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of Energy Contract EF-78-C-01-2771 "Development of Automated Welding 
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Mr. E. P. Loch of the Tampa Division with technical management provided 

by Mr. U .  A. Schneider, Tampa Division, and Mr. G. G. Lessmann, 

Research and Development Center. 



- INTRODUCTION 

This  review has  two purposes: 

a A survey of t h e  s t a t e  of development of welding processes  

s u i t a b l e  f o r  on-s i te  f a b r i c a t i o n  of massive thick-wall  

coa l -gas i f i ca t ion  p re s su re  v e s s e l s  r equ i r ing  a l l - p o s i t i o n  

welding. 

A review of t h e  welding meta l lurgy  of A387 Grade 22 ,  

Class 2 (2 1/4% Chromium-1% Molybdenum) s t e e l .  

These o b j e c t i v e s  a r e  no t  s e p a r a t e ;  they  entwine. The compli- 

c a t i o n s  t h a t  a r i s e  i n  f a b r i c a t i n g  heavy-section weldments are w e l l  known. 

There is  much l e s s  app rec i a t ion  for .  t he  meta l lurg ica l /weld ing  complicat ions 

involved. Complications t h a t  o r i g i n a t e  wi th  the  product ion of t h i c k  

p l a t e s  o r  fo rg ings ,  compounded, t o  a g r e a t e r  o r  lesser degree', by t h e  

welding process  used, can r e s u l t  i n  una.nt ic ipated d i f f i c u l t i e s  dur ing  

post-weld h e a t  t rea tment  o r  i n  s e r v i c e :  

1. I n  o r d e r  t o  meet minimum mechanical p r o p e r t i e s  i n  t h i c k  

s e c t i o n s ,  t he  chemical compositions of s t e e l s  a r e  enr iched .  

I f  t h e  b a s i c  composition i s  s u s c e p t i b l e  t o  hea t -a f fec ted-  

zone embri t t lement ,  co ld  c racking ,  o r  s t r e s s - r e l i e f  

c racking ,  t h e  s e v e r i t y  w i l l  i nc rease .  

2 .  Heavy-section welds experience h igh  r e s t r a i n t  and develop 

h igh  t r i a x i a l  r e s i d u a l  s t r e s s e s .  Design becomes more 

c r i t i c a l .  This problem is complicated by t h e  f a c t  t h a t  

when high-strength s t e e l s  a r e  employed, t h e  mechanical 

p rope r ty  requirements f o r  t h e  s t e e l  and t h e  weld a r e  

correspondingly h igher .  
- 

3. I f  quenched and tempered s t e e l s  a r e  involved,  t h e r e  is  

an upper limit on prehea t  and on weld heat. i npu t .  

4 .  In spec t ion  and r e p a i r  of welds becomes more d i f f i c u l t ,  



5. Stress relief of heavy-section weldments involves 

extremely slow heating and cooling. If a steel is 

susceptible to stress-relief cracking or to temper 

embrittlement, the likelihood of difficulty increases. 

6. Limitations on both rolling reductions and cross-rolling 

ratios introduce anisotropic and through-thickness 

property variations . 

The complications that some of the. above factors introduce 

should always be borne in mind. Experiments are seldom c,onducted with 

materials, or under conditions, that are actually encountered with 

massive weldments. 

Since the introduction of welding, fabrications have been 

undertaken with relatively good understanding of the properties of the 

base metal and with only fair to poor comprehension of the properties of 

weld deposits and heat-affected-zones. This situation is unfortunate, 

understandable, and unlikely to change. The 2 1/4% Chromium-1% Molybdenum 

steels in common with other low-alloy steels are susceptjhle to various, 

and somewhat related, forms of embrittlement when exposed to elevated 

temperatures:during post-weld heat treatmeqt or during service. Though 

information on embrittlement of weld metal and of weld heat-affected- 

zone microstructures is available, it is far f ~ o m  e x t e n ~ f v e .  Specific 

information pertinent to thick-section weldments, either from direct 

tests 'or obtained under conditions that fully simulate thick-sections 
' 

is scarce. Therefore, this review'has, in considering embrittlement, 

included consideration of studies of plate material to draw attention 

to factors and microstructures known to be detrimental that are inherent, 

but to a degree control.lable, in welding. The specialized fields of 

cotrooion and hydrogen cmLri~tleuient during long-tlme service, since 

they are'outside the scope of welding metallurgy, have not been included. . 

In preparation of this review, kver one hundred papers and 

articles have been evaluated. Those that have been selected for discussion 

are considered to be comprehensive and best suited to aid in anticipation - 



of t h e  d i f f i c u l t i e s  t h a t  may a r i s e  i n  th ick-sec t ion  welding of chromium- 

molybdenum s t e e l .  However, t o  extend the  scope of p e r t i n e n t  in format ion ,  

t h e  review has no t  been r e s t r i c t e d '  s o l e l y  t o  t he '  A387- G r .  22, C 1 .  2 

composition. The chromiu~molybdenum s t e e l s  ..include a  v a r i e t y  of 

compositions having chromium i n  t h e  range 112 t o  9% and molybdenum 

between 112 a n d . l % .  These s t e e l s  were i n i t i a l l y  used i n  petroleum 

r e f i n e r i e s  t o  o b t a i n  improved r e s i s t a n c e  t o  cor ros ion  caused by high- 

s u l f u r  crude o i l s .  Their  ox ida t ion  r e s i s t a n c e  and e x c e l l e n t  e leva ted-  

temperature s t r e n g t h  have s i n c e  l e d  t o  f u r t h e r  a p p l i c a t i o n s  i n  h e a t e r s ,  

l a r g e  p re s su re  v e s s e l s ,  and i n  steam power genera t ion .  Precaut ions  

dur ing  welding, d i c t a t e d  by composition and th i ckness ,  i nc lude  avoiding 

hydrogen pickup, p rehea t ,  and pos thea t .  

The 2 114 C r - 1  Mo composition is  one of t h e  most widely 

employed, w i th  ASTM s p e c i f i c a t i o n s  covering p l a t e ,  c a s t ,  forged ,  tube 

and p ipe  products .  ASTM A387, Grade 22, Class 2 p l a t e  is usua l ly  furn ished  

i n  t he  notmalized and tempered cond i t i on  t o  a  minimum y i e l d  of 45 k s i  

and an u l t ima te  s t r e n g t h  i n  the  range 75-100 k s i .  The s p e c i f i c a t i o n  

f o r  t h e  s t e e l  permi ts  acce l e ra t ed  coo l ing  t o  be employed wi th  the  

permission of t he  purchaser .  I n  o r d e r  t o  ob ta in  t h e  minimum p r o p e r t i e s  . 

i n  t h i c k  p l a t e s ,  A387 G r .  22, C 1 .  2  s t e e l  must be quenched and tempered. 

ASTM A542 covers  two c l a s s e s  of i d e n t i c a l  composition 2 114 C r - 1  Mo 

p l a t e  fu rn i shed  only i n  t h e  quenched and tempered cond i t i on  t o  provide ,. 

higher  s t r e n g t h s  t h a n z ~ b t a i n a b l e  wi th  A387 Gr. 22, C 1 .  2 .  

The chemical composition determines the  h a r d e n a b i l i t y ,  

hardness ,  toughness,  and crack  s u s c e p t i b i l i t y  of t h e  hea t -a f fec ted  

zone and governs t h e  s e l e c t i o n  of acceptab le  welding procedures .  

Di f fe rences  i n  s t r e n g t h ,  a s  f a r  a s  welding c h a r a c t e r i s t i c s  a r e  concerned 

a r e  important only i n  t h e i r  i n f luence  on weld-metal s e l e c t i o n ,  r e s idua l -  

s t r e s s  l e v e l s ,  and t o l e r a b l e  s t r e s s - r e l i e f  temperatures .  The information 

on ~ 5 4 2  s t e e l  is  more ex tens ive  than t h a t  a v a i l a b l e  f o r  A387 G r .  22, C 1 .  2. 



In f a c t ,  a review of the welding metallurgy of the l a t t e r  s t e e l  

restr icted to  that material would y ie ld  l i t t l e  data and ignore much 

that is pertinent.  Consequently, t h i s  review draws upon the general 

information on the 2 1 /4  Cr-1 Mo composition. 



SUMMARY AND CONCLUSIONS 

Any e v a l u a t i o n  of f a b r i c a t i o n  methods f o r  massive  p r e s s u r e  

v e s s e l s  must c o n s i d e r  s e v e r a l  welding p r o c e s s e s  w i t h  p o t e n t i a l  f o r  

heavy-sec t ion  a p p l i c a t i o n s .  These i n c l u d e  submerged-arc and s h i e l d e d  

meta l -a rc ,  na r row- jo in t  m o d i f i c a t i o n s  of i n e r t - g a s  meta l -a rc  and i n e r t -  

g a s  tungs ten-a rc  p r o c e s s e s ,  e l e c t r o s l a g ,  and e l e c t r o n  beam. Obviously ,  

t h e s e  p r o c e s s e s  do n o t  have e q u a l  p o t e n t i a l .  The advantage and 

, d i s a d v a n t a g e s  of each a r e  d i s c u s s e d  i n  t h i s  r ev iew.  

E l e c t r o s l a g  welding can be  dropped from c o n s i d e r a t i o n  f o r  

j o i n i n g  ol: 2 114 Cr-1 Mo s t e e l  because  welds  made w i t h  t h i s  met.hnd do 

n o t  p r o v i d e  t h e  r e q u i r e d  mechanical  p r o p e r t i e s  i n  t h e  welded and s t r e s s  

r e l i e v e d  c o n d i t i o n .  The e x t e n s i o n  of e lect ron-beam welding t o  s e c t i o n s  

a s  t h i c k  a s  4 o r  8 i n c h e s  (100 o r  200 mm) i s  t o o  r e c e n t  a  development 

t o  pe rmi t  f u l l  e v a l u a t i o n .  The p r o c e s s  h a s  demonstra ted promise b u t ,  

t o  t h e  p r e s e n t  t ime ,  t h e  i n v e s t i g a t i o n s  conducted have n o t  been s u f f i c i e n t  

t o  prove r e l i a b i l i t y  o r  t o  e s t a b l i s h  t h a t  autogenous s i n g l e  o r  two-pass 

weld d e p o s i t s  can meet mechanical -proper ty  requ i rements .  

The manual s h i e l d e d  meta l -a rc  and submerged-arc welding 

p r o c e s s e s  have b o t h  been employed, o f t e n  t o g e t h e r ,  f o r  f i e l d  f a b r i c a t i o n  

of l a r g e  v e s s e l s .  They have t h e  h i s t o r i c a l  advan tage  of s u c c e s s f u l  

a p p l i c a t i o n  b u t  p r e s e n t  o t h e r  d i s a d v a n t a g e s  t h a t  make them o t h e r w i s e  

l e s s  a t t r a c t i v e .  The manual s h i e l d e d  meta l -a rc  p r o c e s s  can be used 

f o r  a l l - p o s i t i o n  welding.  It  i s  however, a  s low and expens ive  t e c h n i q u e  

f o r  j o i n i n g  heavy s e c t i o n s ,  r e q u i r e s  l a r g e  amounts of s k i l l e d  l a b o r  

t h a t  i s  i n  c r i t i c a l l y  s h o r t  s u p p l y ,  and i n t r o d u c e s  a  h i g h  incider ice  of 

weld r e p a i r s .  Automatic submerged-arc welding h a s  been employed i n  

many c r i t i c a l  a p p l i c a t i o n s  and f o r  welding i n  t h e  f l a t  p o s i t i o n  i s  f r e e  

of most of t h e  c r i t j c i s m  t h a t  can be l e v e l e d . a t  t h e  s h i e l d e d  meta l -a rc  

p r o c e s s .  The h o r i z o n t a l  and v e r t i c a l  p o s i t i o n  welding r e q u i r e m e n t s  

f o r  c o a l - g a s i f i c a t i o n  v e s s e l s ,  however, make i t  n e c e s s a r y  t o  v iew t h e  

p r o c e s s  i n  a  d i f f e r e n t  way. S p e c i a l i z e d  t e c h n i q u e s  have been debeloped 

t h a t  pe rmi t  submerged-arc welds  t o  be d e p o s i t e d  i n  t h e s e  p o s i t i o n s .  But,  

used  i n  t h i s  manner, t h e  a p p l i c a t i o n s  a r e  l i m i t e d  and t h e  c o s t  advan tage  

of t h e  p r o c e s s  i s  l o s t .  
5 



Narrow-joint  gas - sh in lded  welding p r o c e s s e s  p r o v i d e  t h e  

g r e a t e s t  promise  f o r  and f u t u r e  hgavy-sect ion f a b r i c a t i o n  

and ,  p r i m a r i l y  because  of s u p e r i o r  p a r a m e t r i c  c o n t r o l ,  low weld d e f e c t  

r e p a i r  c o s t s ,  and e x c e p t i o n a l  weld q u a l i t y ,  t h e  narrow-groove hot-wire  

gas - tungs ten  a r c  p r o c e s s  p r o v i d e s  t h e  g r e a t e s t  advantage.  The p o i n t s  

s u p p o r t i n g  t h i s  c o n c l u s i o n  a r e  summarized i n  T a b l e s  I ,  11, and 111, 

which p r e s e n t  a  comparison of t h e  advan tages  and t h e  d i s a d v a n t a g e s  

of t h e  SAW and manual SMAW p r o c e s s e s ,  and t h e  GMAW and HW-GTAW p r o c e s s e s  

i n  t h e i r  n a r r o w - j o i n t  m o d i f i c a t i o n s .  

Submerged-Arc Weld'ing -. . 

Because of t h e  l i m i t a t i o n s  on t h e  s i z e  and weight  n f .  components 

t h a t  can be t r a n s p o r t e d ,  c o a l - g a s i f i c a t i o n  p r e s s u r e  v e s s e l s  w i l l  r e q u i r e  

o n - s i t e  f a b r i c a t i o n .  ' We may assume t h a t  t h e  u s u a l  p r a c t i c e  of shop- 

f a b r i c a t i o n  of l a r g e  b u t  t r a n s p o r t a b l e  sub-assemblies  of c o a l - g a s i f i c a t i o n  

v e s s e l s  w i l l  n o t  b e  p o s s i b l e  s i n c e  t h e  p r e l i m i n a r y  v e s s e l  d imensions  

w i l l  n o t  pe rmi t  conven ien t  over- land t r a n s p o r t a t i o n  of f u l l  c o u r s e s .  

F l r l d  fabrlcaefon c o n c e p t s  a r e  d i s c u s s e d  i n  a  Westinghouse Tampa D i v i s i o n  

r e p o r t  p repared  f o r  t h e  Department of Energy (128). The r e p o r t  p r e s e n t s  

c v n c e p t s  f o r  r e c e i p t  of 120" (2.1 rarl) rnl l rse  s e c t o r s  w i t h  prc-machincd 

long i rudf r sa l  seams t o  be j o i n e d  i n  t h e  v e r t i c a l  p o s i t i o n ,  fol1,owed by 

machining and welding of t h e  h o r i z o n t a l  g i r t h  j o i n t s .  I f  c e r t a i n  

components, such  a s  s h e l l s ,  a r e  p o s i t i o n e d  i n  t h e  f l a t  p o s i t i o n  f o r  

seam welding.  j o i n i n g  hy t h e  a ~ i t o m a t i c  submerged-arc p r o c e s s  would 

seem t h e  i n t u i t i v e  c l ~ u i c e .  However, t h e  method proposed h a s  t h e  

advan tages  of p r e s e n t i n g  s i x  p o s i t i o n s  f o r  s imul taneous  welding of t h e  

t h r e e  v e r t i c a l  seams, o f f e r i n g  good d i s t o r t i o n  c o n t r o l ,  ,avnidi.np; 

t h e  massive  f i x t u r i n g  r e q u i r e d  t o  s u p p o r t  a  123 t o n  (111,600 kg) 

c o u r s e ,  and u s i n g  a s i n g l e  welding p r o c e s s  f o r  a l l .  f a b r i c a t i o n .  
- 

S i n c e  d i s t o r t i o n  c o n t r o l  on t h i s  heavy w a l l ,  l a r g e  d iamete r  sub-assembly 

i s  impor tan t  f o r .  t h e  f i t - u p  of t h e  o u t - o f - p o s i t i o n  s u c c e s s i v e  c o u r s e  we lds ,  



SAW 

SMAW (Manuzl) 

GMAW 
u 

HW-GTAW 

Suitability 
For 

Automation 

Yes 

Yes 

TABLE I 

EASE OF AUTOMATION 

Can Be Po tent ial Automatic ' 

Visually For Remote Control Equipment 
Monitored Control' Rating Cost 

No N o . 3rd . Moderate 

Yes N o N A Low 

Yes Yes 2nd High 

Best Best Best High 

Field 
Welding 
Experience 

Some 

Much 

Modest 

Least 



TABLE I$ 

PRODUCTIVITY FACTORS 

GMAW 

HW-GTAW 

SAW 

SMAW (Manual) 

SAW 

SMAW (Manual) 

GMAW 

HW-GTAW 

Can B2 Repa i r  W i  eh S u i t a b i l i t y  Welder 
V i s u a l l y  The Same For  Narrow S k i l l  Repa i r  
Monitored F r o c e s s  C o i n t s  Required Frequency 

No No Limited L i t t l e  Moderate 

Y e s  Yes N o Much E ighes  t 

Yes Yes Yes L i t t l e  Moderate 

B ~ s t  Yes Yes L i t t l e  L e a s t  

P r o d u c t i v i t y  Cost  P2r  
T3S/Hr J n i t  Depos i t ed  

Low High 

Moderate L.3w 

Out of P o s i t i o n  

C a p a b i l i t y  
H o r i z o n t a l  V e r t i c a l  

Some Some 

Yes Yes 

Yes Yes 

Yes Yes 

Cos t  c~f  Veld F i e l d  
P r e h e a t  P r e p a r a t i o n  Welding 

Requirements & Backc.hi?ping Exper ience  

Moderate High . Some 

High High Much 

Low Law Modest 

Low L e a s t  



TABLE 111 

QUALITY FACTORS 

SAW 

SMAd (Manual) 

GMAN 

HW-GTAW 

Can Be 
Visually 
Monitored 

Yes 

Yes 

Best 

General 
Keld Repair Weld 
Quality Frequency Quality 

Good Moderate Good 

Good Highest Fair 

Good Moderate Good 

Best Least Best 

Possibility Possibility 
of Entrapped of Hydrogen Possibility 

Flux Pickup of Porosity 

Yes Some Some 

Yes 

No 

Yes 

No 

Most 

Some 

No No Least 
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t l~ i s  would nppcnr t o  e l . lmina te  f l a t - p o s i  t i o n  submerged-arc a s  o 

p r e l i m i n a r y  p r o c e s s .  T h i s  is e s p e c i a l l y  t r u e  where " f a i r i n g "  welding 

and r e s u l t a n t  g r ind-b lend ing  i s  t o  b e  minimized and /or  when a  mechanized/ 

automated weld ing  p r o c e s s  i s  t o  f o l l o w .  Submerged-arc welding can  

p r o v i d e  v e r y  h i g h  d e p o s i t i o n  r a t e s .  However, f o r  p r e s s u r e - v e s s e l  

w e l d i n g ,  t h i s  advan tage  is  somewhat reduced by t h e  need t o  u s e  lower- 

d e p o s i t i o n  t e c h n i q u e s  t o  reduce  h e a t  i n p u t  and o b t a i n  a  d e g r e e  of g r a i n  

r e f i n e m e n t  i n  b o t h  t h e  weld d e p o s i t  and t h e  h e a t - a f f e c t e d  zone.  To 

compensate,  p r e s s u r e  v e s s e l  f a b r i c a t o r s  have developed welding t e c h n i q u e s  

t h a t  employ remarkably  narrow grooves  [abou t  1 3/8- in .  (35 mm) wide i n  

12- in .  (305 mm) s e c t i o n s ]  s o  t h a t  t h e  d e p o s i t i o n  e f f i c i e n c y  £.or t h e  

p r o c e s s  i s  good. 

Submerged-arc welding h a s  been amply demonstra ted by e x t e n s i v e  

f l a t  p o s i t i o n  u s e  f o r  we ld ing  n u c l e a r  and pe t ro leum r e a c t o r s .  The 

equipment i s  s i m p l e  and e a s i l y  m a i n t a i n e d ,  and h i g h l y  s k i l l e d  o p e r a t o r s  

a r e  n o t  r e q u i r e d .  Though some o t h e r  more s o p h i s t i c a t e d  form of 

mechanized welding may e v e n t u a l l y  p r e s e n t  a  c h a l l e n g e ,  i t  is  u n l i k e l y  

t h a t  a  t r a n s f e r  i n  technology w i l l  o c c u r  i n  t h e  n e a r  f u t u r e  s i n c e ,  f o r  

f l a t - p o s i t i o n  weld ing ,  t h e  submerged-arc p r o c e s s  h a s  few d i s a d v a n t a g e s .  

The major  welding problem, and c o s t ,  i n  o n - s i t e  assembly w i l l  

o c c u r  i n  making h o r i z o n t a l  and v e r t i c a l  welds .  I n  r e c o g n i t i o n  of t h e  

d i f f i c u l t i e s  invo lved  i n  making t h e s e  j u n c t u r e s ,  t h e i r  number w i l l  

c e r t a i n l y . b e  l i m i t e d  a s  much as p o s s i b l e  w i t h i n  c o n s t r a i n t s  imposed 

by c r o s s - c o u n t r y  t r a n s p o r t a t i o n  c a p a b i l i t y . ,  P rocedures  f o r  p o s i t i o n i n g  

and a l i g n i n g  c y l i n d r i c a l  s h e l l  s e c t i o n s  have been d e v i s e d ,  and t h e  l i f t  

c a p a c i t y  f o r  h a n d l i n g  a p p e a r s  t o  be  a d e q u a t e .  V e r t i c a l  welding w i t h  t h e  

submerged-arc p r o c e s s  i s  r e s t r i c t e d  t o  t h e  "Sub-Vert" t e c h n i q u e  i n  which 

t h e  weld beads  a r e  d e p o s i t e d  i n  t h e  h o r i z o n t a l  p o s i t i o n  by t r a v e r s i n g  t h e  

we ld ing  head th rough  t h e  t h i c k n e s s  of t h e  v e s s e l  w a l l .  The p rocedure  

s i g n i f i c a n t l y  lowers  t h e  d e p o s i t i o n  e f f i c i e n c y  and i n c r e a s e s  c o s t  s i n c e  

a t  t h e  end of each  s h o r t  bead t h e  welding p r o c e s s  is  te rmina ted  u n t i l  

t h e  welding head h a s  r e t r a c t e d  and been r e p o s i t i o n e d  f o r  t h e  nex t  p a s s .  

A u n i q u e  manual s h i e l d e d  meta l -a rc  t e c h n i q u e ,  c a l l e d  "Up-John", h a s  been 

used  f o r  making v e r t i c a l  welds  i n  t h e  same manner. S p e c i a l  e l e c t r o d e s  a r e  

employed t o  avo id  a r c  s t o p s  and s t a r t s  w i t h i n  t h e  w a l l  of t h e  v e s s e l .  
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Shie lded  Metal-Arc Welding 

Sh ie lded  meta l -a rc  welding i s  a  low-depos i t ion  p r o c e s s  n o t  

s u i t e d  t o  narrow-groove c o n f i g u r a t i o n s .  T h e r e f o r e ,  welding c o s t s  a r e  

r e l a t i v e l y  h igh .  There  i s  no doubt  t h a t  good q u a l i t y  s h i e l d e d  meta l -  

a r c  welds  can be made by s k i l l e d  welders ,  a s  l o n g  a s  t h e  p roper  p rocedures  

a r e  fo l lowed  and c o n t r o l s  a r e  e s t a b l i s h e d  t o  i n s u r e  t h e  i n t e g r i t y  of 

low-hydrogen e l e c t r o d e  c o a t i n g s .  There  i s  a l s o  no doubt  t h a t  a l l  w e l d e r s  

a r e  n o t  e q u a l l y  s k i l l e d  and c o n s i s t e n t l y  a t t e n t i v e ,  o r  t h a t  e l e c t r o d e -  

m o i s t u r e  c o n t r o l  p rocedures  a r e  always fo l lowed .  F i g u r e s  on t h e  c o s t  

of weld r e p a i r s  a r e  d i f f i c u l t  t o  o b t a i n  s i n c e  t h e y  a r e  u s u a l l y  f a c t o r e d  

i n t o  t h e  g e n e r a l  c o s t  of welding.  However, t h e  c o s t  of r e p a i r s  i s  

s i g n i f i c a n t  s i n c e  t h e  r a t e  of r e p a i r  f o r  manual welds  can r u n  t o  as 

much as 30-40% compared t o  t h e  5-10% r a t e s  exper ienced  f o r  machine 

welds .  

There  is ,  f u r t h e r m o r e ,  a  s h o r t a g e  of we lders  who can q u a l i f y  

f o r  p r e s s u r e - v e s s e l  f a b r i c a t i o n .  The problem i s  a  r e c u r r i n g  one,  

i n f l u e n c e d  by upsurges  i n  c o n s t r u c t i o n ,  b u t  common t o  a l l  i n d u s t r i e s  

where welding i s  used .  Schedule  s l i p p a g e s  caused by a  s h o r t a g e  of 

we lders  occur red  i n  t h e  l a t e  s i x t i e s  and e a r l y  s e v e n t i e s ' i n  n u c l e a r  

p l a n t  c o n s t r u c t i o n .  T e s t i n g  a n d ' q u a l i f y i n g  welders  a l s o  posed s e r i o u s  

problems. A s  many a s  100 welders  were t e s t e d  f o r  e a c h  welder  who could  

meet t h e  minimum s t a n d a r d s  r e q u i r e d  f o r  q u a l i f i c a t i o n  and be employed. 

