tsh z 54-5 transition temperature. 

dFATT 

%E E upper - -shelf  energy. 

~ C V E ~ ~  E charpy energy at room temperature. 

gASTM No. 5 g r a i n  size. 

hS'L'M No. 8 grain size. 

~ A S T M  NO. 2 g r a i n  size, 

50% shear fracture appearance transit ion 
t emperattire e 
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FATIGUE D A T A  FOR 3CR-1.SMO-V S T E E L  HEAT A9349 

SP N O  TEMP 4 E R  CYCLES SNE'/2 SNF/20 S N 1  
c N Y A  M?A M P A  

3CR20 25 1.09 4030 910 986 1110 
3 C K 3  25 0.76 7580 848 917 1 0 5 5  
3 c K 4 25 0 . 3  310000 62-33 N A  NA 
3CK6 316 >0 .42"  5690 648 690 752 
3CR9 316 0 . 6 0  7480 607 662 731 

3 C R 1 2  25 0 . 7 8  1930 1069 1262 1379 
3 C K 1 3  316 1 . 2  1550 807 A96 1000 
3CK14 482 0 . 6 0  4920 648 731 827 
3 C R 1 5  316 0 .60  81'35 655 710 814 
3CF.16 25 0 . 9 1  2480 841 931 986 
3CK17 316 0.68 10840 752 807 931 
3 C K 1 8  310 0 . 4 5  32250 641 690 814 
3CK19 25 0.40 4 9 3 3 0  765 814 952 
3CK21 482 0.62 14800 572 655 7Y3 
3 C K 2 2  316 0.04 10150 b 4 1  696 786 
3 t K 2 3  316 0.35 93000 627 634 717 
7CK25 316 0.33 83410 648 672 683 
7 f R 2 6  2 5  0.60 161'10 1062 1110 1214 
3CR27  316 0 .85  31.20 952 1041 1186 
3 C K 2 8  25 0 .60  15420 848  917 1069 
3CR2r )  316 0.60 18810 896 972 9 7 2  
3CF.30  482 0.60 5590 517 593 676 
3 C K 3 1  316 0.60 3330 641 703 765 
7CR32 482 0.b0 9620 807 883  ' ) 58  
3CK33 482 0.97 3140 662 738 897 
3CR35 482 0 . 4 0  51710 N A  N A  N A  

3 x 3 7  310 0 . 8 5  2 9 1 0  765 848 972 
3 C R 3 8  316 0 - 3 5  518G0 5 5 2  580 641 
3CR39 316 0 - 4 3  36370 682 724 786 
3CK40 25 0 . 9 1  2740 724 821 938 
3CRW6 482 0 . 5 g b  4060 552 614 696 
7CRW8 316 0 . 6 O b  4660 696 690 772 
Notes: XEK = t o t a l  s t r a i n  range; S N F / 2  = S t r e s s  range 

3CR10 25 0 . 6 0  10370 703 758 848 

3CR36 316 >0.7 '  2370 N A  N A  N A  

a t  half  life; SNF/20 = S t r e s s  range a t  5% o f  
l i f e ;  SNl = S t r e s s  range a t  first cycle; TP = 
tempering parameter  i n  K; HG = hourglass; UG = 
uniform gage; S t r a i n  r a t e  0.001/second. 

nhxtensometer o f f  center 

h e l d  m e t a l .  

T? TEMPEK TYPE SPECIMEN 

20.42 
20.42 
20.42 
20.98 
20.98 
20.98 
19.56 
20.42 
20.42 
20.42 
20.42 
20.42 
20.42 
20.42 
20.42 
20.98 
20.42 
20.42 
19.56 
19.56 
20.42 
19.56 

20.98 
19.56 
20.42 
20.42 
19 .56  
20.42 
20 a 98 
20,42 
20.98 
20.42 
20.42 

20 .98  

6 9 0 C  / 16H 
h9OC/lhH 
690C/  1611 
7 0 G C  / 3 011 
7 0 4 C / 3 OH 
704C/30H 

6 6 3 C / 8 I1 
690C/l6H 
694C/ 16Ii 
690C/16H 
690C/16H 
690C/16H 
6 Y 0 C  / 1 613 
690CllbH 
690C/lGH 
704C/30H 
69 0C / 16Ii 

663C/RH 
66 3 C  /8H 

690C/lbH 
663C/8H 

704C/3011 

663C/8H 
690C/ 1 hH 
690C/ 1611 

6 6 3C / 8H 
690L/ 16H 
704C/30H 
690C/1611 
7 0 4 C  / 30tl 
690C/16H 
( i 9OC/  1hH 

690C/16H 

7 c14C / 3 011 

HG 
H G 
iiI G 
H G 
UG 
U G  
1JG 
IJ G 
UC 
UG 
UG 
H G  
Ii G 
HG 

WG 
H G  
UG 
BG 
UG 
UG 
UG 
I1 G 
IJG 
U G  
HG 
II G 
H G 
UG 
UG 
U G  
UG 
UG 
UG 

n c 
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