E l e c t r o s l a g  Welding 

The p o s s i b i l i t y  of v e r t i c a l  seam welding by u s e  of t h e  

e l e c t r o s l a g  p r o c e s s  a r i s e s  i n  any d i s c u s s i o n  of th ick-wal led  a s s e m b l i e s  

s i n c e  t h e  ex t remely  h i g h  d e p o s i t i o n  r a t e s ,  and t h e  p o t e n t i a l  f o r  

' s i g n i f i c a n t  c o s t  r e d u c t i o n s  a r e  p a r t i c u l a r l y  a t t r a c t i v e .  However, 

t h e  mechanical  p r o p e r t i e s  of t h e  weld d e p o s i t  and h e a t - a f f e c t e d  zone 

a r e  n o t  a c c e p t a b l e  i n  t h e  welded and s t r e s s - r e l i e v e d  c o n d i t i o n ,  and 

complete  re -hea t  t r e a t m e n t  of massive  weldments p r e s e n t s  problems 

t h a t  a r e  s t a g g e r i n g  even when s p e c i a l  f a c i l i t i e s  e x i s t ,  and a r e  i n s u r -  

mountable a t  s i t e  l o c a t i o n s .  



Electron-Beam Welding 

Elect ron-beam'welding,  which a f t e r  some twenty y e a r s  of 

development h a s  advanced t o  t h e  p o i n t  where i t  can be  g iven  c o n s i d e r a t i o n  

f o r  th ick-wal led  a s s e m b l i e s ,  i s  a t t r a c t i v e  from t h e  s t a n d p o i n t  of v e r y  

h i g h  r a t e s  of welding and freedom from f lux-mois tu re  c o m p l i c a t i o n s .  

However, f u r t h e r  i n v e s t i g a t i o n  and development i s  r e q u i r e d .  The e l e c t r o n -  

beam p r o c e s s  p r o v i d e s  a l l  t h e  c o n v e n t i o n a l  r i s k s  of weld-metal p o r o s i t y  

and c r a c k i n g  problems p l u s  a  few un ique  t o  t h e  p r o c e s s .  Most c r a c k i n g  

problems have been overcome by a d j u s t m e n t s  i n  welding paramete rs  and 

by employing v a r i o u s  t y p e s  of beam o s c i l l a t i o n .  The "neck lace  e f f e c t " ,  

l a c k  of f u s i o n  a t  t h e  t i p  of n u n - p e n r ~ r a c i n g  welds ,  i s  a  p e r s i s t e n t  

d i f f i c u l t y ' t h a t  may n o t  be  e n t i r e l y  c o r r e c t e d .  I n  t h a t  e v e n t ,  u n l e s s  

s m a l l  mid-wall f l a w s  a r e  e v e n t u a l l y  c o n s i d e r e d  t o  b e  t o l e r a b l e ,  f u l l -  

p e n e t r a t i o n  e lect ron-beam t e c h n i q u e s  would be  r e q u i r e d .  S ince  welds  

i n  abou t  10- inch (254 mm) t h i c k  A 3 8 7  Grade 2 2  C l .  2 s t e e l  have been 

made, t h e  problem is  n o t  insurmountab le .  O b j e c t i o n s  t o  near- term 

a p p l i c a t i o n  of t h e  e lect ron-beam p r o c e s s  a r e  found i n  two a r e a s .  

Though t h e  p r o c e s s  i t s e l f  i s  n o t  new, a p p l i c a t i o n s  t o  t h i c k - s e c t i o n  

weld ing  a r e  s t i l l  a t  an  e a r l y  s t a g e  of development and i t  w i l l  be some 

t ime  b e f o r e  t h e  p o t e n t i a l  of t h e  p r o c e s s  can be  a d e q u a t e l y  demonstra ted 

and e v a l u a t e d .  Fur the rmore ,  a s i d e  from t h e  c o m p l e x i t i e s  invo lved  i n  

a d a p t i n g  t h e  p r o c e s s  t o  f i e l d  f a b r i c a t i o n ,  t h e  i n l o r ~ ~ ~ a t i o n  on the 

p r o p e r t i e s  of t h i c k - p l a t e  e lect ron-beam weldments i s  i n a d e q u a t e .  

The t e c h n i q u e s  f o r  heavy-sec t ion  welding employ hard  and 

s o f t  vacuum. Demons t ra t ions  of g i r t h  welding on s m a l l  v e s s e l s  have 

used  s e a l e d  and evacua ted  s h e l l  s e c t i o n s  a s  t h e  gun-conta ining chamber, 

w i t h  a c i r c u m f e r e n t i a l  chamber, a l s o  evacua ted ,  around t h e  o u t s i d e  of 

t h e  v e s s e l .  Though t h e  welding p r o c e s s  i t s e l f  i s  f a s t ,  t h e  t ime t o  

set up equipmene, seal ,  and e v a c u a t e  a huge v e s s e l  wuuld b e  appreciable.. 

J o i n t  f i t - u p ,  a l i g n m e n t ,  and c l e a n i n g  a r e  a l s o  r e q u i r e d ,  and t h e  t o l e r a n c e  

f o r  j o i n t  f i t - u p  d o e s  n o t  appear  t o  be  w e l l  e s t a b l i s h e d .  Recent r e s u l t s  

i n d i c a t e  t h a t  j o i n t  gaps  of a s  much as  0.05 i n c h  (1 .3  mm) w i t h  an  o f f s e t  

of 118 i n c h  (3.2 mm) may be a c c e p t a b l e .  Whether o r  n o t  t h e s e  can be 

a t t a i n e d  i n  huge s e c t i o n s  under  f i e l d  h a n d l i n g  c o n d i t i o n s  remains  unknown. 



Pump-down d i f f i c u l t i e s  i n  l a r g e  chambers can  be  minimized by u s e  of s m a l l  

gun-containment and back-s ide  chambers t h a t  employ s l i d i n g  s h i e l d s  b r  
g a s k e t s .  However, t h e  problem of t h e  d e s i g n  of s l i d i n g  s h i e l d s ,  which 

would b e  v u l n e r a b l e  t o  damage i n  o n - s i t e  o p e r a t i o n ,  is  o n l y  i n  t h e  

c o n c e p t u a l  s t a g e  and remains  a  s i g n i f i c a n t  problem. H o r i z o n t a l  we lds ,  

because  of t h e  l a r g e  volume of mol ten  n e t a l  i n v o l v e d ,  deve lop  s e v e r e  

c e n t e r l i n e  v o i d s  unl .ess t h e  beam and t h e  w e l d - j o i n t  p r e p a r a t i o n  i s  

ang led  downward a  few d e g r e e s  and a  s u p p o r t i n g  s h e l f  which s u p p o r t s  t h e  

mol ten  p o o l  i s  p o s i t i o n e d  j u s t  below t h e  j o i n t .  I n s t a l l a t i o n  of t h e  

s u p p o r t  and subsequen t  removal ,  imposes a d d i t i o n a l  c o s t  and s i m p l e  s h e l v e s  

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

I n  t h e  absence  of hydrogen,  c r a c k i n g  i n  t h e  weld h e a t -  

a f f e c t e d  zone d o e s  n o t  a p p e a r  t o  b e  a  problem when e lec t ron-beam welds  

i n  A387 G r .  22, C 1 .  2  a r e  p repared  w i t h o u t  p r e h e a t .  The r e p o r t e d  

mechan ica l  p r o p e r t i e s  of weld d e p o s i t s ,  though l i m i t e d  i n  number, a r e  

good. S i n c e  t h e  b a s e  p l a t e  p r o v i d e s  t h e  weld m e t a l  and t h e  compos i t ion  

range  f o r  t h e  p l a t e  i s  wide,  a l l  h e a t s  o f ' s t e e l  may n o t  perform e q u a l l y  

w e l l .  The i n a b i l i t y  t o  i n d e p e n d e n t l y  c o n t r o l  weld m e t a l  p r o p e r t i e s  

by s imply modifying t h e  f i l l e r - m e t a l  c h e m i s t r y  i s  a  d i s a d v a n t a g e  

common t o  a l l  autogenous  welding p r o c e s s e s .  

Electron-beam weld ing ,  s i n c e  i t  was f i r s t  employed t o  j o i n  

r e l a t i v e l y  t h i n  m a t e r i a l s  a t  v e r y  h i g h  r a t e s  of t r a v e l ,  h a s  a  r e p u t a t i o n  

f o r  a d v a n t a g e s  as a low h e a t - i n p u t  p r o c e s s .  A change i n  t h i s  i m p r e s s i o n  

i s  r e q u i r e d  when h i g h  beam-power equipment i s  used  t o  weld s e c t i o n s  as 

t h i c k  as 4 u r  8 i n c h e s  (100-200 mm). To .avoid weld-metal d e f e c t s  i n  

t h i c k  s e c t i o n s ,  t h e  r a t e  of t r a v e l  must b e  g r e a t l y  r educed .  I n  t h i s  

i n s t a n c e ,  a  wide h e a t - a f f e c t e d  r e g i o n  i s  deve loped ,  i n  some c a s e s  

e x t e n d i n g  a s  much a s  112 i n c h  (13 mm) on e i t h e r  s i d e  of t h e  f u s i o n  l i n e .  

The e x i s t e n c e  of a  s i g n i f i c a n t  volume of b o t h  c o a r s e - g r a i n e d  h e a t -  

a f f e c t e d - z o n e  m i c r o s t r u c t u r e  and u n r e f i n e d  f u s e d  metal,  a r e  c a u s e  Tur 

concern .  I n c r e a s e d  s u s c e p t i h i J . i t y  t o  temper e m b r i t t l e m e n t  and s t r e s s  

r e l i e f  c r a c k i n g  have been a s s o c i a t e d  w i t h  t h e s e  m i c r o s t r u c t u r e s .  

S t r e s s - r e l i e f  c r a c k i n g  o c c u r s  a l o n g  p r i o r  a u s t e n i t e  g r a i n  b o u n d a r i e s  

i n  columnar weld drpusits or i n  the coarsened  h e a t - a f f c c t c d  b a ~ e  m e t a l .  



Studies involving weld metal have indicated that weld deposits are 

less susceptible to stress-relief cracking than the coarsened heat- 

affected zone. Whether, this is also true when the weld metal and the 

base plate are of identical composition has not been established. The 

question may be unimportant, however, since in an electron beam weldment 

both structures will extend thto1.1gh the wall thickne'ss of a vessel. 

When the existence of stress-relief cracks in coarse-grained 

heat-affected zone microstructures adjacent to submerged-arc butt welds 

in some nuclear pressure vessels were first suspected, and later confirmed, 

there were serious questiorls about the possibility of crack propagation 

during anticipated service life. In this instance, the isolated coarse 

grained regions that contained microcracks were small and separated 

from each other by extremely tough fine-grained structures developed 

by a multipass welding technique. Fracture-mechanics evaluations showed 

that the flaws would not propagate, and link, during service. Since 

the presence of an embrittlement susceptible microstructure that 

provides a continuous through-wall path for stress-relief crack 

propagation exists in an electron-beam weldment, the potential for 

electron-beam welding of pressure vessels cannot be assessed until 

this risk has been evaluated. If the risk is unacceptable, elec,tron- 

beam will join elcctroslag in the group of processes that canrivt be 

employed for as-welded fabrication. 

Narrow-Gap Gas-Metal-Arc Welding- 

The gas metal-arc process initially was developed to compete 

with submerged-arc for high deposition-rate flat-position or hurizuntal 

welding using argon or helium shielding in a spray-transfer mode. 

However, the major application for the process has not occurred in 

high deposition-rate applications. The development of short-circuit 

(dip-transfer) GMA techniques provided capability for wider application 

in all-position welding with deposition rates of 6 to 8 pounds (2.7 

to 3.6 kg) per hour. The process commonly employs C02 for shielding 

though argon-C02 and argon-oxygen mixtures are also employed. The 

p.rocess is prone to lack-of-fusion defects; a problem that has not 

been entirely or consistently resolved. 



Pulsed-arc GMA welding has been investigated in an attempt 

to retain the all-position capability of the short-circuiting process 

while avoiding its problems.. Inert gas is employed for shielding. 

At low current the arc is maintained without metal transfer while 

transfer is in the spray mode during the high current pulse. 

Flux-cored and self-shielded core wire versions of the GMA 

process were developed to compete with submerged-arc welding. Both 

employ tubular wires containing flux for arc control, shielding, and 

alloy addition. The flux-core process employs CO shielding gas and 
2 

with the introduction of small-diameter wires has replaced solid wire 

GMA welding in many applications. In the self-shielded process, a 

supplemental shielding gas is not used, but the flux contains inorganic 

materials that decompose and shield the arc. With both processes, 

particularly in the case of the latter, the quality of the weld deposits 

are considered unsuited to pressure-vessel applications. All successful 

mechanized GMAW equipment for piping and other specialized high-integrity 

applications have employed solid wires. 

The problems involved in adapting either the GMAW process or 

GTAW hot-wire process in their mechanized narrow-groove modifications, 

to horizontal and vertical on-site applications are essentially the 

same. The equipment is similar in weight and size, demands equal 

protection from the elements, and both processes require competent, 

carefully trained, though not highly skilled, operators. A choice 

b~tween them rests, primarily, on weld-metal quality and their ability 

to make defect-free welds with the consequent savings in time and money 

that results from a reduction in repairs. On that basis, the narrow- 

groove hot-wire GTA process has the advantage. 

Westinghouse Narrow-Groove Hot-Wire Gas Tungsten-Arc Welding 

The Westinghouse narrow-groove hot-wire gas-tungsten arc 

process is an innovative approach to thick-section welding. However, 

it is not a new or unproven technique. The hot-wire GTA process has 



bc~en employed by West:inghouse Divis.i.ons f o r  over  four  years  f o r  

f a b r i c a t i n g  s t a i n l e s s  and low-alloy s t e e l  nuc l ea r  v e s s e l s  i n  s e c t i o n s  

t o  6  inches  (152 mm). During t h i s  t ime,  more than 40 tons  (36,300 kg) 

of f i l l e r  w i r e  has  been depos i ted .  The q u a l i t y  of t h e  welds has  been 

e x c e l l e n t  and r e p a i r s  have been few; l e s s  than one r e p a i r  f o r  each 100 

m i l e s  (160 km) of weld depos i t ed .  Roughly ha l f  of t h e  welds have been 

made i n  t h e  h o r i z o n t a l  p o s i t i o n .  I n  view of t h e  commercial success  of 

t h e  process ,  i t  i s  d i f f i c u l t  t o  env i s ion  a  heavy-sect ion welding 

a p p l i c a t i o n  f o r  which HW-GTA welding would no t  r e c e i v e  f , i r s t  cons ide ra t i on .  

Advantages of t h e  p roces s  inc lude :  

+ Use of a narrow groove t h a t  r e s u l t s  i n  a 60 t u  80% reduct iui l  

i n  weld me ta l  compared t o  convent iona l  p r a c t i c c ,  and 

reduced c o s t  f o r  weld groove p repa ra t i on .  

F l e x i b i l i t y  i n  programmed manipulat ion includi.ng a rc  

o s c i l l a t i o n ,  dwel l ,  and puls ing .  

Freedom from f l u x  entrappment and t h e  p o s s i b i l i t y  of 

hydrogen c rack ing  caused by moist  f l u x .  Since hydrogen 

cannot be  in t roduced ,  p rehea t  temperatures  can be lowered 

and i n  some i n s t a n c e s ,  p rehea t  i s  not  r equ i r ed .  

Kesistance heating of t h e  f i l l e r  wiZe removes surface 

concaminarion and reduces rhe p o t e n t i a l  f o r  p o r o s i t y .  

An independent h e a t  source  provided by t h e  tungs ten  

e l e c t r o d e .  This  c h a r a c t e r i s t i c  a l l ows  f l e x i b l e  c o n t r o l  

of hea t  i n p u t ,  weld puddle s i z e ,  and weld-metal s o l i d i f i c a t i o n .  

The weld-metal d e p o s i t i o n  r a t e  i s  a d j u s t a b l e  independent 

of a r c  energy,  y i e l d i n g  p r e c i s e  c o n t r o l  over  weld puddle 

~ h a p e  and pene t r a t i on .  Parameters  may be  t a i l o r e d  t o  produce 

e x c e l l e n t . r o o t  p a s s  welds and subsequent passes  a t  h igher  

r a t e s  of depos i t i on .  



The  w e l d  i s  n o t  obscured by f l u x  a n d ~ v i s u n l .  moni to r ing  of 

t h e  p r o c e s s  i s  u n u s u a l l y  good, compared t o  GMA welding.  

V i s i o n  i s  n o t  impaired by fumes o r  smoke and t h e  weld pool 

i s  p l a c i d .  

Use of a  narrow groove,  qn i n h e r e n t l y  low h e a t - i n p u t  p r o c e s s ,  

and p r e c i s e  bead p o s i t i o n i n g  i n  m u l t i p a s s  d e p o s i t s  p e r m i t s  

g r a i n  r e f i n i n g  and tempering of t h e  weld d e p o s i t  and h e a t  

a f f e c t e d  zones .  Reduc t ions  i n  n o t c h  toughness ,  c r a c k i n g ,  

and i n c r e a s e d  s e v e r i t y  of temper and c r e e p  embr i t t l ement  

have been a s s o c i a t e d  w i t h  coarse -gra ined  m i c r o s t r u c t u r e s .  

I n  some i n s t a n c e s ,  t h e  p r o c e s s  can be used f o r  r o o t  f u s i o n  

e l i m i n a t i n g  weld back-ups, back gouging,  and t h e  c o s t  of 

manual o p e r a t i o n s .  

R e p a i r s  can  b e  made w i t h  t h e  same p r o c e s s  u s i n g  f i x t u r i n g  

emp1.ayed f o r  the b a s i c  welding o p e r a t i o n .  

T h i s  p r o c e s s  i s  c h a r a c t e r i z e d  by t h e  b e s t  EASE OF AUTOMATION 

(Table  I ) ,  y i e l d s  b e t t e r  t h a n  average  PRODUCTIVITY FACTORS 

(Table  1 1 ) ,  an3 p r o v i d e s  o u t s t a n d i n g  QUALITY FACTORS 

(Table  111) .  



Three types of embrittlement can occur in 2 1/4 Cr-1 Mo steel 

during exposure to elevated temperatures during service or during 

thermal stress-relief treatment: 

Temper embrittlement 

Creep embrittlement 

Stress-relief embrittlement 

The characteristics of all three types are similar. Embrittle- 

menf occurs st tcmpernturee up t o  about llOOvF (590°C). Fractures in 

embrittled material are intergranular. The susceptibility is influenced 

by microstructure. Ferrite-pearlite and bainite-pearlite structures 

are less susceptible than quenched and tempered or weld microstructures. 

Temper Embrittlement 

This embrittlement can only occur in alloy steels during 

slow cooling or exposure in the temperature range 700-1100°F (370- 

590°C). Within the range there is a characteristic C-curve time- 

temperature relationship. Temper embrittlement occurs only in 

commercial steels that contain trace quantities of Sb, P, Sn, and As; 

and/or larger amounts of Si and Mn. Tcmpe.r emhrj.ttj..ement, in Ni-Cr 

steels, has also been associated with Bi, Se, Ge, and Te. High purity 

alloy steels of the same composition are not susceptible(37). The 

amount of embrittlement caused by a specific impurity depends on the 

specific alloying elements present. Embrittlement is delayed by small 

amounts of Mo and W; enhanced by Cr and Mn. Large amounts of Mo and W 

also may increase severity. 

Temper embrittlement is indicated by elevation of the ductile 

to brittle energy and fracture appearance transition temperatures and 

by a change from transcrystalline to intercrystalline fracture as 

embrittlement proceeds. The fracture path follows prior austenite 

grain boundaries. A rapid quench through the embrittling temperature 



range w i l l  avoid the  d i f f i c u l t y .  The phenomenon i s  a l s o  reve r s ib le .  

Heat treatment a t  a temperature above the  embrittlement range r e s u l t s  

i n  r e s t o r a t i o n  of toughness. 

@ Emmer, Clauser,  and Low (54) have reviewed the  6mbrit tlement 

c h a r a c t e r i s t i c s  of 2 114 C r - 1  Mo s t e e l  (A387lA542). The following 

i s  a summary of t h e i r  more pe r t inen t  observations.  

1. Considerable evidence t h a t  A387lA542 steels a r e  

suscep t ib le  t o  temper embrittlement e x i s t s .  

2. With reference  t o  work reported by Kerr (73) f o r  A542 

s tee1 : 

(a) Both base p l a t e  and weld. metal a r e  suscept ib le .  

The FATT may be increased t o  a temperature a s  g rea t  

a s  300°F (150°C). 

(b) S ign i f i can t  embrittlement can occur a t  temperature . 

a s  low a s  800°F (430°C). The lower range, est imated 

t o  be  about 700°F (370°F), was no t  determined. 

(c) Appreciable heat-to-heat v a r i a t i o n  has been observed; 

p a r t i c u l a r l y  i n  weld metals.  Lower Mn and S i  contents  

appear t o  reduce s u s c e p t i b i l i t y .  

I 
(d) For p l a t e  ma te r i a l ,  s t r eng th  l e v e l  and microstructure 

inf luence  the embrittlement s u s c e p t i b i l i t y :  

(1) P l a t e  normalized and tempered t o  an u l t imate  

s t r eng th  l e s s  than 85 k s i  (590 MPa) shows 

l i t t l e  embrittlement. 

(2) Quenched and tempered p l a t e  with an 'ul t imate 

above 120 k s i  (830 MPa) a l s o  showed l i t t l e  

embrtcrlement . 
(3) P l a t e  quenched and tempered t o  a s t r eng th  

between 85 and 100 k s i  (590 and 690 MPa) 

shows appreciable embrit tlement . 



(e)  Both quenched and tempered mate r i a l  and normalized 

and tempered mate r i a l ,  a t  the  same u l t ima te  s t r eng th ,  

w i l l  e x h i b i t  s i m i l a r  embri t t led  t r a n s i t i o n  temperature. 

A step-cool* through the  embr i t t l ing  temperature 

range w i l l ,  i n  about two weeks, r e s u l t  i n  a t  l e a s t  

a s  much embrittlement a s  s i x  weeks a t  900°F (480°C). 

3. Work by Kerr was genera l ly  confirmed i n  a l a t e r  s tudy of 

A542 s t e e l  by Swift (74) who repor ted  t h a t  s t e p  cooling 

r e s u l t e d  i n  inc rease  i n  the  FATT of a t  moat 60°F (33°C) 

t o  levels of about 1009F (210°C). Huwrvr~ , Lhe ul t lulate 

Y L L ~ I I ~ L I I S  uI: the plates employed (with one exception, 8b.9 ksi 

[600 MPa]) wcrc either below 05 k s i  (590 bPa) ur about 120 ksS 

(830 MPa), s t r eng th  l e v e l s  a t  which Kerr found l i t t l e  embrittlement. 

4. Bruscato (75) i n  a study of embrittlement of weld metal  

repor ted  increased s u s c e p t i b i l i t y  wi th  increased h, S i  

and impurity content .  The maximum increase  i n  t r a n s i t i o n  

temperature was 170°F (95°C) t o  a l e v e l  of about 200°F 

(93°C). Tests  were conducted a f t e r  step-cooling treatments.  

Long t i m e  isothermal e m b r i t t l i n g  was no t  employed. 

5 .  CLauser (76) and Emmer (77) i n  a two-pert s tudy of embri t t le -  

ment of A542 s t e e l  found: 

(a) A l l  commercial hea t s  of A542 may be  expected t o  

undergo some temper embrittlement. Af te r  5000 h r  

a t  900°F the  rise i n  the  60 f t - l b  t r a n s i t i o n  temper- 

a t u r e  may range from 50" t o  a t  l e a s t  130°F (28-72°C). 

(b) Water quenching a f t e r  stress r e l i e f  r e s u l t s  i n  a 

lower t r a n s l t l o n  remperacure than furnace cooling 

f r o m  the  s t r e s s  r e l i e f  temperature. 

*1100"F (590°c)/1 h r ;  1000°F (540°C)/15 h r ;  975°F (520°C)/24 h r :  925°F 

(490°c)/48 h r ;  875°F (470°c)/75 h r ;  furnace cool  t o  600°F (320°C). 



(c)  The step-cooling treatment* was shown t o  be 

comparable t o  500 h r  a t  900°F (480°C) and not a 

t r u e  ind ica t ion  long-time se rv ice  . . embrittlement. 

(d) A creep s t r e s s  of 36 k s i  (250 MPa) during embrit t le-  

ment had l i t t l e  e f f e c t  on the embrittlement of t h i n ,  

air-cool  mater ia l  f o r  times t o  1000 h r .  .It should 

. be noted t h a t  an "a i r  cooled thiu-section pla te"  

was considered comparable t o  a water quenched heavy 

sec t ion  p l a t e .  

(e) The toughness of the  heat-affected zone of heavy 

sec t ion  p l a t e  remained super ior  t o  the toughness of 

the  base mater ia l  a f t e r  embrittlement. 

@ The Kawasaki S t e e l  Corporation (96) has reported the proper t ies  

of normalized and tempered 2 114 C r - 1  Mo s t e e l  with the composition 

modified to  improve res i s t ance  t o  temper embrittlement. The mater ia l  

had low P (0.009%) and S i  (0.08%) content with small  addi t ions  of N i  

(0.12%) and Cu (0.12%)**to compensate f o r  the  decrease i n  s t r eng th  

r e s u l t i n g  from the  low S i  content.  Tests  were conducted with 0.8 inch 

(20 mm) and 4.3 inch (110 mm) th ick  p l a t e s .  The 4.3 inch (110 mm) p l a t e  

was water quenched from 1700°F (930°C). The th inner  p l a t e  was quenched 

under two condit ions t o  simulate mid-thickness water quenching of 1.7 inch 

(50 mm) and 9.8 inch (250 mm) thick p l a t e s .  

- 
**X = (10 P + 5 Sb + 4 Sn + As) x = 9.25 ppm 



Afte r  quenching, the  materials were subjected t o  various 

tempering and s t r e s s - r e l i e f  t r e a t w n t s  corresponding t o  tempering 
3 3 parameters* between 19.45 x 10 and 21.48 x 1 0  . Pollawing a step- 

cooling treatment**, Charpy tests revealed law s u s c e p t i b i l i t y  t o  temp'er 

embrittlement. 

(95 )  
I 

@ Ueda, Ishikawa, and Sato have inves t igated  addi t ions  of 

aluminum and boron t o  1 1/4%Cr-1/2%Mo steel t o  counter t h e  de te r io ra t ion  

i n  notch toughness and s t reng th  r e s u l t i n g  from tempering and stress- 

r e l i e f  tlteatments involving high temperature or very long times a t  

temperature. 

For normalized [1700°F (930°C)] mate r i a l  containing 0.06% A 1  

and 7 t o  18 ppm B,  t h e i r  r e s u l t s  show: 

a A considerable increase  i n  toughness and room temperature 

s t r eng th  even when s t ress- re l ieved using a tempering 
. I . .  - 3 parameter* of more than 20 x 10 . The A1-B t r ea ted  steel 

w i l l  s a t i s f y  the  ASTM spec i f i ca t ion  f o r  A387 G r .  11 i n  

~hickurstieti Lu 5.9 inches (130 m) wWtr teitipered t o  a 
3- parameter of 21 x 10 . 

I 

The treatment i s  effect ive i n  increas ing the  elevated 

temperature y ie ld  and t e n s i l e  s t r eng ths  a t  210 t o  l l lO°F 

(100-600'~) with appreciable increase  i n  y ie ld  between , 

570 and 750°F (300-400°C). 

*Tempering Parameter = T(1og t + 20); T = "K, t = hr .  

**110O0F (593 '~ )  1 h r ,  cool  t o  

1000°F (538°C) 15 h r ,  cool t o  

977°F (525OC) 24 h r ,  cool  t o  

925°F (496°C) 60 h r ,  cool  t o  

876°F (469°C) 125 h r .  



a The creep-rupture s t r e n g t h  of A1-B t r e a t e d  m a t e r i a l  is 

similar t o  un t r ea t ed  s t e e l  i n  t h e  >,egion of low Larson-Miller 

i n d i c e s  and g r e a t e r  i n  t he  region of h igh  i n d i c e s .  

The t reatment  causes no d e t e r i o r a t i o n  i n  t h e  r e s i s t a n c e  t o  

temper embri t t lement  i n  t h e  base  p l a t e  o r  i n  s imulated 

weld heat-affected-zones corresponding t o  t he  fus ion  l i n e  

of welds made wi th  a  h e a t  i npu t  of 71 KJ/ in.  (28 KJ/cm). 

Addition of A 1  and B reduces t h e  amount of i n t e r g r a n u l a r  and 

g r a i n  boundary f e r r i t e  i n  t h e  predominantly b a i n i t i c  mic ros t ruc tu re .  

The au tho r s  s e e  no reason t h a t  s i m i l a r  improvement i n  t h e  p r o p e r t i e s  of 

s t r e s s  r e l i eved  2 1 /4  C r - 1  Mo s t e e l  could n o t  be  obtained by A1-B a d d i t i o n  

and a l s o  specu la t e  on t h e  p o s s i b i l i t y  t h a t  improved w e l d a b i l i t y  might be  

obta ined  by reducing the  carbon content  of t r e a t e d  steel by about 0.03%. 

0 Shaw ( lo3)  has  i n v e s t j g a t e d  t h e  temper e m b r i t t l i n g  c h a r a c t e r i s t i c s  

of A387 Grade 22 s t e e l  i n  a s tudy  i n i t i a t e d  i n  1975, by t h e  Task Group 

on Temper Embritt lement of t h e  Div is ion  of Refining of  t h e  American 

Petroleum I n s t i t u t e .  Though t h e  work is n o t  complete and f u t u r e  

e f f o r t s  may r e so lve  some of t h e  d i f f i c u l t i e s ,  t h e  r e s u l t s  in t roduce  

ques t ions  about t h e  i n t e r p r e t a t i o n  and r e l i a b i l i t y  of embri t t lement  

da t a .  A Y 

The f i r s t  phase of t h e  program was a  comparison of t h e  

performance of 65 d i f f e r e n t  samples ( p l a t e s ,  fo rg ings ,  and weldments) 

i n  t h e  as-received condi t ion  wi th  performance a f t e r  s tep-cool ing 

embri t t lement .  This phase i s  complete. The second phase  consist^ 

p r i m a r i l y  of a  s tudy  of 25 i so thermal ly  embr i t t l ed  samples s e l e c t e d  on 

t h e  b a s i s  of t h e  r e s u l t s  i n  Phase I. These m a t e r i a l s  were subjec ted  

t o  f i v e  temperatures ,  650, 725, 800, 875 and 950°F (343, 385, 427, 468, 

and 510°C) f o r  1000 and 10,000 hours .  Tes t s  a f t e r  20,000 hours w i l l  

be  completed i n  t h e  f i r s t  h a l f  of 1980. Minor t a s k s  inc lude  determinat ion 

of t he  e f f e c t  of composition, s t r e n g t h  and mic ros t ruc tu re  and o f  

de-re-embritt lement.  



Reasonably we l , l . e s t ab l i shed  c o r r e l a t i o n s  between chemical 

composition (p r imar i ly  Mn., S i ,  P and Sn) and t h e  s e v e r i t y  of embr i t t l e -  

ment were n o t  c l e a r l y  ev ident  i n  t h e  da t a .  Comparison of t h e  t e s t  . . .  

procedure employed w i t h  t h a t  used a t  o t h e r  l a b o r a t o r i e s  revea led  t h r e e  

sources  f o r  t h i s  incons is tency:  

a F r a c t u r e  Appearance T r a n s i t i o n  Temperatures (FATT.) a r e  

n o t  a t  a l l  r e l i a b l e  and confuse i n t e r p r e t a t i o n  of d a t a  

from l abora to ry  t o  l abo ra to ry .  A c o r r e l a t i o n  between 

AFATT and AT I s  11ut always apparene. The d a t a  sometimes 
40 

showed excreme differences between t h e  two embri t t lement  

c r i t e r i a .  

a Dif fe rences  a l s o  r e s u l t  from v a r i a t i o n  i n  t he  chemical 

a n a l y t i c a l  techniques and t h e  s t anda rds  employed. Perhaps 

t h e  most i upbr t an t  f a c t o r  ic lack  of a  s o l i d  s tandard  f o r  

spec t rog raph ic  analysis of 2 114 Cr-1 Mn steel. Consequently, 

i n  conjunct ion  wi th  t h e  API, t h e  National  Bureau of Standards 

is  c u r r e n t l y  prepar ing  a  s o l i d  s tandard  f o r  t h e  s t e e l .  

a I n c o n s i s t e n c i e s  i n  Charpy t e s t  d a t a  also appeared i n  r e s ~ ~ l t s  

ob ta ined  by two l a b o r a t o r i e s  t e s t i n g  the  same s t e e l .  A 

d e t a i l e d  comparative aLuJy ~huwed t h e  inconsiseencies were, 

t o  a  degree,  t h e  r e s u l t  of t e s t i n g  an i n s u f f i c i e n t  number 

of specimens. Nevertheless ,  an  unresolved b i a s  i n  t h e  

d a t a  s t i l l  appeared t o  e x i s t .  

Shaw also noced rhnt a generally accepted step-cool ing 

t reatment  intended t o  i n d i c a t e  t he  amount of embri t t lement  t o  be  expected 

du r ing  long-term iso thermal  exposure was n o t  always r e l i a b l e ,  though 

reasonable f o r  steels t h a t  do n o t  e m h r l t t l ~  g r e a t l y ,  Since t h e  maximum 

e m b r i t t l i n g  temperature (MET) v a r i e s  from s t e e l  t o  s t e e l ,  t h e  s tep-cool ing 

t rea tment  c o n s i s t i n g  of short- t ime i so thermal  s t e p s  ending wi th  925OF 

(496OC)-60 hour and 865OF (462°C)-100 hour t r ea tmen t s ,  a  s t e e l  wi th  an 

MET of 900°F (482OC) w i l l  e m b r i t t l e  more than a t  s t e e l  w i th  an MET of 

800°F (427O~) .  



A f u r t h e r  complicat ion was found wi th  two i so thermal ly  . .  

e m s r i t t l e d  s t e e l s  i n  which s u b s t a n t i a l  embri t t lement  took p l ace  between 

1000 hours  (41.7 days) .  and 10,000 hours  (417"days), demonstrating that .  

i h e  s h o r t e r  per iod  o f .  exposure does n o t  g ive  a r e l i a b l e  i n d i c a t i o n  o f . ,  

t h e  t o t a l  embri t t lement .  

Creep Embritt lement 

Creep embri t t lement  mani fes t s  i t s e l f  by a decrease  i n  

d u c t i l i t y  (u sua l ly  measured by r educ t ion  i n  a r e a )  occurr ing  under . 

c e r t a i n  creep-rupture condi t ions .  The d u c t i l i t y  w i l l  g ene ra l ly  reduce 

t o  a minimum and then  inc rease  w i t h  inc reas ing  time t o  rup tu re .  The 

embri t t lement  is  inf luenced  by both the  temperature and s t r e s s  l e v e l ,  

and by t h e  s t r e n g t h  and mic ros t ruc tu re  of t h e  steel. S u s c e p t i b i l i t y  

i s  lower f o r  low s t r e n g t h  o r  normalized s t e e l s ;  g r e a t e r  f o r  h ighe r  

s t r e n g t h  and quenched-and-tempered m a t e r i a l s .  Tens i l e  d u c t i l i t y  va lues  

can d e t e r i o r a t e  t o  low l e v e l s  a s  creep-embritt lement proceeds,  w i th  a 

change from a t r ansg ranu la r  t o  i n t e r g r a n u l a r  r u p t u r e  mode. 

, , 
The observa t ions  of Emmer, Clauser;  and Low (54) on t h e  gene ra l  

c h a r a c t e r i s t i c s  of  creep embri t t lement  a r e :  

1.. The f i r s t  i n d i c a t i o n  of c reep  embri t t lement  of h e a t  

r e s i s t i n g  s t e e l s  was f a i l u r e  of f l a n g e  b o l t s  a f t e r  s e v e r a l  

yea r s  of s e r v i c e  i n  t h e  temperature range 850-900°F 

(450-480'~). F a i l u r e s  were unexpected s i n c e  t h e  d e s i g n  

s t r e s s e s  incorpora ted  l a r g e  s a f e t y  f a c t o r s  based on 

l abo ra to ry  t e s t s .  

2.  F a i l u r e  t imes ranged from 3000 t o  12,000 h r  depending on 

t h e  steel a n d . t h e  load .  

3 .  C h a r a c t e r i s t i c s  such a s  damage i r r e v e r s i b i l i t y  and stress/ 

t i m e  dependence ind ica t ed  t h a t  c reep  ernbrleelement d i f f e r e d  

from temper embri t t lement ,  though t h e  two a r e  poss ib ly  

r e l a t e d .  



4. Creep embri t t lement  is  more severe  under cond i t i ons  

t h a t  permit  small amounts of s t r a i n  over  long pe r iods .  

5 .  Creep embri t t lement  occurs  i n  t h e  range 800-1100°F 

(425-590°C). 

6. Embritt lement is  inf luenced  by g r a i n  s i z e ,  mic ros t ruc tu re  

and o p e r a t i n g  temperature.  Coarse-grain m a t e r i a l  is  more 

s u s c e p t i b l e  than  f ine-grained ma te r i a l .  A morphology 

l ead ing  t o  an  u l t i m a t e  s t r e n g t h  g r e a t e r  than  110 k s i  

(760 ma) w i l l  l e a d  t o  s eve re  embri t t lement ,  as w i l l  

lover s e t v i c e  temperature. Embritt lement i s  more Gevcre 

i f  a m a t e r i a l  i s  quenched from high  a u s t e n i t i z i n g  temperatures .  

7. Creep damage is  unaf fec ted  by subsequent h e a t  t r ea tmen t s ,  

and creep-induced void formation i s  i r r e v e r s i b l e .  

8. F a i l u r e  occurs  a long  p r i o r  a u s t e n i t i c  g r a i n  boundaries  and 

may b e  revea led  by inc reas ing  tendency t o  form grain-  

boundary c a v i t i e s  o r  c racks  p r i o r  t o  f a i l u r e .  

9. The creep-embritt lement mechanism appears  t o  be a s soc i a t ed  

wi th  : 

( a )  F ine ,  i n t r a g r a n u l a r  p r e c i p i t a t e s  which develop dur ing  

the creep process and Strengthen the grafn 3 n t ~ r i o r .  

(b) Subsequent formation of denuded zones ad j acen t  t o  

p r i o r  a u s t e n i t e  g r a i n  boundaries  which lowers t he  

boundary f low stress; 

(c)  The formation of e longated g r a i n  boundary ca rb ides  

which reduces the  cohesive s t r e n g t h  of  t h e  boundaries .  

10. Temper-embrittling elements @ ,  Sn, Sb, and As) t oge the r  

w i t h  C r  and Mo apparent ly  cause creep embri t t lement .  No 

s p e c i f i c  a l l o y  a d d i t i o n  o r  s p e c i a l  h e a t  t rea tment  t h a t  

w i l l  avoid  o r  minimize c reep  embri t t lement  has  been found. 



8 Bruscato (37) a s  p a r t  o f  a s tudy  of temper embri t t lement  of 

30 d i f f e r e n t  2 114 C r - 1  Mo sh ie lded  metal a r c  e l e c t r o d e s  ( see  elsewhere)  

a l s o  i n v e s t i g a t e d  the  c reep  embri t t lement  c h a r a c t e r i s t i c s  of two d e p o s i t s .  

The weld metals s e l e c t e d  had h igh  and low l e v e l s  of temper embri t t lement  

impuri ty  elements.  Creep-rupture tests were conducted ( a t  900 and 1 0 5 0 " ~  

[480 and 565OCI) a t  s t r e s s e s  t o  provide r u p t u r e  i n  t imes t o  2000 hours .  

The d e p o s i t s  were t e s t e d  i n  two h e a t  t r e a t e d  condi t ions :  

1. Quenched i n  water  from t h e  20 h r  s t r e s s - r e l i e f  t rea tment  

a t  1250°F (675OC). This  t rea tment  avoided any temper 

embri t t lement  t h a t  might occur  dur ing  a convent iona l  

slow cool .  

2. Furnace cooled t o  600°F (320°C) a f t e r  s t r e s s  r e l i e f  end 

s t e p  aged t o  induce a h igh  degree of temper ernbritt lement.  

.The r e s u l t s  of t hese  comparisons (considered "preliminary") , 

a r e  summarized as fol lows:  

1. I n  900°F (480°C) t e s t s  t h e  depos i t  wi th  high impuri ty  was 

i n f e r i o r  ( l e s s e r  RIA a t  f r a c t u r e )  t o  t h e  low impur i ty  

depos i t .  

2. I n  1050°P (565°C) t e s t s  t h e  d i f f e r e n c e  was more pronounced. 

The d u c t i l i t y  of t he  d e p o s i t  wi th  h igh  l e v e l  of temper 

e m b r i t t l i n g  impuri ty  d e t e r i o r i a t e d  t o  low l e v e l s  a t  

rup tu re  t imes of a few hundred hours .  The low impur i ty  

depos i t  d id  n o t  e x h i b i t  t h i s  d e t e r i o r a t i o n  i n  2000 hours .  

3. A temper e m b r i t t l f n g  t rea tment  p r i o r  t o  t e s t i n g  delayed 

creep  embri t t lement .  The r e l a t i o n s h i p  by which t h e  temper 

embri t t lement  mechanism in f luences  t h e  c reep  embri t t lement  

mechanism i s  no t  understood. 

4. The two mechanisms have t h e  same underlying cause -- 
impuri ty  c o n s t i t u e n t s .  



@ S t e i n e r ,  de Barbadi l lo ,  Penn, and S tou t  ( lo4)  i n  a  s tudy  

conducted f o r  PVRC compared t h e  creep-rupture p r o p e r t i e s  of t en  welded, 

quenched and tempered p re s su re  v e s s e l  s t e e l s .  The s t e e l s  included 

A517, A533, A212B, A543, A387B and A542 Class 2. The s t e e l s  were 

t e s t e d  i n  t h e  800 t o  1100°F (426 t o  593°C) range f o r  r u p t u r e  l i v e s  t o  

10,000 hours .  F a b r i c a t i o n  d i s c o n t i n u i t i e s ,  such a s  mechanical and 

m e t a l l u r g i c a l  no tches  were incorpora ted  i n  t h e  s tudy .  I n  o rde r  t o  

determine t h e  e f f e c t  of m e t a l l u r g i c a l  notches on creep-rupture s t r e n g t h ,  

s t anda rd  0.252-inch (6.4 mm) diameter  creep specimens were adapted t o  

i n c l u d e  weld metal  and weld heat-affected-zone s t r u c t u r e s ,  a s  w e l l  a s  

base p l a t e  m a t e r i a l  i n  t he  t e a t  s e c t i o n .  Mechanical notches were 

superimposed on bo th  welded and unaf fec ted  base  p l a t e s  t o  determine 

t h e  in f luence  of t h e s e  combined e f f e c t s  on rup tu re  p r o p e r t i e s .  

Two reg ions  of  i n t e r e s t  were included i n  t he  temperature 

ranges  employed. The lower temperature reg ion ,  between 800 and 1000°F 

(426 and 537"C), was p r imar i ly  r e l a t e d  t o  s e r v i c e  behavior  w i th  s p e c i f i c  

i n t e r e s t  i n  long-time da t a .  The h ighe r  temperature reg ion ,  between 

1000 and 1200°F (537 and 648°C) was of i n t e r e s t  i n  r e l a t i o n  t o  thermal 

t rea tment  d u r i n ~  f a b r i c a t i o n  where shor te r - t ime d a t a  a r e  applicable. 

To e v a l u a t e  d a t a  obta ined  from t h e  h ighe r  temperature p o r t i o n  of t h e  

s t u d i e s ,  welded r e s t r a i n t  t e s t s  thermally t r e a t e d  i n  t h e  range 800 t o  

1200°F (426 t o  537°C) were included i n  t h e  i n v e s t i g a t i o n .  Welding 

w a s  performed by t h e  sh i e lded  metal-arc process  (El1018 e l e c t r o d e s )  

u s ing  30 KJ/inch (1180 KJ/m) h e a t  i npu t  f o r  both Lehigh r e s t r a i n t  

specimens. The Lehigh t e s t  specimens were examined both as-welded 

and a f t e r  s t r e s s  r e l i e f  a t  1150°F (620°C) f o r  one hour.  Welded rup tu re  

test specimens were prepared w i t h  h e a t  i n p u t s  of 70 and 30 KJ/inch 

(2755 and 1180 KJ/m). Prehea t  o r  pos t  h e a t  w a s  no t  employed. 

The creep  rup tu re  c h a r a c t e r i s t i c s  were found t o  depend 

p r i m a r i l y  on the  presence of C r ,  Mo, and V .  The carbon s t e e l  had 

gene ra l ly  low r u p t u r e  s t r e n g t h  a t  1000°F ( 5 3 7 O C ) ,  b u t  good rup tu re  

d u c t i l i t y .  The Mn-Mo and Mi-Cr Mo had in te rmedia te  s t r e n g t h s  b u t  

gene ra l ly  low r u p t u r e  d u c t i l i t i e s ,  whi le  t h e  Cr-Mo s t e e l s  with l e s s  



than 1% C r  had in t e rmed ia t e  rup tu re  s t r e n g t h s  b u t  much h ighe r  rup tu re  

d u c t i l i t i e s .  The Cr-Mo s t e e l s  w i t h  over 1% C r  had t h e  h i g h e s t  rup tu re  

s t r e n g t h s . a t  1000°F (537OC) and good rup tu re  d u c t i l i t i e s .  I n  t h e  

probable s e r v i c e  temperature range, quenched and tempered s t e e l s  r e t a i n  

a u s e f u l  advantage i n  creep-rupture s t r e n g t h  over  normalized grades.  

The range inc reases  as t h e  chromium and molybdenum content  i nc reases .  

A t  h ighe r  temperatures ,  normalized mic ros t ruc tu re s  would be  supe r io r .  

The steels showed a wide range of d u c t i l i t y  be fo re  rup tu re .  

The carbon and lower a l l o y  showed high va lues  of r educ t ion  of a r e a ,  

whi le  some of t h e  deeper-hardening s t e e l s  were embr i t t l ed .  Only A517F 

(T-1) and A543 (HY-80) were e s p e c i a l l y  s e n s i t i v e .  

Welding lowered t h e  creep-rupture s t r e n g t h  of some s t e e l s  and 

had no e f f e c t  on o t h e r s .  A517E (SSS-100) and A517F (T-1) were reduced 

i n  s t r e n g t h  more than  20%, A517A (T-1A) and A542 l o s t  10%. The 

remainder showed no e f f e c t .  

The presence of a notch s t rengthened some s t e e l s  and weakened 

o t h e r s ,  b u t  no c o r r e c t i o n  t o  composition, mic ros t ruc tu re ,  o r  smooth-bar 

p r o p e r t i e s  was apparent .  A387B showed notch s t r eng then ing ,  wh i l e  A542 

was weakened by notching.  

S t r e s s - r e l i e f  c racking  was produced i n  t h e  A542 s t e e l  and i n  ,. 

A517 s t e e l s  (A387B n o t  t e s t e d )  by s u b j e c t i n g  Lehigh specimens t o  a 

,1050°F (565°C) one hour t reatment .  The c racks  formed i n  t h e  coa r se  

grained heat-affected-zone s t r u c t u r e  and appeared t o  be  c l o s e l y  

r e l a t e d  t o  cracks formed i n  welded s t r e s s - r u p t u r e  specimens which 

exh ib i t ed  very low d u c t i l i t y  (less than 15%) i n  t h e  900-llOO°F (482- 

593°C) range. 



~ u n d i n ' " ~ )  i n  a  r ev iew of t h e  development and p h y s i c a l  

m e t a l l u r g y  of 2 114 C r - 1  Mo weld m e t a l ,  emphasiz ing c r e e p - r u p t u r e  

p r o p e r t i e s ,  n o t e s  t h a t  f u r t h e r  r e s e a r c h  and u n d e r s t a n d i n g  of t h e  e f f e c t s  

of we ld ing  p r o c e s s e s  i s  needed:  

The m i c r o s t r u c t u r e s  produced i n  a  weld ,  and t h e r e f o r e  t h e  

mechan ica l  p r o p e r t i e s ,  depend on a  number of v a r i a b l e s  

i n c l u d i n g  t h e  compos i t ion  of t h e  f i l l e r  m e t a l ,  t h e  welding 

p r o c e s s  and p a r a m e t e r s ,  post-weld h e a t  t r e a t m e n t  t e m p e r a t u r e s ,  

and f l u x  c h a r a c t e r i . s t i c s  . Each of t h e  v a r i a b l e s  i n f l u e n c e  

creep-rupture p r o p a r t i o o .  

D i f f i c u l t i e s  w i t h  o b t a i n i n g  a d e q u a t e  h i g h  t e m p e r a t u r e  s t r e n g t h  

and t o u g h n e s s  i n  e l e c t r o s l a g  welded j o i n t s ,  d e s p i t e  e x t e n s i v e  

post-weld h e a t  t r e a t ,  a r e  n o t  r e s t r i c t e d  t o  t h a t  p r o c e s s .  

The r e l a t i v e l y  h i g h  h e a t - i n p u t  t y p i c a l  of  most submerged-arc 

we ld ing  p r a c t i c e s  may r e s u l t  i n  s i g n i f i c a n t  temper ing d u r i n g  

we ld ing  and e x p l a i n  t h e  r a p i d  temper ing of 2 114 C r - 1  Mo 

submerged a r c  we lds  d u r i n g  s t r e s s  r e l i e f .  Tempering d u r i n g  - 
a u t o m a t i c  w e l d i n g  h a s  a l s o  been r e p o r t e d  t o  g i v c  r i s e  t o  

coarse c a r b i d e s  t h a t  normal ly  o c c u r  d u r i n g  t h e  l a t e r  s t a g e s  

of t emper ing  and a r e  a s s o c i a t e d  w i t h  i n f e r i o r  c r e e p  p r o p e r t i e s .  

A number o t  a r t i c l e s  have commented on t h e  r e l a t i v e  c reep-  

r u p t u r e  s t r e n g t h s  of 2 114 C r - 1  Mo weld m e t a l  and b a s e  m e t a l ,  

w i t h  l i t t l e  agreement .  The c r e e p - r u p t u r e  s t r e n g t h  of weld . 

m e t a l  h a s  been r e p o r t e d  a s  s u p e r i o r  t o  b a s e  p l a t e ,  e q u a l  t o  

b a s e  p l a t e ,  and i n f e r i o r  t o  b a s e  p l a t e .  

.Lack of agreement  a l s o  a p p e a r s  i n  comparison of c r e e p - r u p t u r e  

s t r e n g t h  as  i n f l u e n c e d  by  v a r i o u s  welding p r o c e s s e s .  A 

s ta ten len t  111 one r e p o r t  "I6' t h a t  c r e e p - r u p t u r e  s t r e n g t h s  

of submerged-arc welds  a r e  i n f e r i o r  t o  s h i e l d e d  meta l -a rc  

we lds  is  r e f u t e d  i n  a n o t h e r  r e p o r t  ('17) t h a t  s t a t e s  t h a t  t h e  

d i f f e r e n c e s  r e s u l t  from compos i t ion  v a r i a b l e s  and t l l a t  

d i f f e r e n c e s  between SMAW d e p o s i t s  c a n  b e  a s  g r e a t  a s  t h o s e  

between SMAW and SAW weld m e t a l s .  



Lundin 
(118,119) 

provided some creep and tensile data for three 

2 114 Cr-1 Mo weldments made by submerged-arc, electroslag, and shielded 

metal-arc welding processes. Though the fabricators of the weldments 

had all indicated they expected the welds to meet Class 2 strength 

requirements, the submerged-arc weld was the only one that exceeded 75 

ksi (518 MPa) minimum room-temperature ultimate after a 25 hour stress 

relief at 1300°F (704°C). The electroslag and shielded metal-arc welds 

had ultimates of 61.5 and 70.3 ksi (424 and 485 MPa), respectively. 

The short-time creep-rupture performance (less than 1000 hours to failure) 

of the electroslag weld was only slightly inferior to that of the 

submerged-arc weld and both exceeded the minimum values of Code Case 

1592. The performance of the shielded metal-rc weld (E9015-B3L Class) 

was below minimum levels at 850, 950, and 1050°F (454, 510, and 656°C). 

This relatively poor performance was attributed to a low carbon content. 

The room-temperature tensile data and creep-rupture behavior 

did not correlate. The electroslag weld, for example, had lower tensile 

strength than the shielded metal-arc weld but exhibited higher creep 

strength. Performance in hot tensile tests at 850, 950, and 1050°F 

(454, 510, and 565OC) correlated better. At 850°F (454"C), for short 

times, the shielded metal-arc deposit had a higher creep strength. 

However, at 950 and 1050°F (510 and 565°C) the electroslag weld was 

stronger. Apparently,'hot tensile strength is a useful indicator of 

creep-rupture behavior for 2 114 Cr-1 Mo welds. 

Further objectives for this program, conducted for the Weld 

Metal and Weld Procedures Subcommittee of the Fabrication Division of 

PVRC , include : 

1. Long-time creep-rupture tests including tests of the 

electroslag weldment in the quenched and tempered condition. 

2. Fabrication and testing of a higher-carbon shielded metal- 

arc weldment. 

3. Computer analysis of existing creep data on 2 114 Cr-1 Mo base 

metal and weld metal to reflect the influence of composition, 

heat treatment, welding process, and other parameters. 

4. Metallographic examinat.ion of welds and base metals. 

3 1 



Emh.rittlernent and Cracking of Heat-Affected-Zone and Weld Metal -. 
Post-weld stress r e l i e f  is employed t o  reduce res idua l  s t r e s s e s  

and t o  temper the  weld j o i n t .  S t res ses  present  a f t e r  welding a r e  

reduced by a creep process i n  which the  e l a s t i c  s t r a i n  i s  converted t o  

p l a s t i c  s t r a i n  a t  e levated  temperature. A t  temperatures where creep 

can occur, both  the  weld heat-affected zone and weld metal may undergo 

changes t h a t  r e s u l t  i n  a decrease i n  notch toughness and cracks may 

develop i n  t h e  coarse-grained region of the  heat-affected zone. Cracking 

i n  the  weld metal  i s  n o t  usually observed. The l o s s  i n  toughness i s  

s t r e s s - r e l i e f  embrittlement. The cracks, which occur along p r i o r  

a u s t e n i t e  boundaries, a r e  c a l l e d  s t r e s s - r e l i e f  o r  reheat  cracks. 

During welding, the  crack-susceptible por t ion  of the  heat- 

a f f e c t e d  zone experiences b r i e f  exposure t o  temperatures s u f f i c i e n t  t o  

coarsen the  micros t ructure  and d i s so lve  carbides .  The cooling r a t e s  

t y p i c a l  of welding processes a r e  rapid  enough t o  r e t a i n  a l l o y  elements 

i n  s o l u t i o n  and t o  r e s u l t  i n  formation of b a i n i t i c  o r  mar tens i t i c  

micros t ructures  t h a t ,  i n  the  quenched condit ion,  possess l imi ted  

d u c t i l i t y .  The i n a b i l i t y  of t h e  suscep t ib le  micxostructure t o  accommodate 

t o  creep s t r a i n  during s t r e s s  r e l i e f  a r i s e s  from a mechanism s i m i l a r  t o  

t h a t  f o r  creep embrittlement: 

Etrengthcning af elic g ia lu  uaLrix by prec ip icacion,  

Formation of elongated grain-boundary carbides  t h a t  reduce 

the cohesive s t r eng th  of the  p r i o r  a u s t e n i t e  boundaries, 

D e v e l u p ~ r ~ L  of an a l l o y  denuded region adjacent  t o  the  

boundaries r e s u l t i n g  i n  a l o c a l  reduction i n  flow s t r e s s .  

S t res s - re l i e f  cracking was r a r e l y  encountered with p l a i n  

carbon s t e e l s .  The phenomenon became important with the  in t roduct ion  of 

a l l o y  s t e e l s  t o  meet demands f o r  increased s t r eng th ,  toughness, and 

h e a t  r e s i s t ance .  The formation of s t r e s s - r e l i e f  cracks i s  promoted by 

h igh res idua l  stress and i s  o f t en  associa ted  with reinforcements o r  

notches t h a t  a c t  a s  stress concentrators .  I n  t h e i r  small  s i z e ,  loca t ion ,  

and in te rg ranu la r  c h a r a c t e r i s t i c ,  s t r e s s - r e l i e f  cracks and cold o r  



underbead cracks  a r e  s i m i l a r .  I n  i n s t a n c e s  when t h e  cause of c racking  

is unknown, t h e  p o s s i b i l i t y  of undetected co ld  c racking ,  o r  cold 

. . c r ack ing  aggravated by s t r e s s - r e l i e f  c racking ,  must be explored.  Cold 

c racking  can .usual ly be  avoided by c o n t r o l  of f l u x  moisture content  o r  

by inc rease  i n  prehea t  o r  weld h e a t  i npu t .  Techniques fok avoiding 

s t r e s s - r e l i e f  c racking  are n o t  equa l ly  s imple nor  equa l ly  e f f e c t i v e  . 

P e r t i n e n t  f e a t u r e s  of s t r e s s - r e l i e f  c racking  summarized by 

Emmer, Clauser ,  and Low ( 5  4, i nc lude  : 

1. S t r e s s - r e l i e f  c racking  can be  expected t o  be most s eve re  

i n  steels which e x h i b i t  low creep  d u c t i l i t y  and i n  steels 

t h a t  are capable  of p r e c i p i t a t i o n .  

2. S t r e s s - r e l i e f  c racking  is  dependent on t h e  s t r e n g t h  

l e v e l s  of t h e  pa ren t  ma t r ix  and t h e  weldlng e l e c t r o d e .  

3. S t r e s s - r e l i e f  c racking  is dependent on g ra in  s i z e ,  

morphology, and s t r e s s - r e l i e v i n g  temperature.  Coarse- 

grained m a t e r i a l  is more s u s c e p t i b l e  than f ine-grained 

material. A t  lower s t r e s s - r e l i e v i n g  temperatures  c racking  

becomes more severe.  

4 .  Cracking i s  dependent upon t h e  hea t ing  r a t e  t o  t h e  s t r e s s -  

r e l i e f  temperature.  Depending on she  p r i o r  thermal 

t reatment  t h e  weldment has  rece ived ,  t h e  s i z e  of t h e  

p a r t ,  and o t h e r  f a c t o r s ,  bo th  h igh  and low h e a t i n g  r a t e s  

may l ead  t o  cracking.  

5. The cracks  are i n t e r g r a n u l a r  and e x h i b i t  low d u c t i l i t y  

w i th  l i t t l e  o r  no evidence of deformation. 

6. Chromium, molybdenum and vanadium enhance s u s c e p t i b i l i t y  

t o  s t r e s s - r e l i e f  cracking.  Molybdenum a d d i t i o n s  tend t o  

r e t a r d  temper embrit  tlemen t.. 

7. S t r e s s - r e l i e f  c racking  has  been shown t o  occur i n  s t e e l s  

having f e r r i t e  p l u s  ca rb ide  mic ros t ruc tu re s ,  a u s t e n i t i c  

micros t ruc tures  and m a r t e n s i t i c  (quenched and tempered) 

m i c r o s ~ r u c t u r e s .  IC occurs  PR t h e  temperature range 200- 

1800°F (90-980°C) depending on the  a l l o y  considered.  



@ Pense, S tou t  and Kottcamp (28) have provided some information 

on s t r e s s - r e l i e f  embri t t lement  of A387 s t e e l  r e s u l t i n g  from r e l a t i v e l y  

long exposure. The s tudy  included n i n e  m a t e r i a l s  used o r  considered 

f o r  use  i n  p r e s s u r e  v e s s e l s .  Among t h e s e  was A387 a u s t e n i t i z e d  a t  

1700°F (925"C), i n  bo th  t h e  normalized and t h e  spray-quenched condi t ions .  

The normalizing coo l ing  rate matched t h a t  of a heavy s e c t i o n .  The 

coo l ing  rate f o r  t h e  spray  quench w a s  equ iva l en t  t o  t h a t  n e a r  t h e  

s u r f a c e  of a heavy p l a t e .  A f t e r  cool ing ,  t h e  m a t e r i a l s  were stress- 

r e l i e v e d  1 h r  a t  t h e  recommended temperature;  A387 a t  1350°F (735°C). 

S ince  i n  t h e  course of f a b r i c a t i o n ,  l a r g e  p re s su re  vessels may r ece ive  

repea ted  s t r e s s - r e l i e f  t rea tments  and experi~nre I n v g  per iods  a t  

temperature,  t h e  s t e e l s  were aga in  s t r e s s  r e l i eved  f o r  100 h r  be fo re  

t e n s i l e  and impact t e s t i n g .  

Almost a l l  t h e  s t e e l s  compared s u f f e r e d  some l o s s  i n  u l t i m a t e  

s t r e n g t h  a f t e r  t h e  100 h r  stress r e l i e f ,  u sua l ly  only  5-10%; f o r  T-1, 

HY-80, and A387, t h e  r educ t ion  was about  25%. The u l t i m a t e  s t r e n g t h  

of t h e  normalized A387 was reduced from 90 t o  72 k s i  (620-495 MPa); 

spray-quenched from 102 t o  82 k s i  (703-565 MPa). The r educ t ion  i n  

s t r e n g t h  was almost  always accompanied by a decrease  i n  notch toughness; 

gene ra l ly  small. For T-1 and t h e  spray-quenched A387 steel, however, 

t h e  decrease  was apprec iab le .  The normalized A387 s t e e l  showed an  

i n c r e a s e  i n  t h e  1 5  mil (0.38 mm) t r a n s i t i o n  temperature of about  25°F 

(14°C) t o  s l i g h t l y  above O°F (-18°C). The inc rease  i n .  t r a n s i t i o n  f o r  

t h e  spray-quenched m a t e r i a l  was 110°F (60°C) t o  about  -40°F (-40°C). 

The spray-quenched m a t e r i a l  e x h i b i t e d  t h e  g r e a t e s t  decrease  i n  toughness 

of a l l  the s t e e l s  compared. However, s t r e s s  r e l i e f  a t  1350°F (730°C) 

i s  a high temperature and would be  expected t o  cause a more marked e f f e c t .  

Change i n  toughness appeared t o  be a s s o c i a t e d  wi th  ca rb ide  agglomeration 

on f e r r i t e  boundaries .  A cond i t i on  t h a t  would n o t  be  co r r ec t ed  except  

by r ehea t  t rea tment .  



@ Almost a l l  papers  dea l ing  wi th  s t r e s s - r e l i e f  c racking  r e f e r  

t o  formulae, s i m i l a r  t o  t h e  carbon-equivalent,  f o r  p r e d i c t i n g  the  

s e n s i t i v i t y  t o  cracking:  

Nakamura, et.al.  (105) 

I t o  and Nakanishi (106) 

Both formula i n d i c a t e  freedom from cracking  a t  va lues  l e s s  

than  zero,  and inc reas ing  s u s c e p t i b i l i t y  a t  va lues  g r e a t e r  than zero.  

They were der ived  from ex tens ive  s e r i e s  of welding t e s t s  and have 

proven use fu l ,  though n o t  i n f a l l i b l e ,  i n  p r e s e l e c t i n g  s t e e l s  f o r  

welding. These equat ions  a r e  of doub t fu l  va lue  f o r  2 1 /4  C r - 1  Mo 

steels s i n c e  they i n d i c a t e  a h ighe r  l e v e l  of s e n s i t i v i t y  than  experience 

confirms. Other s t e e l s ,  wi th  lower AG o r  PSR va lues  a r e  known t o  be  

much more prone t o  develop cracking  dur ing  stress r e l i e f .  However, 

t h e  s u s c e p t i b i l i t y  t o  s t r e s s  r e l i e f  c racking  is  n o t  con t ro l l ed  by t h e  

chemical composition of t h e  s t e e l  a lone ,  b u t  i s  a l s o  s t rong ly  inf luenced 

by t h e  h e a t  i npu t  employed dur ing  welding. 

This p o i n t  has  been demonstrated by U j i i e ,  Sa to ,  and Matsumato (107) 

who obta ined  d a t a  showing t h a t  s t e e l s  t h a t  a r e  normally considered 

i n s e n s i t i v e  t o  cracking can be made crack s e n s i t i v e  when h igh  heat- input  

welding condi t ions  a r e  employed. Thei r  r e s u l t s  show t h a t  s t r e s s - r e l i e f  

c racking  can occur  wi th  h igh  h e a t  i npu t  even i f  AG is  negat ive ,  b u t  

w i l l  no t  n e c e s s a r i l y  occur  under low input  condi t ions  even when t h e  AG 

va lue  i s  p o s i t i v e .  

@ Simi lar  r e s u l t s  were obtained i n  a s tudy  by Grotke, Bush, 

Manj o ine ,  and Slep ian  (lo8) using a quenched and tempered SA-508 Class  2 

s t e e l  t h a t  had exh ib i t ed  underclad s t r e s s - r e l i e f  c r acks  when i t  was 

s t a i n l e s s  c l a d  us ing  a h igh  h e a t  i npu t  6-wire, submerged-arc technique. 

Extensive meta l lographic  examinations of 9 3/4-inch (248 mu)-thick 



single-wire  submerged-arc b u t t  welds made wi th  a low, 65 KJ/in 

(2560 KJ/m), h e a t  i n p u t  and a h igh ,  130 KJ/in. (5120 KJ/m), h e a t  i npu t  a 

revea led  c racks  only  i n  t he  h igh  heat- input  weldment. P r i o r  examination 

of a similar product ion  weld i n  t h e  same s t e e l  made wi th  an  in t e rmed ia t e  

i n p u t  of  95 KJ/in.  (3740 KJ/m) a l s o  revea led  s t r e s s - r e l i e f  microcracking, 

b u t  t h e  c r acks  were sma l l e r  and occurred l e s s  f r equen t ly .  

S t r e s s - r e l i e f  c racking  i n  steam p l a n t  p i p e  j o i n t s  involv ing  

1 / 2  CrMoV s t e e l  p i p e  welded w i t h  2 1 /4  CrMo weld meta l  h a s  been t h e  

s u b j e c t  of cons ide rab le  a t t e n t i o n  i n  t he  United Kingdom. A survey of  

butt-welded j o i n t s  i n  s e r v i c e  showed 2% of t h e  welds examinedwere 

cracked i n  t h e  HAZ, 2% had c i r cumfe ren t i a l  weld-metal c racks ,  and 5.5% 

contained t r a n s v e r s e  weld-metal c racks .  Most of t he  c racking  was 

a t t r i b u t e d  t o  s t r e s s - r e l i e f  c racking  t h a t  occurred du r ing  manufacture 

o r  e a r l y  i n  s e r v i c e  a t  about 1020°F (550°C). Miller and Ba t t e  (40) 

employed a notch-bend r e l a x a t i o n  t e s t  us ing  Charpy-size specimens t o  

e v a l u a t e  t h e  s u s c e p t i b i l i t y  of d e p o s i t s  made w i t h  1 8  d i f f e r e n t  2 1 / 4  

CrMo manual e l e c t r o d e s  and submerged-arclflux combinations. There was 

no apparent  c o r r e l a t i o n  of s t r e s s - r e l i e f  c racking  w i t h  t h e  welding 

p roces s ,  b u l k  residual-element  composition (Uu,P,Al,Sn,Sb,Pb,Ni), o r  

d e p o s i t  hardness  even though t h e  range of c rack  s u s c e p t i b i l i t y  was 

wide. These i n v e s t i g a t o r s  concluded t h a t  t h e  in f luence  of  r e s i d u a l  

e lements  is  too  complex t o  be q u a n t i f i a b l e  when t h e  residual-element 

composition is  w i t h i n  t h e  range gene ra l ly  experienced i n  product ion 

m a t e r i a l s  and t h a t  t h e  apparent  r e l a t i o n s h i p  r epo r t ed  by o t h e r s  was 

probably a consequence of i n v e s t i g a t i o n s  based on p a r t i c u l a r  ba t ches  

of weld o r  base  meta ls ,  

Miller and Ba t t e  a l s o  noted t h a t  s e n s i t i v i t y  t o  s t r e s s - r e l i e f  

c racking  can be reduced by an  i n c r e a s e  i n  t h e  amount of grain rcfinemcnt 

obta ined  i n  mul t ipass  welds. SMAW experiments w i th  e l e c t r o d e s  of 

d i f f e r e n t  d iameters  u s ing  va r ious  weave p a t t e r n s  i n d i c a t e d  t h a t  depos i t i on  

techniques t h a t  r e f i n e d  about 90% of t h e  i n i t i a l  coa r se  b a i n i t e  avoided 

c a v i t a t i o n  and cracking  even i n  a s u s c e p t i b l e  m a t e r i a l  under mechanical 

r e s t r a i n t s  s i m i l a r  t o  t hose  i n  product ion  welds. 



@ Jones (62) i n v e s t i g a t e d  t h e  s t r e s s - r e l i e f  c racking  s u s c e p t i b i l i t y  

of  fou r  2Cr-1Mo submerged-arc d e p o s i t s  t o  determine whether changes i n  

wife o r  f l u x  composition would reduce c racking  d i f f i c u l t i e s .  S t r e s s -  

r e l i e f  c racking  occurred more f r equen t ly  i n  submerged-arc d e p o s i t s  than 

i n  shielded-metal-arc depos i t s .  Combinations of two d i f f e r e n t  f i l l e r  

w i r e s  and t h r e e  f luxes  were employed t o  make welds under cons tan t  

condi t ions .  The p rehea t  and maximum i n t e r p a s s  temperatures  were 390°F 

(200°C) and 660°F (350°C), r e s p e c t i v e l y .  Comparisons were based on 

short- t ime s t r e s s - rup tu re  tests employing hea t ing  a t  a r a t e  of 150°F/hr 

(8S°C/hr) t o  a test temperature of 1275OF (690°C) t o  s imu la t e  th ick-  

p l a t e  s t r e s s - r e l i e f  condi t ions .  Jones found t h a t  sma l l  v a r i a t i o n s  

i n  chemical composition had l i t t l e  e f f e c t  on the  rup tu re  s t r e n g t h  of 

t h e  weld metal .  However, wide v a r i a t i o n s  i n  d u c t i l i t y  (RIA) were 

observed, .though t h e  minimum exceeded 20%. I n  a l l  specimens, c a v i t a t i o n  

and cracking  were concent ra ted  a long  p r i o r  a u s t e n i t e  g r a i n  boundaries  
. . 
in t h e  columnar reg ions  of t h e  depos i t s  i n  a  manner t y p i c a l  of s t r e s s -  

r e l i e f  c racking  i n  weld metal .  The weld-metal d u c t i l i t y  decreased 

i n i t i a l l y  wi th  i n c r e a s i n g  time t o  rup tu re  t o  a  minimum where i t  remained 

cons tan t .  The minimum d u c t i l i t y  c o r r e l a t e d  wi th  Mn content .  Increased 

Mn r e f i n e d  t h e  b a i n i t i c  s t r u c t u r e  and increased  t h e  d u c t i l i t y .  Maximum 

rup tu re  d u c t i l i t y  was a s soc i a t ed  wi th  a high Mn content  and use of a  

b a s i c  f l u x .  

@ Swif t  and Rogers (66) have provided a  gene ra l  review of t he  

embri t t lement  of a v a r i e t y  of  weld metals .  Though t h e i r  p r i n c i p a l  

i n t e r e s t  was t h e  2 1 /4  C r - 1  Mo composition, l i t t l e  s p e c i f i c  information 

was presented.  Whenever weld-deposit d a t a  were lacking ,  p e r t i n e n t  

information f o r  p l a t e  m a t e r i a l  were used. They no te  t h a t  weld prehea t  

can have e i t h e r  a b e n e f i c i a l  o r  de t r imen ta l  i n f luence  on the  toughness 

of shielded-metal-arc depos i t s .  Welds i n  2 114 C r - 1  Mo p ipe  showed 

some i n c r e a s e  i n  embri t t lement  when a  300°F prehea t  was employed. 

However, no t rend  i n  t he  e f f e c t  of prehea t  was ev ident  when the  weld 

d e p o s i t s  were subsequent ly stress re l i eved  a t  1300°F (700°C). No 

informat ion  was found on t h e  in f luence  of o t h e r  welding parameters ,  bu t  



tempering of quenched 2 114 C r - 1  Mo p l a t e  i n  t h e  range 400-llOO°F 

(200-590°C) was repor ted '  t o  cause embri t t lement .  

I n  a d i scuss ion  of e l e c t r o s l a g  welding of 2 114 Cr -1  Mo, i t  

w a s  noted t h a t  a p o s t  weld h e a t  t rea tment  such a s  normalizing o r  

a u s t e n i t i z i n g  and quenching was requi red  t o  r e f i n e  t h e  coarse-grained 

s t r u c t u r e .  I n  one in s t ance ,  t h e  as-welded Charpy energy of 5 it l b s  

(7  Joules )  a t  75OF (24OC) increased  t o  108 f t - l b s  (146 Jou le s )  

fo l lowing  a r e a u s t e n i t i z e  and temper t rea tment .  No s p e c i f i c  information 

on gas-metal-arc, gas-tungsten-arc,  o r  submerged-arc weld 2 1 /4  C r - 1  Mo 

d e p o s i t s  was presented .  It was noted,  however, t h a t  t h e  toughness of 

Cr-Mo welds appa ren t ly  decreases  w i t h  inc reased  C r  con ten t ,  probably 

merely a consequence o f  t he  s t r eng then ing  e f f e c t  o f  C r .  

Quench-aging embri t t lement  of  carbon and a l l o y  s t e e l s  r a p i d l y  

cooled from a stress r e l i e v i n g  temperature s u f f i c i e n t l y  h igh  t o  cause 

s o l u t i o n  of i r o n  ca rb ides  o r  n i t r i d e s  was a l s o  d iscussed .  The phenomena 

can e f f e c t  p l a t e ,  hea t -a f fec ted  zones, and weld metal .  I n  t he  case  of 

t h e  2 114 C r - 1  Mo composition, slow cool ing  from a temperature above 

1 2 0 6 ' ~  ( 6 5 0 ' ~ )  reduces o r  e l imina te s  t h e  e f f e c t .  Therefore,  t h e  e f f e c t  

would be i n s i g n i f i c a n t  i n  heavy-gage weldments which a r e  slowly cooled 

from the  s t r e s s - r e l i e f  temperature.  

I n  a d i s c u s s i o n  of hea t -a f fec ted  zone embr i t t l ement ,  t he  

au tho r s  noted t h a t  when 2 114 C r - 1  Mo p l a t e  was tempered a t  700°P 

(371°C) a f t e r  water  quenching from 1750°F ( 9 5 5 ' ~ )  o r  '2300"~ (1260°C) 

t h e  impact energy t r a n s i t i o n  temperature was higher  than t h a t  of t h e  
b .  

as-quenched p l a t e .  Comparative va lues  were n o t  presented .  I n  

summarizing rhe a v a i l a b l e  data  the  aukhurtr nuted:  

1. The degree of embri t t lement  (temper, c reep ,  s t r e s s - r e l i e f )  

i n c r e a s e s  wirh inc reas ing  g r a i n  s i z e  f o r  both weld meta l  

and p l a t e .  

2. S t r e s s - r e l i e f  and creep embri t t lement  a r e  more s e v e r e - a t  

h ighe r  s t r e n g t h  l e v e l s ;  temper embri t t lement  appears  more 

pronounced a t  lower s t r e n g t h  l e v e l s .  



3. Higher impur i ty  content  appears  t o  i n c r e a s e  t h e  s e v e r i t y  

of a l l  t h r e e  types of embri t t lement .  I n  t h e  case  of , ,  

s t r e s s - r e l i e f  embri t t lement ,  however, d e f i n i t i v e  d a t a  

a r e  lack ing .  

4 .  The in f luence  of welding parameters  on each type of 

embri t t lement  has  no t  been s u f f i c i e n t l y  examined. No 

c o r r e l a t i o n  between welding processes  and emb-rittlement 

appears  i n  t h e  l i t e r a t u r e .  Based on a v a i l a b l e  informat ion ,  

lower h e a t  i n p u t  processes  gene ra l ly  reduce embri t t lement .  

5. Despi te  evidence t h a t  a l l  t h r ee  types of embri t t lement  

may b e  r e l a t e d ,  w e l l  e s t a b l i s h e d  c o r r e l a t i o n s  have no t  

been generated and mechanist ic  eva lua t ion  of t h e  f a c t o r s  

a f f e c t i n g  p l a t e  and weld meta l  have n o t  been conducted. 

0 Bland (78) i n v e s t i g a t e d  shielded-metal-arc welding of 2  1 /4  C r -  

1 Mo pipe  wi th  a  w a l l  th ickness  of 5 /8  inch  (16 mm). He considered. 

t he  r e s u l t s  were a p p l i c a b l e  t o  p l a t e  of a t  l e a s t  1 inch  (25 mm) i n  . - .  . 

th ickness .  The comparison included fou r  weld meta ls  t h a t ,  deposi ted d .. 

without  prehea t ,  had u l t i m a t e  s t r e n g t h s  i n  t h e  range 123-133 k s i  - 3  

(848-917 MPa). The p i p e  employed had an u l t i m a t e  s t r e n g t h  of 67 k s i  

(462 ma). Tests  included a  c o r r e l a t i o n  of s t r e n g t h  and hardness  u s ing  . rr 

t e n s i l e  specimens, l o n g i t u d i n a l  and side-bend tests, impact t e s t s ,  and 

an  i n v e s t i g a t i o n  of prehea t  requirements .  Bland concluded: 

1. The use of preheat up t o  590°F (260°C) has  l i t t l e  o r  no 

e f f e c t  on t h e  s t r e n g t h ,  d u c t i l i t y  o r  impact p r o p e r t i e s  

of weld meta l  deposi ted by low hydrogen e l e c t r o d e s ,  o r  

of t h e  heat-affected-zone. 

2. Pos thea t ing  a t  temperatures below 1050°F (565OC) produces 

no s i g n i f i c a n t  e f f e c t  on weld meta l  p r o p e r t i e s .  Post- 

h e a t i n g  i n  t h e  range 1050°F ( 5 6 5 * ~ ) ,  f o r  16 h r  t o  1150°F 

(620°C) f o r  2  h r  produces an undes i rab le  i nc rease  i n  

hardness  and decrease i n  d u c t i l i t y .  The hea t -a f fec ted  

zone, however, i s  r e l a t i v e l y  unaf fec ted  by these  t rea tments .  



3. Unrestrained welds made without preheat or postheat were 

sound. Under restrained conditions, a preheat of 300°F 

(150°C) was recommended to avoid root cracking. 

4. The ductility of welds in the no preheatlno postheat 

condition was entirely satisfactory based on the results 

of longitudinal and side-bend tests. 

5. Post weld treatments of at least 2 hr at 1150°F (620°C) 

or 112 hr at 1250°F (675°C) are required to produce 

significant reduction in the hardness of weld deposits 

of heat-affected-zones. 

6. Though the 2 1/4 Cr-1 Mo steel is air hardening, test 

results indicate no adverse affect from increased 

hardness. The notch-bend proper tic^ of the heat-affected 

zone in the no preheatlno poseheat condition was superior 

to the weld deposits in any thermally treated condition. 

7. The weld deposits exhibited impact properties substantially 

lower than the base metal; but not unacceptably low. 

@ Kluek and Canonico (64) investigated the microstructure and 

tensile properties of 2 114 Cr-1 Mo TIGwelded steel wfth carbon 

contents of 0.003, 0.035 and 0.11%. The 0.11% C steel, prepared by 

vacuum remelting stock from a commercial heat, is typical of commercial 

compositions. Tests were conducted with 112-inch (13 mrn) plate, 

normalized at 1700°F (927°C) and tempered at 1300°F (704°C). Material 

from the respective plates, processed to 118-inch (3.2 mm)-diameter 

filler rod, was used to join the respective butt-welded assemblies. 

The maximum hardnesses obtained in the heat-affected-zone 

and weld metal in the O.11X carbon steel assembly were 364 DPH and 390 

DPH, respectively. After stress relief at 1300°F, the peak hardness in 

both regions reduced to 228 DPH; only 28 DPH higher than the base metal. 

The base-metal microstructure was 55-65% tempered bainite, balance 

proeutectoid ferrite. The weld deposit was essentially bainite with 

some martensite present. 



I I n  t h i s  study, welds were made both without preheat  and . 

preheated t o  300°F (150°'C) with the  p l a t e s  welded t o  a 2-inch-thick ' '+ 

' t  strongback. When preh6at was not  employed the. in te rpass  temperature .", 

was s t a t e d  t o  be less. than 200°F (95°C). The in te rpass  temperature 

f o r  welds preheated t o  300°F (150°C) ranged from 300°F t o  500°F (260°C). 

Microcracking was no t  observed. 

The minimum prehea t l in te rpass  temperature recommendations f o r  

A387 G r .  22 and a l l  c l a sses  of A542 s t e e l  found i n  WRC Bul le t in  191 

a r e  150°F (65OC) f o r  thicknesses t o  1/2 inch, 250°F (120°C) f o r  over 

1 t o  2 inches, and 300°F (150°C) f o r  thicknesses above 2 inches.  

@ Kluek and Canonico (65) a l s o  s tudied the  creep-rupture 

* proper t i e s  of weld metal,  t ransverse  weldments, and normalized and 

tempered base metal f o r  three  h e a t s  of 2 1 /4  C r - 1  Mo steel with 0.003, 

0.035, and 0.11% carbon a t  850, 950, and 1050°F (454, 510, and 565°C). 

Mater ia l  preparat ion and welding procedures were discussed i n  a 

previous paper (64) t h a t  reported the  microstructures and t e n s i l e  

proper t ies .  The high-carbon ana lys i s  is typ ica l  of commercial composi.tlons. 

For a f ixed temperature and carbon content ,  the  creep rupture 

p roper t i e s  of the weld deposi ts  were invar iably  g rea te r  than those of 

t ransverse  weldments o r  base metals ,  which had s i m i l a r  s t r eng ths  f o r  a 

given carbon content.  The rupture  proper t ies  of weld metal,  t ransverse  

weldments, and base metals exhibi ted  an e f f e c t  of carbon content t h a t  

was r e l a t e d  t o  temperature. A t  the  h ighes t  t e s t  temperature 1050°F. 

(565'C) the  0.11% carbon steel had the  highest  s t r eng th ,  while the  

s t r eng ths  of the  o the r  two s t e e l s  were s imi la r .  A t  850 and 950°F 

(454 and 510°C), t h e  s t r eng th  of the  0.035% carbon steel approached t h a t  

of t h e  0.11% steel a t  long rupture  t i m e s  (2000 h r ) .  Both were 

considerably s t ronger  than the  low-carbon mater ia ls .  Fa i lu res  i n  

t ransverse ly  welded specimens occurred i n  the  base metal, with a s i n g l e  

exception. The exception was i n  t h e  high-carbo? s t e e l  t e s t ed  a t  1050°F 

(565°C) a t  15 k s i  (102 MPa), the lowest stress employed. In  t h i s  

ins tance ,  f a i l u r e  i n i t i a t e d  i n  t h e  heat-affected zone. Similar  f a i l u r e s  

would be  an t i c ipa ted  a t  lower stresses. 



Bat te  and Murphy (24) have reviewed the  creep-rupture p roper t i e s  

a t  1020-lllO°F (550-600°C) of 2 114 C r - 1  Mo depos i t s  t o  a s sess  the  

genera l  l e v e l  of weld p roper t i e s ,  the  e f f e c t  of welding processes and 

parameters,  and t o  determine reasons f o r  the  reported super ior  creep 

s t r e n g t h  of  a p a r t i c u l a r  SMAW elec t rode .  Since the  da ta  reviewed was 

obtained from var ious  forme of test specimens, the  author8 r e s t r i c t e d  

t h e i r  cons idera t ion  t o  t h e  r e s u l t s  of tests conducted wi th  ma te r i a l  

from all-weld metal  pads o r  t r ansverse ly  butt-welded specimens t h a t  

f a i l e d  i n  t h e  weld deposi t .  The depos i t s  were made prednminately by 

fhe and SAW processes, hut  s few wxe. made by tho gee-metal arc 

process (GMAW). To ob ta in  an o v e r a l l  p i c t u r e  from weld metals  t e s t e d  t o  

va r ious  temperatures, they used the  mean da ta  ( t o  20,000 h r )  derived by the  

I n t e r n a t i o n a l  Standards Organization (ISO) f o r  2 1 /4  C r - 1  Mo wrought 

ma te r i a l s .  The da ta  used f o r  t h e  IS0 l i n e s  include both normalized 

and normalized and tempered mater ia l .  Conventional 20% scat terbands  

about the  IS0 mean l i n e  were accepted a s  a reasonable b a s i s  f o r  comparison 

wi th  weld metal  r e s u l t s .  

Less than 5% of the  reviewed r e s u l t s  were below the  IS0 f 20% 

l i m i t s  about the  mean f o r  wrought mater ia l .  Since a s i m i l a r  proport ion 

of wrought m a t e r i a l  r e s u l t s  were a l s o  below t h i s  l i m i t ,  these da ta  

r e f u t e  suggest ions t h a t  welds a r e  up t o  20Z weaker than wrought mater ia l .  

Discounting i s o l a t e d  cont radic tory  r e s u l t s ,  t he  da ta  a s  a 

whole suggest t h a t  the  welding process has no s i g n i f i c a n t  e f f e c t  on 

creep-rupture s t r eng th .  The da ta  were i n s u f f i c i e n t  t o  r evea l  the 

e f f e c t  of f l u x  composition though b a s i c  f luxes  t h a t  r e s u l t  i n  c leaner  

depos i t s  may improve d u c t i l i t y .  Increasing the  t i m e  o r  temperature of 

s t r e s s  r e l i e f  appeared t o  decrease creep-rupt"re s t r eng th .  The e lec t rode  

t h a t  exhibi ted  super io r  creep-rupture perfntmance contained s l i ~ h f l y  

h igher  l e v e l s  of t i tanium and nio-titanium add i t ions ,  which increase  

s t r e n g t h  and slowed the  response t o  tempering. The e f f e c t  of such 

add i t ions  on o the r  weld metal p roper t i e s  was not  es tabl i shed.  



@ Bruscato (37) compared t h e  e m b r i t t l i n g  c h a r a c t e r i s t i c s  of 

t h i r t y  d i f f e r e n t  sh i e lded  metal-arc welding e l e c t r o d e s  (AWS-ASTM 

E9015-B3L, E9016-B3, and E9018-B3) i n  t h e  s t r e s s - r e l i eved  condi t ion  

and fo l lowing  a step-cool  e m b r i t t l i n g  t reatment .  Deposi ts  were made 

i n  V-grooved, 1-inch t h i c k  p l a t e s  of A387 Grade D s t e e l  w i th  e s s e n t i a l l y  

cons tan t  cond i t i ons .  Prehea t  and i n t e r p a s s  temperatures  were maintained 

a t  200-300°F (90-150°C). S t r e s s  r e l i e f  was performed a t  1275°F (690°C) 

f o r  20 hours  followed by furnace  cool ing  t o  600°F (320°C). Since 

s p e c i f i c a t i o n s  gene ra l ly  s t i p u l a t e  a minimum impact energy a t  50°F 

(10°C) of 40 i t - l b s ,  eva lua t ion  was based on the  average performance 

of t h r e e  specimens a t  t h a t  temperature.  

Of t h e  t h i r t y  e l e c t r o d e s ,  27 were s tandard  type  2 114 C r - 1  Mo 

compositions wi th  a low-carbon rimmed-steel core.  The t h r e e  o t h e r s ,  

t h a t  provided t h e  "cleanest"  d e p o s i t s ,  were f a b r i c a t e d  wi th  vacuum- 

melted,  low-carbon s t e e l  cores .  O f  t h e s e ,  one had moderate l e v e l s  

of Mn p l u s  S i  (0.70 and 0.50%, r e s p e c t i v e l y ) ,  and provided e x c e l l e n t  

toughness i n  t he  embr i t t l ed  condi t ion .  The o t h e r  two had h igh  Mn + 
S i  content  and performed l e s s  wel l .  The 27 s tandard  e l e c t r o d e s  e x h i b i t e d  

wide v a r i a t i o n  i n  toughness a t  50°F (10°C) i n  t h e  s t r e s s - r e l i e v e d  

cond i t i on  even be fo re  embri t t lement .  The range was 12 t o  110 f t - l b s  

(16 t o  149 J o u l e s ) .  However, i n  a l l  b u t  t h r e e  i n s t a n c e s ,  t h e  40 f t - l b s  

(54 Jou le )  a i m  w a s  e i t h e r  met o r  exceeded. A f t e r  embri t t lement  t h e  

range was 5 t o  92 f t - l b s  (7 t o  125 Jou le s )  w i th  16 e l e c t r o d e s  s t i l l  

meeting the  40 f t - l b  (54 Jou le )  l e v e l .  The high-puri ty ,  moderate 

Mn .k S i  weld d e p o s i t  was b e s t  of a l l  t e s t e d ;  122 f t - l b s  (165 Jou le s )  

stress r e l i e v e d ,  101. f t - l b s  (140 Jou le s )  embr i t t l ed .  

Bruscato obta ined  t h e  chemical ana lyses  of a l l  d e p o s i t s  and 

developed an  e m b r i t t l i n g  f a c t o r  f o r  fou r  po ten t  e m b r i t t l i n g  elements:  

~ m b r i t t l i n g  Fac tor  



By p l o t t i n g  5 ve r sus  t h e  Mn + S i  con ten t ,  he obta ined  good 

c o r r e l a t i o n  wi th  ' the  toughness of t h e  e m b r i t t l e d  m a t e r i a l s .  Bruscato 

a l s o  noted t h a t  f o r  t h e  e l e c t r o d e s  t e s t e d ,  t h e  phosphorus and t i n  

con ten t  c o n s t i t u t e d  over  90% of t he  Embrit t lement Fac tor  2 

Though welds w i t h  low manganese and s i l i c o n  can t o l e r a t e  

g r e a t e r  q u a n t i t i e s  of e m b r i t t l i n g  impuri ty  elements,  a  r educ t ion  i n  

Mn + S i  must be weighed a g a i n s t  t h e  b e n e f i c i a l  e f f e c t s  of t h e s e  elements 

i n  weld depos i t s .  Manganese and S i  deoxidize t h e  molten pool  and improve 

t h e  notch toughness of t h e  depos i t .  Bruscato unsuccessfu l ly  at tempted 

r educ t ions  i n  Mn and S i .  Below 0.50% Mn t h e  d e p o s i t s  would n o t  meet 

minimum toughness requirements  even be fo re  the  e m b r i t t l i n g  t rea tment .  

There i s  l i t t l e  freedom f o r  reduct ion .  Brucato 's  d a t a  shows t h a t  f o r  

t h e  24 "standard" e l e c t r o d e s  t h a t  met t h e  40 f t - l b  (54 Jou le s )  aim i n  

t h e  s t r e s s - r e l i e v e d  cond i t i on ,  t h e  average Mn content  i s  only  0.68%. 

I n  a  few i n s t a n c e s  where a  Charpy curve was obta ined ,  t h e  

h i g h e s t  temperature f o r  40 f t - l b s  (54 Jou le s )  was 170°F (75OC). The 

maximum s h i f t  i n  t r a n s i t i o n  temperature a t  40 f t - l b s  (54 Jou le s )  was 

.120°F (67'C). Bruscato no te s  t h a t  2  114 C r - 1  Mo p res su re  v e s s e l s  

normally ope ra t ed  between 700 and 900°F (370/480°C)', temperatures  a t  

which t h e  welds w i l l  perform s a t i s f a c t o r i l y .  The only concern would 

occur  dur ing  shut-down and s t a r t -up .  Problem. dur ing  t h e s e  pe r iods  

could b e  avoided by h e a t i n g  t o  about 200°F (90°C) p r i o r  t o  apply ing  

p r e s s u r e  t o  t h e  v e s s e l .  

Since composition and emhrri.ttl.emant a.re r e l a t e d ,  i t  is 

i n t e r e a t i n g  t o  n o t e  t h e  range of p e r t i n e n t  elements reported by Bruscato 

f o r  t h e  "standard" 2 114 C r - 1  Mo d e p o s i t s  and f o r  t h e  base  meta l :  

Mn Sf P S u Sb As 
"R, - % - ppm ppm 

Welds .54/. 78 .32/.98 601180 701300 O.gl22 201130 

Base .45 .23 65 150 27.7 284 



REVIEW OF WELDING PROCESSES - 
,,a . . - 

, . 
Electron Beam Welding 

Terai and Nagai (81 82) have provided a general review of EB 

welding equipment and application to large and heavy section components, 

noting the three basic systems that have received consideration in 

recent years: 

Local Chamber Welding 

With this system the gun is moved over the workpiece and 

only the small volume between the gun and the work is evacuated. The 

major problem is maintenance of an adequate vacuum seal. This approach 

overcomes problems of size limitations associated with large structures. 

Full Chamber Weldis 

Chamber welding with an auxiliary chamber to enclose the 

workpiece. This is an extension of conventional EB welding which with 

only small amounts of further development could offer a practical 

solution. Cost increases rapidly with increased component size and 

would be prohibitive for huge assemblies. 

Non-Vacuum Welding 

With this method, the electron beam, produced under high 

vacuum, is led through a nozzle with gradual reductions in vacuum down . 
to atmospheric pressure. The technique eliminates problems with work- 

ptece size hut is limited in both working distance and penetration 

d e p t h .  E x t e n s i v e  s h o r t - r a n g e  cornniercial cipplicaLioa 2 s  uul~lfkely. 

Local-Chamber Equipment 

The authors describe four types of local chamber equipment 

under evaluation in 1978 basically suitable for pressure-vessel appli- 
-4  

cations. Gun sizes range from 12 to 60 KW at vacuums from 5 x 10 to 

2 x torr, with capability for flat, horizontal, and vertical 

welding. The thickness ranges for steel is 1.2 in. (30 mm) to 4.7 in. 

(120 mm). 



Full-Chamber Equipment 

This group also consists of four basic types. One unit 

developed by Sciaky (France) and the General Electric Co. comprises a 

42 it. (13 m) high by 36 ft. (11 m) diameter sphere fitted with jigs 

and a 30 kV, 30 KW gun. The unit will accept a wide variety of shapes 

and sizes of structures. Penetration in steel is limited to 2.8 inches 

(70 mm). Sciaky (France) also has a lOOKW system for horizontal girth welding 

of cylindrical shells from the inside using a rotating electron gun 

suspended from a plate, at the top of the vertically positioned barrels 

which also support the pumping equipment. The barrels form the evacuated 

chamber, sealed with ring gaskets at the top and bottom, and with a 

cylindrical, U-section seal over the joint being welded. The unit 

is capable of welding 7.8 inch (200 mm) thick stccl but is limited to 

short gun-to-workpiece distances in cylindrical objects. 

Kawasaki Heavy Industries is using a 75-100 KW unit developed 

by the Welding Institute (UK) capable of welding 9.8 inch (250 mm) 

steel. The gun is mounted on a large vacuum chamber and produces a 
- 1 

beam allowing long working distances under low vacuum (1 x 10 to 

I x turr). This gun has been designed to overcome problems with 

gases or vaporized material from the material being welded causing 

discharge within the gun, which occurs at ratings of over 50 KW. 

Kawasaki is also working on another approach, suitable for flat, 

horizontal or vertical single-pass welding of steel to 12.6 inches 

(320 mm) thick. The 180 kV, 120 KW gun permits large variations in 

gun-to-workpiece distance. At a thickness of 12.6 inches (320 mm), 

the welding speed is 3.9 inches (100 mm) per minute. 

Electron-beam welding has been used by Kawasaki Heavy Industries 

for nuclear reactor pipe work for which an accuracy of straightness 

bcttcr than 1 in 2000 is rcquired. The procccc hac also bccn used for 

steel boiler drums with results that suggest that nuclear heat exchangers 

could be fabricated by the same technique. The drums, 18 ft (5600 mm) 

long, 5 ft (1500 mm) in diameter, with 2 inch (50 mm) walls are welded 

with local shielding for the gun and an internal backup shield. A 



comparison shows a 2 inch (50 mm) thick joint made from both sides 

by submerged-arc welding would require 26 hours to complete. Single 

side EB welding, with a backup plate, reduces the time to 1.12 hour. . 

Tensile and impact tests of welds in HY 90 steel show excellent 

performance. Comparison of SMAW, GMAW, and EB welds showed that the 

toughness of the EB welds was superior and similar to the base plate. 

. . The authors feel that further development is required to 

solve problems with jigs, positioning equipment, and sliding shields. 

One problem still to be overcome is acceptance and approval of the 

technique for fabrication of pressure vessels, a topic mentioned only 

briefly in cases 1461 and 1471 of the ASME Boiler'and Pressure Vessel 

Code. Even these cases imply that EB welding is intended for small 

parts rather than structures such as drums or vessels. 

@ Russel, Brown, and Adams (39) have examined the feasibility 

of fabricating a large cylindrical pressure vessel using electron-beam 

welds and reported results of tests conducted with a low-alloy steel 

to establish the tolerance for joint gaps. The vessels envisioned 

were 20 ft (6 m) in diameter with walls to 3 inches (75 mm) thick. 

lhough very large structures have been welded by the electron-beam 

process, they have been quite light and their application has justified 

the use of 'the highest standard of machining to achieve the fit-up 

necessary for successful welding. Fabrication of large pressure 

vessels will necessitate manipulation and machining to close tolerances 

extremely heavy pieces which may distort under their own weight. Some 

means of insuring increased fit-up tolerance will be necessary if 

reproducible welds are to be made. 

Maintenance of equilibrium in the weld zone is particularly 

important for any mechanized welding process., Anything that tends to 

upset this equilibrium, including variation in the ~ o i t i e  gap or 

mismatch nf plates, cannot be accommodated for as easily as in manual 

welding.which employs wider beads and is subject to operator control 

and changes in technique. Since the,diameter of the electron beam is 



small, it can pass through relatively narrow gaps without heating the 

metal on either side. It is difficult to machine the required extremely 

tight butt joints in huge structures. Therefore, techniques must be 

developed to obtain the maximum tolerance for gaps between faces. This 

approach will increase the width of the fusion zone and possibly require 

use of filler metal. 

Tests to establish gap tolerance were conducted with a Hamilton 

Standard 150 kV, 6 KW machine with a fixed gun in the downhand position, 
- 4 using a hard vacuum of 5 x 10 mm Hg. Tn ohtain mnre flexibility in 

welding parameters the thickness of the steel was limited to 1 inch 

(25 mm). A bcam opinncr thut patated the beam ia sa~all circle 

(0.060 in. dia. [1.2 mm]) was employed to widen the fusion zone and 

reduce the incidence of root defects in nonpenetrating welds. Porosity 

was not a problem since the steel used was either vacuum degassed or 

vacuum-arc remelted. Preliminary melt run and close butt experiments 

showed that full penetration welds were sound but that wide blind 

welds exhibited some solidification cracks. Such cracking was observed 

only in welds deliberately made wider than normal by beam oscillation 

or by defocusing and only in vacuum-degassed material though the t.wn 

steels used had essentially identical compositions. The reason for the 

difference in behavior was not established thaugh the vacuum-degassed 

steel was observed to contain more inclusions. Another defect associated 

with a majority of the blind welds was a series of cold shuts (necklace 

defect) at the weld root. These necklace defects had a greater tendency 

to form in the roots of.sharply tapering welds and sometimes were 

completely absent when 'the roots were round. Unfortunately, welds with 

rounded roots are normally wider and prone to solidification cracking. 

Defocusing, beam oscillation and spinning over a wide range of frequencies 

and amplitudes f a i l e d  t6 eliminate the problem when high-voltage equipment 

was used. However, a low-voltage 30 kV, 9 KW machine was found capable 

of making defect-free welds with rounded roots. The 30 kV machine had 

an electron beam with hollow as opposed to the normal gaussian, energy 

distribution. 



Difficulty was encountered in producing good top and bottom . 

bead contours at the same time. One contour could be improved only t 

at the sacrifice of the other. Therefore, the use of a blind weld into . .  

a backing material was considered a valuable procedure to avoid drop- 

through and to insure all root defects would occur in a region subsequently 

removed from the fabrication. Drop'through problems occurred on melt 

runs and with close butt joints and was aggravated by the presence of 

any joint gap. Substantial gaps would, therefore, require some form 

of underbead support. 

As mentioned above, a top-surface depression was produced 

when the underbead profile was good. To correct this condition, filler 

metal addition was investigated using a two pass technique using a 

non-keyhole second pass to avoid the necklace defect. Conventional 

single-pass welding into a backup or arc weld deposit, with the necklace 

defect in the backup material, was also employed. Satisfactory welds 

could be made in close butt joints. However, when the joint gap was 

extended to investigate spacings to 0.04 inch (1 mm), top bead depression 

occurred with both techniques. The weld sink could be eliminated by 

addi.ng filler metal during the first pass if the gap was small. When 

substantial gaps were involved, (0.02 in. [0.5 mm]) or more, the results 

were inconsistent. Feeding wire into the gap is the preferable procedure. 

However, this can be done only if the gap is consistent. In instances 

of periodic gap narrowing, the first pass could be made without filler 

to produce a ~iniform gap that could be closed with filler metal during 

the second pass. Either cold or hot-wire feed may be employed. 

An alternative procedure was developed using gaps of 0.015- 

0.035 in. (0.4-0.9 mm) and powder mixture of parent-metal composition. 

The technique is of greatest value for gaps wide enough to permit dense 

compacting of the pre-placed powder. Some weld sink still occurred as 

a consequence of the low density of the powder, requiring a shallow 

sealing pass using wire or powder. The powder mixture technique is a 

possible source of trouble because of incorrect or inhomogeneous mixtures. 



The fo.llowing ranges of gap tolerance and welding conditions 

were proposed: 

0-0.010 in. (0-0.25 mm) maximum. 

A two-pass technique, the second pass made with filler 

wire, beam deflection advantageous. Alternatively, a 

single-pass weld with filler addition. 

0.020 in. (0.5 mm) maximum. 

~ransverse oscillation or beam spinning required to widen 

the fusion zone and a two pass technique with t.he second 

pas8 made with filler metal. M~tal pr?wrler could be 

preplaced in the original joint to reduce tlle ari~ouut: 

required subsequently. 

0.035 in. (0.9 mm) maximum. 

The technique is similar to the above except that preplarlng 

of powder was necessary to reduce the weld sink. Wider gaps 

permit better compacting of powder. Adequate filling of 

wide gaps is facilitated by increased beam deflection and 

slow travel speeds. 

Though feeding of powder from a hopper was not investigated, the authors 

believed that a system could be developed that would permit joint filling 

i t i  a single pass. A powder-paste system was also considered to be 

possible for positional welding. 

During these experiments it was noted that gaps tended tn 

narrow ahead of the beam though shims and tac.k welds weye placed 

approximately 4 in. (1.00 mm) apart along the test piece. Typically, 

an original cold gap of 0.020 in. (0.25 mm) might be reduced by half 

after a partially welded test piece was cooled. The possibility of 

devising a thermal technique for gap closing was not investigated. 

A few horizontal and vertical welds were also made. Gap 

space and welding details were not provided. These welds had top and 

bottom contours that were superior to those made in the downhand position. 

Radiographic and metallographic examination showed they were free of flaws. 



The authors also provided a summary of the state-of-the-art 

and anticipated problem areas influencing the potential for EB welding - 

of large vessels: 

Seam Tracking 

The narrowness of the electron beam and the high depth to 

width ratio of the fusion zone make it imperative that the joint faces 

are perpendicular to the work surface or at some constant angle to it. 

Once aligned, the beam must remain aligned with the joint throughout 

welding. It is unlikely that joints in large components will be 

straight. Therefore, some method of seam following must be employed. 

Mechanical tracking systems, using a stylus in the groove, and scanning 

electron beam systems have been developed. If seam following by beam 

deflection is employed, best results are obtained with a high voltage 

gun which has a long working distance. 

Inspection 

Radiography will reveal areas of porosity and lack of fusion. 

Ultrasonic examination using a 45' shear wave probe is an effective 

means of detecting lack of fusion and estimating the size of defects. 

Visual observation of the underside, together with dye-penetrant will 

detect either lack of fusion or penetration defects only if careful 

weld-bead dressing is carried out. 

Vacuum Environment 

Workpieces would either be fully enclosed or protected locally 

by chambers fitted with static' or sliding seals. Sealants are available 

which may be painted on chamber surfaces to seal pinholes or porous 

regions and reduce outgassing. Sealing against leakage from the outside 

presents the major problem since efficient functioning of seals must 

be maintained over a reasonable period of time without the need for 

frequent maintenance or replacement. Seal properties include resistance 

to heat, radiation, and chemical attack. Demountable, re-usable seals 

for chamber or chamber-to-workpiece closures will be most vulnerable to 

damage. Seals for low voltage power lead ins and angular/linear shaft 



movements are available. High voltage kinetic cable lead-ins for high 

power guns are not fully developed and may impose'limits on some moving 

gun concepts. For many large chambers it is considered worthwhile . 

to provide an evacuated volume between an inner and outer seal to 

reduce the leak rate and provide a means for testing flange sealing 

by quickly evacuating the enclosed pocket. It is unlikely that 

demountable mating flange faces will retain original close limits in 

heavy duty use. Therefore, solid gasket materials, only capable of 

about 25% portion compression, are not the best choice. Inflatable 

seals are attractive for gaps with a varying of tolerances. Sealing 

techniques for localized sliding seals present the greatest design 

problems. 

Joint Fit-Up 

Meticulous joint-gap cleaning is a vital requirement. All 

contaminants and turnings must be removed. Solvent cleaning of newly 

machined surfaces will suffice if carried out before surface deterioration 

has occurred and the joint is temporarily protected until welding. 

Components should be first rough machined to dimensions sufficiently 

oversize to permit parallel-gap remachining after mating surfaces have 

been positioned and faired. Single-point tools, milling cutters, 

slitting sawlgrinding wheels or abrasive disks could be employed, 

depending on the amount of material to be removed. 

Development Costs 

Excluding personnel training, protection against health hazard, 

and the cost of more accurate workmanship standards, the authors estimate 

that establishing a large scale electron-beam welding facility would 

require five years from determination of requirements to production of 

structures at a cost between $500,000 and $1,300,000 depending on the 

vessel size and the procedure selected. 



Russell., Rodgers, and Stearn (49) surveyed the electron beam . 
weldability of a variety of structural steels to assess joint properties 

and susceptibility to defects. The materials, all 0.87-inch thick and . 

welded with a 6 KW 150 kV machine, included plain carbon, carbon- 

manganese, Mn-Cr-Mo-V, and 2 1/4 Cr-1 Mo. The latter steel was 

vacuum degassed. The others were either semi-killed, silicon-killed, 

or silicon-killed and aluminum treated. 

Porosity and cracking are the two main problems encountered 

in electron beam welding of steels with high gas content and inclusion 

levels. Preliminary tests were conducted to optimize focus distance 

for parallel-sided welds. Thereafter, beam deflection was employed ' 

to minimize porosity. Circular patch melt-run specimens, examined 

radiographically and by sectioning, were used to evaluate crack 

susceptibility. From the results of these tests, conditions were 

selected and employed to prepare defect-free butt.welds for determination 

of mechanical properties. Sufficient specimens were prepared for tests 

in the as-welded and the stress-relieved conditions. The tests included 

transverse tensile, side-bend, Charpy Vee-notch and crack opening 

displacement. 

All of the steel except the vacuum-degassed 2 114 Cr-1 Mo 

showed some tendency to form porosity. In all cases, however, porosity 

could be eliminated by techniques that promote vacuum degassing during 

welding. Steels with high oxygen content were most prone to porosity. 

Hydrogen and nitrogen levels had no detrimental effect, particularly in 

ehe case of nitrogen. The best steels had the highest nitrogen content. 

High inclusion content did not indicate a steel was prone to porosity. 

The best steel, 2 114 Cr-1 Mo, had an intermediate inclusion level. 

However, the silicate level was very low. This material could be welded 

with a wide range of process parameters before porosity became a problem. 

Neither weld metal or HAZ cracking appeared to be a major 

problem. Radiography and ultrasonic tests failed to reveal cracks in 

any steel. Some steels showed small cracks in polished sections. The 

tendency to form cracks was reduced at travel speeds below 8 inches per 



minute. The resistance to cracking exhibited by these steels was 

anticipated because their S and P contents were generally low. Steels 

with highest levels exhibited more and larger flaws. It is probable 

that increased susceptibility would be encountered with material at the 

high side of the range for S or P, and under conditions of greater 

restraint. 

@ Weber is investigating electron beam welding of 8-inch (200 mm) 

thick A387 Gr. 22 C1. 2 steel at the Research and Development Division 

of the Babcock and Wilcox Co. (80) The objective is demonstration of a 

procedure for welding in both the horizontal and vertical positions 

meeting the mechanical property requirements of Section VII, Division 2 

of the ASME Boiler and Pressure Vessel Code. 'Lhe program includes: 

Uevelopment of procedures for partial penetration welding 

[about 4 112-inch (115 mm) deep] at vacuums of 0.06, 40 and 

100 microns. 

Development of a technique for welding the full 8-inch 

(200 mm) thickness, from both sides, in the horizontal 

and vertical positions. 

Establishing a startlstop technique and a means for repairing 

a weldment in the event of equipment malfunction. 

Determining the limits of joint. mismatch and joint fitup, 

and their combinations, that can be welded without 

modification of parameters. 

a Determining the influence of magnetic fields on the electron 

beam and development of a terhnjq~ie to avoid excessive beam 

deflecclon. 

Evaluation of mechanical properties in both the as-welded 

and the stress-relieved conditions. 



The work reported to date deals with the development of a . 

technique for making partial penetration welds [4 112 inch (200 mm) - 

deep] in 6-inch (150 mm) thick steel, and a demagnetization procedure . . .  

The principal difficulty in making horizontal welds was the 

formation of relatively large internal voids when molten metal drained 

from the groove. The situation was somewhat improved by tack welding 

a shelf to the test pieces just below the beam location to support the 

liquid metal until it could solidify. Though the size of the voids was 

also influenced by beam oscillation variables, changes in amplitude, 

frequency, and pattern were not effective in eliminating the flaws. Use 

of a support shelf together with a beam angled downward 3' (0.052 rad) 

from the horizontal has been successful. Since the width of the fusion 

zone is only about 114 inch (6.4 mm), the angled beam technique will 

apparently require a 176' (3.1 rad) included angle bevel-and vee-groove 

joint preparation rather than the square butt originally envisioned. 

Variations in. parameters have also eliminated problems with 

root porosity, centerline solidification voids, and transverse fusion- 

zone cracks.. However, the presence of a relatively small lack-of-fusion 

defect at the point of deepest penetration (called a necklace defect) 

is reported. Further modification in current, travel speed gun standoff, 

focal location, and oscillation pattern are expected to eliminate the 

necklace defect. Despite formation of a broad heat-affected-zone [about 

112-inch (13 mm) wide], no HAZ flaws were observed in a total of 95 welds 

Soft-vacuum conditions were abandoned when it was found that 

they provided no benefit and introduced problems with soot and erratic 

equipment operation. Latter work was performed with hard vacuum 

Torr or less). 

Calculations showed that a magnetic field of 4 gauss was 

sufficient to deflect an electron beam by 0.1 inch (2.5 mm) after 4 inches 

(100 mm) of travel in a vacuum. Since this amount of deflection was 

unacceptable, it appeared that demagnetizing of plates might be necessary. 

However, experiments showed that within the metal, at fields to 300 gauss, 



-no d e f l e c t i o n  o c c u r r e d  and r e d u c t i o n  i n  r e s i d u a l  f F e l d  would n o t  be  

- r e q u i r e d .  Above t h e  s u r f a c e  of t h e  j o i n t  t h e  p r e s e n c e  of a  magnetic '  

, f i e l d  was i m p o r t a n t .  A s m a l l  ( 1  g a u s s )  f i e l d  was s u f f i c i e n t  f o r  improper 

weld placement .  A Mu m e t a l  s h i e l d  cone was developed t h a t  w i l l  p r e v e n t  

magne t i c  i n t e r a c t i o n  w i t h  t h e  e l e c t r o n  beam i n  f i e l d s  t o  40 g a u s s .  

A t  t h e  Heavy S e c t i o n  Welding Symposium on A p r i l  20,  1979,  a t  

Oak Ridge,  TN, Weber reviewed h i s  program and p r e s e n t e d  f u r t h e r  i n f o r -  

ma t ion  showing two macrographs  of d e f e c t - f r e e  s e c t i o n s  from 8 i n c h  

(200 mrn) t h i c k  we lds  i n  A387 s t e e l .  The p l a t e  was welded from b o t h  

s i d e s  w i t h o u t  p r e h e a t ,  u s i n g  a  beam power of abou t  30 KW. The t r a v e l  

speed f o r  t h e  j o i n t ,  i n c l u d i n g  b o t h  p a s s e s ,  was 1 i n c h  ( 2 5  mm) p e r  minu te .  

I n  a more r c c c n t  gummary, a t  t h c  T r i p l c  Engineering Show i n  

Chicago on November 1 4 ,  1979,  Weber showed e x c e l l e n t  welding r e s u l t s  

w i t h  a l l  p r o c e s s  t e c h n i q u e s  s u c c e s s f u l l y  r e s o l v e d .  However, agg lomera t ion  

of base-metal  i n c l u s i o n s  i n  t h e  autogenous  weld m e t a l  produced d e t e c t a b l e  

d e f e c t s .  Hence, s p e c i a l  base-meta l  a c c e p t a n c e  c r i t e r i a  may be r e q u i r e d  

f o r  e l e c t r o n  beam weld ing .  

8 A t  t h e  Heavy S e c t i o n  Welding Symposium he ld  A p r i l  20 ,  1979,  

a t  Oak Ridge,  TN, F a r r e l l b r i e f l y  reviewed t h e  o p e r a t i o n  of a  p o r t a b l e  

e l e c t r o n  beam sys tem b e i n g  developed i n  France  th rough  a c o o p e r a t i v e  

e f f o r t  i n v o l v i n g  Sc iaky  arld s i x  i n t e r n a t i o n a l  c o n c e r n s .  'I'he we lde r  

r a t e d  a t  100 KW h a s  a  12 i n c h  (305 mm) d i a m e t e r  gun t h a t  i s  30 i n c h e s  
- 5 

(760 mm) long  which o p e r a t e s  a t  a  p r e s s u r e  of 1 0  . The gun i s  c o n t a i n e d  
-3 

i n  a p a r t i a l - p r e s s u r e  chamber a t  5  x  1 0  . Though t h e  a t t e m p t  h a s  n o t  

been made, t h e  aim is  a  s i n g l e - p a s s  weld i n  12  i n c h  (305 nun) t h i c k  

n u c l c n r  p r c s s u r c  v c s s c l  s t e c l .  The u n i t  h a s  been employed t o  weld a  

4  i n c h  (100 mm) w a l l ,  10 f o o t  ( 3  m) d i a m e t e r  v e s s e l  of 304L. The j o i n t  

i s  a u t o m a t i c a l l y  t r a c k e d ,  and no mismatch c o r r e c t i o n  w a s  employed f o r  

tllc i n i t i a l  a t t e m p t .  A gun t o  work d i s t a n c e  c o n t r o l  w i l l  be  r e q u i r e d .  

Two TV cameras  a r e  employed t o  moni to r  t h e  p r o g r e s s  of we ld ing .  The 

gun was mounted i n s i d e  t h e  v e s s e l  which was f i t t e d  w i t h  a  temporary  

c o v e r .  E x t e r n a l  back-s ide  s h i e l d i n g  was provided u s i n g  s i l i c o n e - r u b b e r  

g ' l skcts  made i n  t h e  shop .  The c i r c u m f e r e n t i a l  seam was welded i n  t h e  

l l o r i z o n t a l  p o s i t i o n  a t  4  i n c h e s  (100 mm) p e r  minu te  and completed i n  

1 l iour.  A t o t a l  of f i v e  such  j o i n t s  have been made. 
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Slides were shown of sections from test welds in 5.2 inch 

(130 mm) thick A533 Gr:B and 9.8 inch (250 mm) thick A387 Gr. 22 . .  

' C1. 2 steels, welded511 the horizontal positi,on; The A387 Steel was, 

we,lded at 6 inches (510 mm) per minute with a 0.8 inch (20 mm) beam; 

Mechanical properties, or the presence or absence of defects were 

not discussed. 

Electroslag Welding 

The results of electroslag welding tests conducted with a 

6 114 inch (159 mm) thick plate of 2 114 Cr-1 Mo steel are furnished 

by Brown, Rege, and Spaeder (101) -. 

The composition of the filler wire used was similar to that .' , 

o f  the. base metal. though s 1.ightl.y lower in su:l.fur 'and sil icon and h.i.gher 

in manganese. Comparison of the average width of the weld [about 3 

. inches (76 mm)] with the original 1 318 inch (35 mm) gap used in welding 

shows that the weld deposit was approximately 45% filler wire and 55% 

base metal. No defects were found in the weldment either by sectioning 

or hy radiographic examination. 

The weldment was made without preheat using normalized and 

tempered,plate with gas-cut edges. Two electrodes were empl.oyed, each 

with an alternating current of 1600 amperes and 50 volts. After welding 

the weldment was cut in half and one portion was quenched from a 

temperature of 1700°F (927°C) and tempered at 1275" ((690°C). 



In the as-deposited condition the strength of the weld metal 

was high; 125 ksi (862 MPa) and 158 ksi (1089 MPa), respectively, for 

the yield and ultimate. However, the 75OF (24°C) energy was only 

5 ft-lbs. (6.8 J) with 2% shear. The normalized and tempered base 

plate had a yield strength of 74 ksi (510 MPa), an ultimate of 95 ksi 

(510 MPa), and an absorbed energy of 83 ft-lbs (572 J) at 50°F (10°C). 

When the weldment was reaustenitized at 1700°F (927°C) and 

tempered at 1275OF (690°C) the yield and ultimate strength of the we1.d 

metal and parent plate were identical; 78 and 97 ksi (538 and 669 MPa), 

respectively. The 75°F (24°C) Charpy energy values for the weld deposit, 

grain.-coarsened HAZ, and bacc plate, re~pectiveiy were 108, 147, and 

125 ft-lbs (146, 199, and 196 J) wit11 100% shear failures. 

@ Mandich, Fagleman,and Gulya (lo2) have reported properties of 

an electroslag weld in 7 13/16 inch (198 mm) thick plates of quenched 

and tempered 2 114 Cr-1 Mo steel. The weldment was made with two-wire 

AC equipment using Arcos V flux. Current and voltage ranges for each 

wire were 600-680 amperes and 42-50 volts, respectively. The chemical 

composition of the filler wire was not given. Howeve,r, the carbon 

content of the weld deposit was U.U9X, U.U5X less than the  pareile. .plares,  

indicating that a low-carbon wire was employed. The weldment was 

austcnitized at 1750°F, water quenched,and tempered at 1.125"F. 

The room temperature yield and ultimate strengths of the 

7 13/16 inch (198 mm) thick plate was 95.7 and 113 ksi (660 and 780 NPa), 

respectively. The weld metal exhibited yield and ultimate strength values 

of 91.4 and 108.3 ksi (631 and 747 MPa) . 
Tensile tests of the weld metal at 850°F (454°C) showed a 

yie1.d of 76.5 ksi (528 MPa) and an ultimate of 85 ksi (587 MPa). The 

cotresponding values for tests at 900°F (482°C) were 75.3 ksi (520 MPd) 

and 81.5 ksi (562 MPa). 

The Charpy energy values at 10°F (-12°C) for the plate, grain- ' 

coarsened HAZ and the weld deposit were, respectively, 25, 48, and 40 ft-lbs 

(34, 65 and 54 J )  . 



Narrow-Gap GMA and GTA Cold-Wire Welding 
. . 

@ Ducrot, Koffe l ,  and Sayegh (93) have reviewed the  development 

and progress  of narrow-gap techniques and desc r ibe  mult iple- torch 

equipment capable of provid ing  increased  depos i t i on  o r  pos i t i oned  welding. 

The au tho r s  n o t e  t h a t  e a r l y  i n t e r e s t  i n  a l l - p o s i t i o n  c a p a b i l i t y  f o r  

narrow-gap welding r e s u l t e d  i n  two d i f f i c u l t i e s :  

A t i g h t  r e s t r a i n t  on t h e  maximum gap width l ead ing  t o  

t h e  use  of s m a l l ,  f r a g i l e  welding heads ( t o r c h ,  s enso r ,  

gas nozz le) .  

Problems wi th  weld r e p a i r s  because of t h e  d i f f i c u l t y  

of i n t roduc ing  t o o l s  i n t o  such narrow grooves. 

Closer  examination of genera l  requirements l e d  t o  app rec i a t ion  

of t h e  f a c t  t h a t  pos i t i oned  welding i s  seldom requ i r ed  and extremely 

small  gaps [0 .3  inch (8 mrn)] impose s e r i o u s  c o n s t r a i n t s  on the  process .  

Subsequent designs f o r  narrow gap welding i n  th icknesses  i n  excess  of 

4 inches  (100 mm) expanded gaps t o  0.6 t o  0.8 inches (16 t o  20 mm). The 

new d i r e c t i o n  had t h e  fol lowing advantages: 

Relaxat3on of t i g h t  gap to l e rances .  

S t u r d i e r  t o rch  and gas supply equipment. 

Introduced, t h e  p o s s i b i l i t y  of bending the  f i l l e r  w i re ,  t o  

d i r e c t  t h e  a r c ,  near  t h e  p o i n t  of depos i t i on  r a t h e r  than 

o u t s i d e  t h e  workpiece. 

Ease of r e p a i r .  

Since t h e  l a r g e r  gap requi red  more meta l  t o  f i l l  i t ,  t h e  newer 

developments were l e d  i n  s e v e r a l  d i r e c t i o n s .  

The use of a welding head wi th  t h r e e  to rches ,  which because 

of sma l l  bead s i z e ,  could be operated i n  a l l  pos i t ions ' .  

Use of a welding head wi th  one o r  two o s c i l l a t i n g  torches  

f o r  a p p l i c a t i o n s  where welding i n  a l l  p o s i t i o n s  was not  

requi red .  



Osci1, la t ing the  a r c  and use of C02 gas s h i e l d i n g  t o  o b t a i n  . 

b e t t e r  ope ra t ing  condi t ions .  

The three- torch  equipment is  s i m i l a r  t o  t h e  f i r s t  narrow-gap 

machines, w i t h  an a d d i t i o n a l  a x i a l  t o rch  t h a t  d e p o s i t s  t h e  feed  wire  

between the  l a t e r a l  beads. Sturdy torches  wi th  curved t i p s  enable  t he  

f eed  w i r e  t o  be  d i r e c t e d  t o  t h e  des i r ed  depos i t  p o i n t s  t o  f i l l  t he  gap 

w i t h  a three-bead l a y e r .  

I n c r e a s i n g  t h e  groove width has  a l s o  permi t ted  development of 

a s i n g l e  torcll  system t h a t  uses  a r c  o s c i l l a t i o n  and wi re  bending near  

t h e  po in t  of depos i t .  The dr I lucLlon  can be aa much ac 20' (0.35 red)  

i n s u r i n g  good f u s i o n  between t h e  parenr metal  a d  Lhe depos i t .  Thc 

a d d i t i o n  of a motorized device  which c o n t r o l s  t h e  r o t a t i o n  of t h e  t o r c h  
( 9 4 )  about  t he  a x i s  of t h e  s t r a i n i n g  system permi ts  a r c  o s c i l l a t i o n  . 

The welding c y c l e  can comprise e i t h e r  a  cons tan t  welding speed wi th  an 

a d j u s t a b l e  dwel l  t ime f o r  t he  w i r e  which i s  a  func t ion  of t h e  a r c  

p o s i t i o n  on each l a t e r a l  su r f ace ,  o r  a  v a r i a b l e  welding speed. I n  t h e  

l a t t e r  i n s t a n c e ,  incrementa l  forward movement of t h e  to rch  occurs  only 

when t h e  a r c  is d i r e c t e d  toward the  groove s idewa l l .  The welding 

speed is  ze ro  when t h e  to rch  i s  r o t a t i n g .  The combination provides a  

very f l e x i b l e  o s c i l l a t i n g  method f o r  gene ra l  purpose a p p l i c a t i o n s .  

J o i n t  t o l e r a n c e s ,  however, a r e  s o  t i g h t  they a r e  d i f f i c u l t  Lo o b t a i n  i n  

heavy i n d u s t r y  and the  welding speed is  slow. 

To speed t h e  process ,  a second L u ~ c l l  cai  Lt added and, i f  they  

a r e  each a d j u s t e d  t o  cover two-thirds t o  th ree-quar te rs  of t he  gap, t h e  

gap to l e rance  problem i s  a l s o  overcome. The s h i e l d i n g  gas fs normally 

80% argon and 20% C02. This propor t ion  reduces s p l a t t e r  which is  a  

func t ion  of t h e  i m p u r i t i e s  i n  t h e  gas and t h e  welding parameters.  I f  

t h e  paraaneters a r e  optimized, two to rch  welding can b e  done wi th  C02 

s h i e l d i n g  w i t h  e x c e l l e n t  fus ion  between beads and the  pa ren t  metal .  

Under c e r t a i n  cond i t i ons ,  depending on t h e  m e t a l l u r g i c a l  q u a l i t y  

demanded of  t h e  j o i n t ,  i t  is p o s s i b l e  t o  weld p i eces  t h a t  have been 

flame cu t .  



P r a c t i c a l l y ,  i nc reases  i n  gap width does not  mean t h a t  the  

welding time must i nc rease  correspondingly. The a d d i t i o n  of a supplementary 

to rch  t o  a machine is  n o t  expensive because t h e  main element of t h e  

machine remains unchanged and t h e  diameter of t h e  f i l l e r  wire can usua l ly  

be  increased  so  t h a t  depos i t i on  r a t e s  of t he  same o r d e r  a s  those  f o r  

submerged-arc welding may be obtained without  encounter ing t h e  p o r o s i t y ,  

bead-to-bead fus ion  problems and high-heat i npu t  d i f f i c u l t i e s  a s soc i a t ed  

wi th  the  l a t t e r  process .  

A choice  of technique must b e  guided by t h e  s p e c i f i c  

a p p l i c a t i o n s  envisioned.  However, t he  newer t r ends  i n  desfgn f o r  welding 

of wider  gaps make narrow-gap equipment more r e l i a b l e ,  s t u r d i e r ,  and 

i n d u s t r i a l l y  j u s t i f i a b l e .  

0 Narrow-gap welding wi th  twis ted  f i l l e r  w i re s ,  under i n v e s t i g a t i o n  

a t  Kobe S t e e l ,  has  been repor ted  by Kimura, Nagai, and Kashimura (91) 

The technique was developed t o  overcome d i f f i c u l t i e s  w i th  lack-of-fusion . .  ? 

d e f e c t s  a t  groove s idewa l l s  and t o  extend the  range of welding condi t ions  

w i t h i n  which sound welds could be  obtained.  Only f l a t - p o s i t i o n  welding 

us ing  A r  + 20% C02 s h i e l d i n g  is  discussed.  . . ? :  

High-speed motion p i c t u r e s  were used t o  s tudy  t h e  r o t a t i o n a l  
,:.. 

movement of t h e  a r c  and mel t ing  c h a r a c t e r i s t i c s  of t h e  wi re s .  When t h e  4 '  

tw i s t ed  w i r e  is  composed of two w i r e s  o f  d i f f e r e n t  d iameters ,  t h e  a r c  

d e f l e c t s  i n  t he  a x i a l  d i r e c t i o n  of t h e  l a r g e r  w i r e .  The sma l l e r  w i r e  

suppor ts  t h e  a r c  less f r equen t ly  and the  a r c  from i t  i s  absorbed by t h a t  

from the  l a r g e r  wi re .  Consequently, a s  t h e  wi re s  a r e  melted t h e  a r c  

r o t a t e s  i n  a continuous manner wi th  t h e  d r o p l e t s  from the  sma l l e r  wi re  

i n t e g r a t i n g  wi th  those  from the  l a r g e r  diameter wire .  I n  t h i s  i n s t a n c e ,  

t h e  small diameter  w i r e  a c t s  only a s  a f i l l e r .  

When equal  diameter  w i r e s  a r e  i n t e r tw ined ,  t h e  a r c  is  generated 

a l t e r n a t e l y  from the  t i p s  of bo th  so  t h a t  r o t a t i o n  of t h e  a r c  i s  

discont inuous.  Rota t ion  i s  observed a t  low welding c u r r e n t s  where 

g lobu la r  t r a n s f e r  occurs ,  b u t  the  r o t a t i o n  is less smooth than t h a t  

observed i n  t h e  spray  t r a n s f e r  range. 



The r a d i u s  of gy ra t ion  inc reases  wi th  a. .decrease i n  p i t c h  of 

t h e  t w i s t .  For t h e  same p i t c h  t h e  speed inc reases  wi th  inc rease  i n  t h e  

welding c u r r e n t ,  and t h e  r a d i u s  of gy ra t ion  is  g r e a t e r  w i th  inc rease  

i n  a r c  vol tage .  Arc r o t a t i o n  i s  no t  c l e a r l y  observed when t h r e e  wires  

of t h e  same diameter  a r e  included i n  t he  tw i s t ed  e l e c t r o d e .  

Twisted w i r e  g ives  about 10% g r e a t e r  depos i t i on  than a s i n g l e  

w i r e  of t h e  same c r o s s  s e c t i o n .  The inc rease  i s  a t t r i b u t e d  t o  t h e  

g r e a t e r  ove r - a l l  s t i c k o u t  d i s t a n c e  and increased  r e s i s t a n c e  hea t ing .  

The weld bead produced by a tw i s t ed  wire  has less total .  pene t r a t ion  

than  t h a t  depos i t ed  by a s i n g l e  wire  bu t  h a s  increased  pene t r a t ion  a t  

t h e  groove s idewa l l s .  'fie techdique e l lmina te s  s idewa l l  Iuafon d e f e c t s  

i n  fu l l -wid th  welding wi thout  mechanical weaving or modulation of c u r r e n t  

o r  vo l tage .  Optimum cond i t i ons  employ a machined s t r a i g h t - w a l l  groove 

0.55 t o  0.70 inch  (14 t o  18 mm) wide, and a t w i s t  e l e c t r o d e  c o n s i s t i n g  

of two 0.078-inch (2 mm)-diameter wires .  Trave l  speed is 12-14 inches  

(300-350 mm) p e r  minute. Tes t  p i eces  from welds t o  4.7 inches (120 mm) 

t h i c k ,  i n  A387 G r .  11, A387 G r .  22, and A!516 G r .  70 have shown e x c e l l e n t  

performance. 

The narrow-gap system a t  Kobe S t e e l  is  video monitored and 

ga ted  t o  d e t e c t  t h e  width of t h e  weld groove a t  t h e  a r c  l o c a t i o n  and t o  

au toma t i ca l ly  a d j u s t  t h e  t r a v e l  speed when t h e  groove width varys .  Lt 

t h e  welding c u r r e n t  and vo l t age  a r e  maintained cons t an t ,  and t h e  

product  of t h e  groove width and welding speed a r e  cons t an t ,  t h e  h e i g h t  

of weld metal depos i ted  is  uniform even when t h e  groove width changes. 

Experiments show t h a t  t h e  v a r i a t i o n  i n  t h i ckness  of t h e  depos i t  is less 

than  2 0.008 inch  (f 0.2 mm) f o r  changes i n  groove width from 0.5 t o  

0.70 inch  (12 t o  1 8  mm) . 
Electrode cefl ter ing withlrr ~ h u  gap i s  sJoo monitorcd and 

au toma t i ca l ly  c o n t r o l l e d  wi th  an  accuracy of 0.02 inch  (0.5 mm). 



* I n  a recent  paper(8g), Sawada, Hori, Knrahara, Takao, and 

Asano discuss  the  development of both metal-inert gas and tungsten=-inert 

gas narrow-gap welding and the  commercial appl ica t ions  of these techniques 

by Backcock-Eitachi. Narrow gap welding, introduced i n  t h e  Kure Works 

i n  1976, now accounts f o r  80% of  b u t t  j o i n t s  i n  products over 314 inch 

(20 um) i n  thickness. The p r i n c i p a l  process is a s i n g l e  passlone l ayer  

GMA technique using a 11/32-inch (9 mm) wide nearly-square groove, 

3164-inch (1.2 mm) diameter f i l l e r  wire, a n d . a  pulsed power source. 

Fusion to  sidewalls is f a c i l i t a t e d  by mechanical a r c  o s c i l l a t i o n  and 

by con t ro l l ing  the  shape of t h e  molten metal su r face  by streams of 

sh ie ld ing  gas coneie t ing of an 80% argon-20% carbon dioxide mixture. 

The e lec t rode '  is fed  through an insu la ted  guide tube by r o l l e r s .  P r i o r  

t o  en te r ing  the  r o l l s ,  t h e  wire is deformed i n t o  a wave shape by a 

"flapping plate". Primary shie ld ing is  supplied a t  the t i p  of the  

torch which is. less than 7132-inch (6 mm) wide; secondary sh ie ld ing  

gas from the  top of the groove. 

Development of the  flapping-plate electrode-bending mechanism 

led  t o  t h e  f i r s t  p r a c t i c a l  app l i ca t ions .  Following t h i s ,  higher 

deposit ion dual-electrode equipment and por table  single-wire equipment 

f o r  out-of-position welding were devised The l a t t e r  two types use a 

p a i r  of bending r o l l s  t o  deform the  e lec t rode r a t h e r  than the  f lapping 

p l a t e . '  The waved e lec t rode i s  almost s t ra ightened a s  i t  passes through 

t h e  contact  tube but  spr ings  back a s  i t  emerges. Consumption of the  

e lec t rode  causes the  a r c  t o  o s c i l l a t e  Srom one s i d e  of the  groove t o  

the  o ther .  Osc i l l a t ion  amplitude is control led  by the  amount of wave 

introduced i n t o  the  wire and by the  stand-off d is tance .  I n  production 

welding, the  o s c i l l a t i o n  frequency is adjusted t o  between 60 and 80 

cycles  per  minute; Adequate fusi'on t o  sidewalls  can be maintained even 

i f  the  groove gap changes from 9/32 inch (7 mm) t o  19/32 inch (15 pm). 

The roll-bending'device used'on the dual-wire and por table  equipment is  

more compact and convenient . to  i n s t a l l .  The flapping-plate design 

provides t h e  b e s t  o s c i l l a t i o n  control .  



Addit ional  con t ro l  t o  avoid undercutt ing and improved s idewal l  

fus ion i s  obtained by a l t e r i n g  the  shape of the  molten pool using the  

s t ream pressure  of the  primary sh ie ld ing  gas. Gas d i rec ted  toward the  

r e a r  of the pool  produces a concave shape bu t  tends t o  push the  puddle 

forward, i n  t h e  d i r e c t i o n  of welding. Consequently, a  second stream 

a t  the  f r o n t  of the  puddle is required t o  produce a s t a b l e  configurat ion 

and an i d e a l  contac t  angle a t  the  s idewal ls  of the  groove. Formation 

of a  s u i t a b l y  concave bead su r face  prevents undercutt ing and reduces 

the  need f o r  r epa i r .  When unsa t i s fac to ry  contours a r e  observed during 

welding, the  regions a r e  dressed with a i r  gr inders  o r  ro ta ry  f i l e s .  

Defects found a f t e r  completion of welding a r e  removed by a r c  o r  gas gouging 

and r e p a i r s  a r e  made with shielded metal-arc deposi t s .  Fewer flaws a r e  

encountered than a r e  t y p i c a l  with conventional submerged-arc techniques. 

Tungsten-arc welding equipment f o r  welding i n  narrow gaps 

apparently was developed only f o r  app l i ca t ions ,  such a s  p i p e  welding, 

where i t  can be used f o r  the  i n i t i a l  passes t o  obta in  super ior  con t ro l  

of pene t ra t ion  and r o o t  fusion.  

Problems with "arc-climb" a t  groove s idewal ls  were overcome by 

us ing a low-voltage pulsed-current p&er source. S p l a t t e r  and i n t e r r u p t i o n  

of welding made the  use of a  shor t - c i r cu i t ing  a r c  technique impract ica l .  

The spray- t ransfer ,  pulsed a r c  i s  s t a b l e  and the  t y p i c a l  .wine-glass 

shaped pene t ra t ion  problem was overcome by a r c  o s c i l l a t i o n .  

The t h i c k e s t , . s e c t i o n  joined with the  narrow-gap method is 

apparently 1 2  inches (300 mm). The j o i n t  required 69 passes with each 

pass  deposi ted a t  a maximum speed of 10 inches (250 nun) per  minute. 

Excluding i n t e r r u p t i o n s ,  the  f u l l  s e c t i o n  could, the re fo re ,  be welded 

a t  a  r a t e  of 1.4 hours pe r  foo t  (300 mm).   not her example, a  comparison 

of 4-inch (100 mm) th ick  welds made wi th  narrow-gap and submerged-arc 

processes g ives  elapsed times of 3.5 hours and 8 hours, respect ive ly .  

The process is  considered t o  be  super ior  t o  submerged-arc welding from 

s tandpoints  of lower h e a t  input  (about h a l f ) ,  reduction i n  the  width of 

t h e  heat-affected-zone, reduced d i l u t i o n  of the  weld metal by base metal 

add i t ion ,  and lowered d i f fusab le  hydrogen content .  The hydrogen l e v e l  



is  below t h e  c r i t i c a l  va lue  f o r  delayed cracking  i n  2 1 /4  C r - 1  Mo s t e e l .  

Therefore,  it i s  permiss ib le  t o  lower t h e  prehea t  temperature and 

in te rmedia te  post-weld h e a t  t rea tments  may no t  .be necessary.  S tud ie s  . 
t o  e s t a b l i s h  t h e  need f o r  in te rmedia te  PWHT and more reasonable prehea t  

and i n t e r p a s s  temperatures  a r e  underway. 

The narrow-gap process  has  been employed wi th  a v a r i e t y  of 

s t e e l s  inc luding  SA-516 G r .  70, SA-299, SA-387 G r .  22 C1.  1, and 

SA-533 G r .  B C1.  1. Mechanical t e s t s  i n d i c a t e  t h a t  t h e  p r o p e r t i e s  of 

t he  j o i n t s  a r e  equal  t o  o r  s u p e r i o r  t o  those  of submerged a r c  welds and 

t h a t  t h e  narrow-gap GMA process  is s u i t a b l e  f o r  nuc lea r  p re s su re  ves se l s .  

Groove p repa ra t ions  employ e i t h e r  a backing b a r  o r  a double U- 

groove a t  t h e  extreme bottom of t h e  j o i n t .  When a backup is  employed, 

chipping is requi red .  Back chipping i s  n o t  requi red  wi th  the  U-groove 

geometry. Because of t h e  smal l  s i z e  and l o c a t i o n  of t he  lands ,  t h e  

r o o t  f a c e  can b e  completely penet ra ted  by a subsequent GMA o r  SA bead. 

Standard p r a c t i c e  is t o  m a i n t a i n , t h e  weld gap between 5/16 and 25/64 inch  

(8-10 mm) a t  t h e  p o s i t i o n  be ing  welded. To maintain these  l i m i t s ,  t h e  

groove has an i n i t i a l b e v e l o f  0.6 t o  1 .5  degrees (0.011 t o  0.026 r a d ) .  

Continuous ope ra t ion  ( i n  c i r c u l a r  g i r t h  welds) of about 4 hairs 
dura t ion  i s  p o s s i b l e  be fo re  t i p  c leaning  i s  . r equ i r ed .  A welder c o n t r o l s  . 
the  ope ra t ion  by v i s u a l  observa t ion  e i t h e r  d i r e c t l y  o r  by means of an 

a r c  monitor. 

For welding o u t s i d e  t h e  shop, where tu rn ing  r o l l s  o r  p o s i t i o n e r s  

a r e  n o t  a v a i l a b l e  and out-of-position welding i s  o f t e n  requi red ,  a 

p o r t a b l e  u n i t  capable of bo th  h o r i z o n t a l  and v e r t i c a l  welding i s  employed. 

Appl ica t ion  inc ludes  ver t ica l -up  welds i n  6 1/2-inch (162 mm) t h i c k  s t e e l .  

To make on-s i te  welding easier, a seam-tracking senso r  was developed. 

For shop welding, v i s u a l  observa t ion  i s  p re fe r r ed .  

The economic advantage of GMA narrow-gap welding inc reases  

w i t h  increasing p l a t e  th ickness .  The advancage d i f f e r s  wi th  d i f f e r e n t  

shops b u t  t h e  break-even p o i n t  f o r  comparison between narrow-gap and 

submerged-arc welding occurs  a t  a th ickness  of about  1 inch  (25 m). 



E l e c t r o s l a g  welding is  more economical than  narrow gap welding 

of  extremely t h i c k  p l a t e s .  However, s i n c e  ESW welds r e q u i r e  normalizing 

a f t e r  welding t o  improve notch  toughness,  t h e  c o s t ,  i nc lud ing  stress- 

r e l i e f ,  is 10,wer f o r  t h e  narrow gap process .  

@ Use of pulsed narrow gap o r b i t a l  p ipe  welding is descr ibed  by 
(92) H i l l  and Graham . The a l l - p o s i t i o n  c a p a b i l i t y  r equ i r ed  f o r  p ipe  

welding e l imina ted  a l l  processes  except meta l  iner t -gas ,  metal  ac t ive -  

gas ,  and tungs t en  iner t -gas .  Of these , the  TIG cold-wire process  was 

considered b e s t  s u i t e d  f o r  ob ta in ing  t h e  weld q u a l i t y  r equ i r ed  f o r  

j o in ing  1 / 2  CrMoV p i p i n g  wi th  2 C r - 1  Mo f i l l e r  w i r e .  

The welding system is  capable of welding f i x e d  p ipe  i n  wa l l  

t h i ckness  t o  6 inches  (150 mm) and from 3 t o  25 inches.  (180 mm t o  

650 mm) i n  diameter .  The groove employed has nea r ly  p a r a l l e l  s i d e s  

and is 0.43 inch  (11 mm) wide. This  equipment i s  approved by the 

CEGB f o r  welding steam t u r b i n e  high-pressure p ipe .  

M e t a l l u r g i c a l  examinations and mechanical t e s t s  show t h e  

p r o p e r t i e s  of t h e  welds a r e  equal  t o  and i n  most i n s t ances  s u p e r i o r  t o  

welds made us ing  manual metal-arc o r  submerged-arc processes .  Under 

~ t a n d a r d  cond i t i ons  the heat -a f fec ted  zones show only a small percentage 

of unref ined  s t r u c t u r e ,  excepc i n  the regfurl u ~ ~ l l e r  t he  capping paas.  

This  reg ion  can b e  r e f i n e d  by TIG remel t ing  us ing  a 30% reduct ion  i n  

h e a t  input  and t h e  same pu l s ing  condi t ions .  

Res idua l  s t r e s s  measurements of p ipe  welds revea led  t h a t  t h e  

as-welded s u r f a c e  s t r e s s e s  were compressive i n  both the a x i a l  and 

c i r c u m f e r e n t i a l  d i r e c t i o n s  whereas they  were t e n s i l e  i n  s i m i l a r  manual 

w t a l - a r c  j o i n t s .  After a 1.2 hour stress r e l i e f  a t  1290°F (700°C) t h e  

stress l e v e l s  were e s s e n t i a l l y  t h e  same. 

This  process  is now used on product ion welding of bo th  p la in-  

carbon and low-alloy s t e e l  p i . p ~  work. and is  be ing  marketed. 



Submerged-Arc Welding 

@ Bunn and Berger (35) d e s c r i b e  a  m o d i f i c a t i o n  of t h e  u s u a l  

t e c h n i q u e  f o r  submerged-arc welding of t h e  c y l i n d r i c a l  s h e l l s  of t h i c k -  

w a l l  n u c l e a r  r e a c t o r  v e s s e l s  developed by Combustion Engineer ing .  With 

t h i s  p rocedure ,  c a l l e d  "Sub-Vert", t h e  j o i n t  is  a  square -bu t t  t y p e  

p o s i t i o n e d  w i t h  i t s  a x i s  v e r t i c a l .  The groove opening,  o n l y  abou t  1-inch 

(25 mm) wide i s  s u f f i c i e n t  t o  a c c e p t  a  submerged-arc welding w i r e  g u i d e  

which e x t e n d s  i n t o  t h e  groove to .  d e p o s i t  s u c c e s s i v e  p a s s e s  i n  t h e  f l a t  

p o s i t i o n  through t h e  t h i c k n e s s  of t h e  p l a t e .  The wid th  of t h e  gap i s  

b r i d g e d  w i t h  two p a s s e s ,  d i r e c t e d  a g a i n s t  t h e  s i d e s  of t h e  groove,  t h a t  

t o g e t h e r  c o n s t i t u t e  a  weld l a y e r  about  5132-inch (4  mm) t h i c k .  The o p e r a t o r  

i n i t i a l l y  a l i g n s  t h e  welding n o z z l e  and starts t h e  weld.  A t ' t h e  end of t h e  

bead,  d e p o s i t e d  away from t h e  o p e r a t o r ,  t h e  n o z z l e  r e t r a c t s  and a u t o m a t i c a l l y  

r e p o s i t i o n s  upward f o r  d e p o s i t i o n  of t h e  nex t  bead. The major a p p l i c a t i o n  

h a s  been welding of t h e  l o n g i t u d i n a l  seams i n  r e a c t o r  v e s s e l s  i n  t h i c k n e s s e s  

of 9 t o  L2 i n c h e s  (228-305 mm). The l a r g e s t  assembly was a  c y l i n d r i c e l  

22-inch (560 mm) t h i c k  c l o s u r e  head f o r  a  l i q u i d - m e t a l  r e a c t o r  made by 

j o i n i n g  two l a r g e  p l a t e s .  

The p r o c e s s  h a s  t h e  f o l l o w i n g  advan tages :  

The s q u a r e - b u t t  p r e p a r a t i o n  i s  e a s i e r  t o  make t h a n  t h e  

double-U groove u s u a l l y  employed f o r  r e a c t o r  s h e l l  seams. 

I f  machining c a p a c i t y  i s  n o t  a v a i l a b l e ,  p l a t e s  can be  

p repared  by oxygen c u t t i n g  and g r i n d i n g .  

m Fit-11p and  p r e p a r a t i o n  f o r  welding i s  ~ i m p l i f i c d  o i n c c  

t h e  s h e l l s  a r e  n o t  moved from t h e  v e r t i c a l  p o s i t i o n  

f o l l o w i n g  f i t - u p .  

A l l  seams ( u s u a l l y  two t o  f o u r  p e r  s h e l l )  can  be welded 

s i m u l t a n e o u s l y .  T h i s  t echn ique  e l i m i n a t e s  t h e  need f o r  

r o t a t i n g  s h e l l s  t o  pe rmi t  i n s i d e  end o u t s i d e  welding t o  

c o n t r o l  r a d i a l  d i s t o r t i o n .  

P r e h e a t i n g  of s t a t i o n a r y  s h e l l s  i s  s i m p l i f i e d  a s  i s  

m a i n t a i n i n g  t empera tu re  w i t h i n  t h e  d e s i r e d  range .  



The investment for equipment is approximately 50% of the 

investment for conventional equipment of equivalent 

production capacity. 

The technique uses small beads which by successive 

refinements improve the properties of both the heat- 

affected zone and the weld deposit. 

A manual shielded metal-arc welding technique, called "Up-John", 

similar in most respects to the Sub-Vert technique is also used by 

Combustion Engineering for welds to 12 inches (305 mm) in thickness. 

The principal applica~ion Is L l ~ e  w e l ~ l t o g  of torus hcads in thicknesses 

to 5 inches (127 rnm). Special electrodes 22 to 25 inches (560 to 635 n?m) 

long and usually 114 inch (b.4 mmj In dname~er have beeu develupid f a r  

this application to avoid the necessity of stops and starts within the 

narrow groove and the hazard of porosity. Arc strikes occur only on a 

runoff tab. For some applications electrodes have been made with 

excentric coating to produce a preferred arc direction and insure good 

sidewall fusion. 

The cost nf a six-man Up-John station is 1/50 that of 

a comparable submerged-arc station. 

a F n l ~ r  n r  five times as m1s.h set-up and. welding time is 

required for convent.io~lal subuerged-arc welding. 

Both the sub-Vert and the Up-John methods employ somewhat 

lower heat input than conventional single-or dual-wire submerged arc 

processes. No difficulties have been encountered with inspection or 

maintenance of acceptable mechanical properties. The principal 

advantages are a shorter schedule, reduction in the handling of 

extremely heavy components, and reduced capital r2xpcndicure for a 

given production rate. 



@ Arnold (97)  h a s  descr ibed  f i e l d  welding of g i r t h  j o i n t s  
. " 

( h o r i z o n t a l  p o s i t i o n )  i n  l a r g e  s t o r a g e  tanks  u s ing  t h e  automatic  

submerged-arc process .  The technique was f i r s t  employed by Chicago 

Bridge and I r o n  Company i n  1950, and, i n  e s s e n t i a l s ,  remains unchanged. 

The equipment i s  f u l l y  automatic  c o n s i s t i n g  of a  v a r i a b l e  speed c a r r i a g e  

t h a t  suppor t s  two welding h e a t s ,  pos i t i oned  on both s i d e s  of t h e  j o i n t ,  

and f lux-holding she lves  l oca t ed  j u s t  below t h e  weld groove. The lower 

p l a t e  has  a  square  p repa ra t i on .  The upper p l a t e  i s  double  chamfered 

a t  about  45" (0.79 r a d ) .  The c a r r i a g e  which a l s o  suppor t s  gu id ing  

dev ices ,  r e e l s ,  f l u x  ho lde r s ,  and e l e c t r i c a l  c o n t r o l s ,  s t r a d d l e s  t h e  

upper p l a t e  and u s e s  t h e  a c c u r a t e l y  machined upper edge a s  a  t r a c k .  

The i n n e r  and o u t e r  welding heads may be pos i t ioned  d i r e c t l y  oppos i t e  

each o t h e r  o r  s e v e r a l  inches  a p a r t .  The head spacing and t h e  welding 

c u r r e n t  determine t h e  depth  of p e n e t r a t i o n  of t h e  weld d e p o s i t .  

Provis ion  f o r  p rehea t ing  is  provided by to rches  t h a t  precede t h e  

welding heads.  

For tank  w a l l s  i n  t h e  t h i cknes s  range 114 t o  1 112 inches  

(6.4 t o  38 mm) welding may be performed by depos i t i ng  one t o  t h r e e  

beads from each s i d e  of t h e  j o i n t .  Aside from t h e  t ime advantage 

when compared t o  sh i e lded  metal-arc  welding, t h e  submerged-arc 

technique provides  l e s s  r i s k  of hydrogen pickup o r  underbead c rack ing .  

Westinghouse Narrow-Groove Welding 

# Development of narrow-groove welding t e c h n i q ~ ~ e s  a t  the  Wast- 

inghouse E l e c t r i c  Corp. have b e e n ' d i r e c t e d  t o  e x p l o i t i n g  t h e  s u p e r i o r  

weld q u a l i t y  and economic advantages a f f e c t e d  us ing  narrow j o i n t s  for m ; ~ k i ~ l g  

t h i ck - sec t ion  welds on heavy equipment such a s  r e a c t o r  v e s s e l s ,  steam 

g e n e r a t o r s ,  and l a r g e  g a t e  va lves .  These assembl ies ,  i n  s e c t i o n s  t o  

as much a s  12-inches (305 rnm) t h i c k  normaliy r equ i r e  ex t ens ive  preweld 

machining, and t h e  depos i t i on  of l a r g e  volumes of  Ineta1 r e q u i r i n g  

hundreds of hours  of welding t i m e .  P roduc t iv i t y  improvements of f o ~ i r  

t i m e s  t h e  p re sen t  r a t e s  have been demonstrated f o r  s p e c i f i c  heavy-section 

manufacturing a p p l i c a t i o n s .  Product ion a p p l i c a t i o n s  have been developed 



for both gas metal-arc wel.ding and for gas tungsten-arc welding with a 

hot-wire feed . Further improvements and ref in'ements in the processes 

are anticipated from studies directed toward modification in welding 

parameters for various metallurgical systems, improvements in shielding 

design, modification of filler-metal chemistry, arc pulsing and 

oscillation, wire positioning, and metal-transfer modes. 

Weld quality and process reliability have been maintained by 

parametric optimization and precision process controls. Non-contact 

feedback systems have been developed for both proximity and seam tracking 

to automatj.cally adjust the torch position in response to variations or 

changes in contour of the weld surface. The use of voltage-current 

slope variability and a pulsed current input system provide the flexibility 

of altering the weld pool size to accommodate various w e l d  ga.qitiono, 

joint geometries, and filler-metal base-metal combinations. 

Studies have demonstrated that the processes can be used w l ~ 1 1  

gaps as narrow as 3/8 inch (9.5 mm) yielding a substantial savings over 

conventional submerged-arc practice in thick section welding. In one 

instance, comparison showed a 33% reduction in pre-weld machining time, 

a 70% reduction in welding time, and a 90% reduction in the total amount 

of weld metal deposited. 

Technical advantages include: 

Low heat input 

Development of a narrow region of heat-affected microstructures 

Contrull~d dilution from t h e  hase uietal 

Erficien~ i r a ~ l y f ~ s  a f  elements from thr, fi.3.lex metal to the 

pool, assuring better control of deposit composition 

Reduced distor rion 

Refining and retempering of weld :-fletal and heat-affected- 

zone microstructures. 



Weld quality and reliability is enhanced by a fully automated . . 
process which provides a low defect rate and by the absence of fumes or 

. . 
dust which permits access' for closed-circuit television monitoring of 

the welding operation. Weld repairs, when required, are no more 

difficult to perform than for other processes. 

Seam tracking is obtained with a torch-mounted eddy current 

sensor that compares and compensates in accord with the intensity of 

signals received from parallel current-conducting tubes affixed to the 

surface of the weldment on either side of tlie narrow groove. The 
. . 

non-contact eddy-current tracking system was designed and adopted 

following evaluation of electro-mechanical systems which generally 

worked well in wider joints but were subject to failures in narrow 

grooves due to geometrical constraints. Arc proximity control is 

provided by an automatic voltage control with fully adjustable voltage/ 

amperage response. 

Westinghouse Narrow Groove Hot-Wire GTA Welding 

 arrow-groove hot-wire tungsten arc welding may be performed 
in the downhand, horizontal and vertical positions with or without arc 

oscillation. The equipment employs a high-reliability solid-state 

microprocessor, in an isolated chamber supplied with filtered, humidity 

and temperature controlled air. The unit provides a preprogrammed 

welding sequence with continual, in-process recording of welding 

variables 

Extraordinary menaures have been ei~~ployed LU assure the 

quality of the inert shielding gas, The supp1.y tubing system is of 

stainless steel and employs a positive pressure design incorporating 

a'mass-flow meter and oxygen and moisture monitors that detect changes 

in gas purity between the supply manifold and the torch itself. Metal- 

diaphragm pressure regulators have been installed to avoid problems 

with molsr.iire absorption in rubber diaphragm d e s i g ~ i s .  



The process has been investigated for joining A553 Gr. B C1. 2, 

A387 Gr. 11, A387 Gr. 22:Cl. 2, ASTM 4140, and.both 304 and 405 stainless 

steel in thicknesses ranging from 4 to 8 inches (100 to 200 mm). 

@ The hot-wire GTA process is generally regarded as a high-quality 

technique limited in applications to relatively small assemblies. 

Therefore, Westinghouse experience with extensive use of hot-wire GTA 

welding for massive, thick-section weldments is unusual. The process 

has been employed exclusively at the Pensacola Division since 1969 for 

all major welding of stainless steel nuclear reactor internals. In total, 

about 84,000 pounds (38,100 kg) uf Types 308 and 308L filler W ~ Y P R  have 

been deposited in approximately 8700 feet (2650 m) of weld seams. The 

joint thicknesses have been in the range 3/8 to 6 inches (8.5 to 152 m), 

- with the majority between 2 1/4 and 4 inches (57 and 101 mrn). Roughly 

45% of the welds have been made in the horizontal position. Weld 

quality has been excellent. Fewer than a dozen localized areas failed 

radiographic acceptance criteria and required repair. 

In March of 1976, following development and refinement of 

narrow-groove welding techniques, this concept was introduced into 

reactor-internals fabrication. Presently, all welds, regapdlcss of 

thickness, are made with the narrow-groove GTAW-HW process. 

Sir~ce October of 1978, the nauuois-groove HW-GTAW technique 

has also been employed Co weld low-alloy, high-strength steels used to 

fabricate thick-walled nuclear steam-system pressurizers. Using a 1400 
3 cubic foot (40 m ) pressurizer as a typical example, sixteen major 

pressure retaining joints are made with the process, replacing a 

combination of submerged-arc and shielded me~al-arc welds. Ench 

pressurizer requires approximately 1200 pounds (544 kg) of deposited 

wcld mcrnl, u r  uuu~e 6f1 mi 1 cn (64 km) of fill~r wire. 



These examples clearly indicate the scope and success of 

HW-GTAW application within Westinghouse and .a commitment to expanded 

use of the process f;or flat, horizontal, and. vertical welding in all 

materials. 

Most filler .wires in existing specifJications intended to cover 

both GMAW and GTAW processes we.re specifically ,designed for GMA welding 

with CO shielding ga's and do not effectively meet the needs of those who 
2 

employ them for more critical GTA welding. A filler wire for use with 

CO shielding must be enriched in composition to'compensate for reduced 2 
strength caused by losses in carbon, manganese, silicon and other 

-deoxidizers. When such wires are used for GTA welding with inert-gas 

- >  or inert-gas/low oxygen mixtures, the compositions of wires and deposits 

.'. are essentially unaltered. These weld deposits can be much stronger. 

and much less ductile than desired. Furthermore, the permissible 

maximum values for sulfur are generous. While the upper limit is.seldom 

approached, heats with sulfur in excess of 0.015% are encountered much . 

too often. 

These problems are considered in a study conducted by Monley (110) 

at the Westinghouse Tampa Division, who evaluated the suitability of 

various filler wires for narrow-groove HW-GTA welding of SA-533 Gr. A 

C1. 2 low alloy steel. The requirements for the weld deposits in the 

1125°F (605°C)-24 hr. stress-relieved condition were 90-115 ksi (620-795 

MPa) ultimate, 70 ksi (483 MPa) minimum yield and 50 ft-lbs (68 Joules) 

Cv minimum at 70°F (21°C). Among the filler wires examined, by deposition 

in 1-inch (25 mm)-thick plates of plain-carbon steel, were one sample 

of AWS 5.18 E70S-6 and three samples of AWS 5.18 E70S-1B. These wires 

are designed for GMA out-of-position applications and provide a minimum 

ultimate of 72 ksi (497 MPa) in the as-welded condition. The mild steel 

E70S-6 wire was judged to have marginal strength in the stress-relieved 

condition. All of the alloy steel E70S-1R wires exhibited properties 

that were acceptable, in this particular application, in the stress- 

relieved condition. 



Comparison of t h e  w i r e  and t h e  d e p o s i t  chemis t ry  f o r  t h e  

v a r i o u s  f i l l e r  w i r e s  showed, a s  expec ted ,  h i g h  t r a n s f e r  e f f i c i e n c y  f o r  

ca rbon ,  manganese, and s i l i c o n .  The a v e r a g e  v a l u e s  were 102,  91, and 

101%, r e s p e c t i v e l y .  Though t h e s e  w i r e s  must meet an  as-welded minimum 

u l t i m a t e  of o n l y  72 k s i ' ( 4 9 7  MPa), t h e  as-welded v a l u e s  f o r  t h e  t h r e e  

E705-1B d e p o s i t s  were a p p r e c i a b l y  s t r o n g e r ,  r ang ing  between 94.5 and 

117.2 k s i  (652 and 810 MPa). The 117.2  k s i  v a l u e  exceeds  t h e  minimum 

requ i rement  by more t h a n  4 5 . k s i  (310 MPa). , . 

Monley a l s o  no ted  t h a t  a n a l y s i s  of t h e  E70S-1B f i l l e r  w i r e s  

showed t h a t  a ba lanced  'composi t ion of rnanganpse and s i l i c o n  was used  

f o r  d e o x i d a t i o n  wi , thout  d e l i b e r a t e  a d d i t i o n  of s p e c i a l  d e o x i d i z e r s  such  

a s  T i ,  Z r ,  and A l .  Though s p e c i a l  d e o x i d i z e r s  a r e  somet imes .cons idered  

n e c e s s a r y  f o r  manual Ci'A weldixlg,. freedom from p o r o s i t y  showed t h e s e  

s p e c i a l  d e o x i d i z i n g  e lements  a r e  a p p a r e n t l y  n o t  n e c e s s a r y  w i t h  t h e  HW-GTAW 

p r o c e s s .  

A d i s t i n c t  f e a t u r e  e v i d e n t  i n  a n  e t c h e d  c r o s s - s e c t i o n  of some 

of t h e  HW-GTA weldments was t h e  appearance  of da rk-e tch ing  s p o t s ,  

l o c a t e d  n e a r  t h e  c e n t e r  of i n d i v i d u a l  weld beads ,  and found g e n e r a l l y  

th roughout  t h e  e n t i r e  c r o s s  s e c t i o n .  These s p o t s  were p o o r l y  r e s o l v e d  

w i t h  t h e  o p t i c a l  microscope.  Using t h e  scann ing  e l e c t r o n  m i c r o ~ c o p o  

a t  ?000X, however, examinat ion r e v e a l e d  t h a t  each macroscopic s p o t  

c o n s i s t e d  o f  a c l u s t e r  of s m a l l  i n c l u ~ i n n s .  Micruprobe t r a c e s  and 

EDAX a n a l y s e s  of t h e  r e g i o n s  showed Mn/S, Mg/S, and S a l o n e ,  i n d i c a t i n g  

t h a t  t h e  s p o t s  were  c l u s t e r s  of s u l f i d e  i n c l u s i o n s .  No m i c r o s t r u c t u r a l  

d i f f e r e n c e s  were observed ,  u s i n g  t h e  scann ing  e l e c t r o n  microscope,  

between t h e  r e g i o n s  c u ~ l L a i t ~ i n g  t h e  c l u s t e r s  and t h e  a d j a c e n t  c l u s t e r -  

Lree  r e g i o n s .  

T h i s  o b s e r v a t i o n  was f u r t h e r  s t u d i e d  by o b t a i n i n g  s u l f u r  

p r l l t ~ s  on s e c t f o n c  US hutnp-nnuo CTA weld beads  nn SA-533 G r .  A C 1 .  2 

s t e e l  p l a t e s . '  L o n g i t u d i n a l  s e c t i o n s  r e v e a l e d  i r i t e r m i t t e n t  a l ignment  o f .  
. . 

sulfides i n  t h e  welding.  d i r e c t i o n .  It is  e v i d e n t  t h a t .  i n  t h e  absence  

of d e ~ u l f u r i z a t i n n  by a f l u x ,  s u l f u r  i n  GTAW d e p o s i t s  is r e j e c t e d  d u r i n g  

s o l i d i f i c a t i o n  t o  t h e  c e n t e r  of beads ,  t o  form p r e c i p i t a t e s  a l o n g  an  

i n t e r m i t t a n t  l i n e a r  p a t h  p a r a l l e l  t o  t h e  l e n g t h  of t h e  welds.  



The f r a c t u r e  1 .oca t ion  i n  t r a n s v e r s e  t e n s i l e  specimens and 

open ings  i n  t r a n s v e r s e  side-bend specimens  were found t o  be r e l a t e d  t o  

t h e  p r e s e n c e  and l o c a t i o n  of s u l f i d e s  when t h e y  were p r e s e n t .  With a  

s u l f u r  c o n t e n t  of 0.020% i n  t h e  weld m e t a l ,  open ings  i n  guided s ide-bend 

t e s t s  caused by s u l f i . d e s  were  o n l y  m a r g i n a l l y  w i t h i n  ASME Code l i m i t s .  

A t  0.010% s u l f u r  o r  l e s s ,  t h e  macroscopic  s u l f i d e s  were n o t  e v i d e n t  

and bend specimens  performed w e l l .  

S i n c e  a  f i l l e r  w i r e  s p e c i f i c a t i o n  f o r  a  maximum of 0.010% 

s u l f u r  i n t r o d u c e s  c o m p l e x i t i e s  from t h e  s t a n d p o i n t  of b o t h  c o s t  and 

a v a i l a b i l i t y ,  t h e  compos i t ions  of a l l  t h e  f i l l e r  w i r e s  used on t h e  

Tampa HW-GTAW program were  reviewed t o  e s t a b l i s h  t h e  l i k e l i h o o d  of 

l o c a t i n g  and p r o c u r i n g  s e l e c t e d  low s u l f u r  h e a t s .  From t h e s e  d a t a  

i t  a p p e a r s  t h a t  abou t  40% of t h e  h e a t s  me l ted  t o  s p e c i f i c a t i o n s  t h a t  

r e q u i r e  a  maximum of 0.035% S  w i l l  c o n t a i n  l e s s  t h a n  0.010% S  and t h a t  

p r o c u r i n g  low-su l fu r  w i r e s  shou ld  n o t  be  a  f o r m i d a b l e  problem. 

I n  a d d i t i o n  t o  a  r equ i rement  f o r  procurement  of low-su l fu r  

t i l l e r  w i r e s  f o r  narrow-groove HW-GTA weld ing ,  s i x  s p e c i a l  h e a t s  w i l l  

a l s o  be  p r e p a r e d  and e v a l u a t e d  i n  a n  a t t e m p t  t o  o b t a i n  a l t e r a t i o n  i n  

t h e  shape  and d i s t r i b u t i o n  o t  s u l f i d e s ,  and t o  p r o v i d e  some a d d i t i o n a l  

d e o x i d a t i o n .  The h e a t s  w i l l  i n c l u d e  a near-commercial  compos i t ion  w i t h  

low s u l f u r  and a n  a d d l t i o n  of aluminum, a  l o w - s i l i c o n  m a t e r i a l  a l s o  

f o r t i f i e d  w i t h  aluminum, low-and h i g h - s u l f u r  h e a t s  f o r  compar isons ,  a  

h e a t  d e o x i d i z e d  w i t h  T i  and Z r ,  and a  h e a t  w i t h  r a r e - e a r t h  a d d i t i o n s . .  

I n  sum.ary ,  t h e r e  i s  mounting e v i d e n c e  t h a t  s e p a r a t e  f i l l e r -  

w i r e  c a t e g o r i e s ,  o r  s p e c l f i c a t i o n s ,  shou ld  h e  e s t a b l i s h e d  f o r  p r o c e s s e s  

such a s  HW-GTAW t h a t  employ i n e r t - g a s  s h i e l d i n g  and have high t r a n s f e r  

e f f i c i e n c y .  P r e l i m i n a r y  e v a l u a t i o n  of 2 114 C r - 1  Mo.HW-GTAW d e p o s i t s  

a t . W e s t i n g h o u s e  Tampa shows t h a t  u l t i m a t e  s t r e n g t h s  i n  e x c e s s  of 100 k s i  

(690 MPa) can  b e  o b t a i n e d  i n  t h e  h e a t - t r e a t e d  c o n d i t i o n .  A l e a n e r -  

a l l o y  m o d i f i c a t i o n  of AWS 5.28-79 ER90S-B3 compos i t ion  i n c l u d i n g  

lower  ca rbon  and t i g h t e r  c o n t r o l  of s u l f u r  and phosphorus  i s  recommended (111) 



@ Use of narrow groove,  hot-wire  GTA welding i n  a  demons t ra t ion  

a t  t h e  Westinghouse Tampa D i v i s i o n  of r e t u b i n g  of a  f u l l - s i z e  n u c l e a r  

s team g e n e r a t o r  i s  d e s c r i b e d  i n  a paper  by Atk in  and o t h e r s  (113) 

I n  t h e  f i n a l  phase  of t h i s  program, a  model D-4 steam g e n e r a t o r  w i t h  

o v e r  9000 t u b e  ends  was d i smant led  and r e b u i l t  under  s i m u l a t e d  r a d i o -  

a c t i v e  c o n t r o l  c o n d i t i o n s  i n  62 days .  The s p a c e  l i m i t a t i o n s  and 

o b s t r u c t i o n s  w i t h i n  a t y p i c a l  r e a c t o r  conta inment  v e s s e l  were inc luded  

i n . t h e  mock-up a r e a .  The r e t u b i n g  p r o c e s s  was s t r u c t u r e d  a s  a  s y s t e m a t i c  

program encompassing d e s i g n ,  development and t e s t i n g ,  and demons t ra t ion  

phaccs ,  The n e c e s s a r y  d i s c i p l i n e s i n c l u d e d  g u i d e l i n e s  f o r  q u a l i f i c a t i o n  

of p e r s o n n e l ,  d e s i g n  and equipment cont.ro1,  s p e c i f i c a t i o n s ,  h a n d l i n g ,  

f a b r i c a t 1 o n ; T i e l d  chnngcc,  and q1.lalit.y a s s u r a n c e  t o  a p p l i c a b l e  

p o r t i o n s  of t h e  ASME Code, S e c t i o n s  111, I X ,  and X I .  

5  
The s h e l l  of t h e  68-foot  (20.7 m)-high, 350 t o n  (3.18 x 1 0  kg) 

v e s s e l  f a b r i c a t e d  from SA-533 G r .  A C 1 .  2  low-alloy s t e e l  was circum- 

f e r e n t i a l l y  p a r t e d  8  f e e t  (2 .4  m) below t h e  upper  e l l i p t i c a l - h e a d  weld 

seam and rewelded a f t e r  t h e  r e t u b i n g  o p e r a t i o n .  A t  t h i s  e l e v a t i o n  t h e  

v e s s e l  drum had a n  o u t s i d e  d i a m e t e r  of 14.7 f e e t  ( 4 . 5  m) and a  4-inch 

(101 mm)-thick w a l l .  A c i r c u m f e r e n t i a l  t r a c k  f i t t e d  t o  t h e  drum, s e e  

F i g u r e  1, c a f r l e d  rwu uasraw groovc machining and welding u n i t s  which 

i n i t i a l l y  m i l l e d  through t h e  w a l l  p r o v i d i n g  a  groove p r e p a r a t i o n  w i t h  

a 7/lh-inch (11 mm)-radius r o o t  and an i , v c l ~ i d e d  a n g l e  u f  G t o  3 d e g r e e s  

( 1 - 0 1 4  a d .  S p e c i a l  s t a b i l i e o t i o n  and a l i g n m e n t  hardware i n s t a l l e d  

w i t h i n  t h e  drum h e l d  t h e  s e v e r e d  s e c t i o n  i n  p l a c e  d u r i n g  c u t t i n g  and 

enab led  j t  t o  be  a c c u r a t e l y  r e p o s i t i o n e d  f o r  welding.  

The  hor izoi l ra l -pusiCjnn g i r t h  w e l d  w a s  made will1 AWS 5.18 

E70S-PB (luw S, l o w  E i )  f i l l ~ r  w i r e  using a p r e h e a t  and i n t e r p a s s  

t e m p e r a t u r e  of 225-250°F (107-12.1°C) main ta ined  wi th  r e s i s t a n c e  h e a t e r s .  

Thc welding nperation i s  shown i n  F i g u r e  2. S i x  days  were r e q u i r e d  tu 

d e p o s i t  somewhat more t h a n  70 p a s s e s  t o  f i l l  t h e  j o i n t .  T h i s  is roughly 

one- ten th  t h e  t ime  r e q u i r e d  f o r  manual welding.  I n s t r u m e n t a t i o n  f o r  

m o n i t o r i n g  and c o n t r o l l i n g  t h e  welding o p e r a t i o n  was l o c a t e d  i n  a  welder  

c o n t r o l - s t a t i o n  t r a i l e r ,  F i g u r e  3 ,  t h a t  provided an  a i r  c o n d l t i o ~ l r d  



Figure 1 - Fixturing for  Dual-Machine Welding of a Horizontal Seam i n  

a Steam Generator. 



Figure 2 - Setup for Narrow-tiroove Hot-Wire  ti^^ welding i n  the Horizontal Yosition. 

5? 
I 
Q, 
W 
OD 
0 
I-' 



Figure 3 - T r a ~ ~ e t  Interlor 3nowl;ng r;onfrols, Television Monitor and 

Microprocessor. , 



environment with absolute atmospheric filtration. From the welder's 

station, complete remote operation of the welding system was provided 

from distances up to 250 feet (76 m). No repairs were required during 

the deposition process. Ultrasonic and x-ray inspections showed the 

completed weld was free of defects. The joint was stress relieved at 

1125°F ? 25°F (607°C) for 2.5 hours. 

As part of a study of the welding of heavy-section Type 405 

stainless steel, Friedman ('12) investigated narrow-groove m 4 T A  

welding of 2-inch (51 m)-thick platov and a 5.6-inch (142 mm)-thick 

forging using Type 410 Ni-Mo flux-cored filler wire. 

A logical choice in filler metals for joining Type 405 stainless 

steel is Type 410 (0.12% C max., 11.5-13.5% Cr) since it provides a 

weld deposit that is similar in composition to the base metal. However, 

the 410 filler has a high hardenability, is prone to cracking, and 

requires high preheat and a post-weld heat treatment. The 410 Ni-Mo 

modification typically contains only 0.03% carbon and has additions of 

4 to 4 112% nickel and 112% molybdenum. The nickel imparts substantial18 
I: 

improved toughness while molybdenum serves as a solid-solution strengthener. 

The deposit is fully martensitic at room temperature, but compared to 

Type 410. is resistant to cracking even when employed for welding of 

heavy sections without preheat. >, ,.. 
r" ) 

Three narrow-groove HW-GTA welds were prepared, two in 2-inch : 

(51 mm) plate and one in a 5.6-inch (142 m)-thick forged bar. All 

joints were double-U preparations with a 318 inch (10 nun) root radius 

and a 6" (0.10 rad.) included angle. The filler wire was 0.045 inch 

(1.14 mm) diameter. One of the 2-inch (51 xu) assemblies and the 5 . 6  

inch (142 nun)-thick assembly were welded without preheat on one side 

and with a 400°F (204°C) preheat for the other side. The thicker weldment 

required a total of 50 passes. The remaining 2-inch (51 nun) weldment 

was prepared without preheat. 



The weldments were inspected by a combination of longitudinal 

and shear-wave ultrasonics, x-ray, and both macro-and micro examinations. 

No weld metal or heat-affected-zone cracks, or general porosity, were 

detected. Fusion tie-in problems at the weld sidewalls were minimal 

though a few spots were found; largest approximately 0.15'inch (3.8 mm) 

in length. Macrographs showed the difficulty was a result of improper 

bead placement. Worm-hole porosity occurred locally at the ends of 

specimens at stop and start regions. The occurrence is not unusual since 

the rough and irregular contours in these areas were not removed by 

grinding. 

Mechanical tests included weld-metal tensile, weld-metal 

Charpy impacts, and side-bends, conducted in both the as-welded condition 

and after a 2 hour stress relief at 1150°F (620°C). The stress relief 

treatment provided an improvement in ductility and excellent mechanical 

properties. Ultimate strengths ranged from 110 to 120 ksi (760 to 828 

MPa), 0.2% yield strengths ranged from 80 to 90 ksi (552 to 621 MPa), 

Cv toughness values were uniform and averaged about 75 ft-lbs (102 Joules), 

and 6.of the 8 bend specimens bent 180' (3.14 rad). The remaining two 

bend specimens failed by tearing in the heat-affected zone of the Type 

405 base metal which was appreciably less ductile than the weld deposit. 

@ Monley (114) investigated in-process monitoring of horirontal- 

position narrow-groove HW-GTA welds using remote video, radiographic, 

and ultraonsic techniques. He concluded that only the ultrasonic 

method will presently provide a high degree of confidence. 

' The use of television viewing was considered primarily for 

use in radioactive environments since remote monitoring may be the only 

practical means for visual control where radiation exposure must be 

limited. Both black and white and color video systems were developed 

and constructed for prototype use. The black and white system consisted 

of a thallium-iodide light source, a lens, a narrow-band filter, and a 

TV camera and display. This optical arrangement uses a narrow-band 

light source focused toward the arc in the weld groove. Reflected 



l i g h t  i s  viewed from t h e  oppos i t e  s i d e  through t h e  narrow-band f i l t e r .  

The camera s e e s  bo th  t h e  f i l t e r e d  l i g h t  spectrum from t h e  a r c  and t h e  

a u x i l i a r y  i l l u m i n a t i o n .  Good v i s i b i l i t y  is  r e s t r i c t e d  t o  t h e  weld pool 

and t h e  r e g i o n  immediately ad j acen t  t o  t h e  pool .  

The c o l o r  v ideo  system uses  on ly  l i g h t  emi t ted  by t h e  welding 

a r c .  L igh t  is t r a n s m i t t e d  through a  f i b e r o p t i c  bundle  t o  a  co lo r  camera 

and monitor .  A t t enua t ion  of t h e  ou tput  from t h e  a r c  was ob ta ined  by 

u s e  of a  g r ad i en t -dens i ty  f i l t e r  which r equ i r ed  a c c u r a t e  supe rpos i t i on  

of t h e  darker  p o r t i o n  of t h e  f i l t e r  over  t h e  b r i g h t e r  p o r t i o n  of t h e  

image. The inhe ren t  problem i s  t h e  change i n  t h e  shape of t h e  a r c  

du r ing  welding, causing misalignment wi th  t h e  da rk  a r e a  of t h e  f i l t e r .  

Transmission of t h e  image t o  t h e  monitor i s  a problem common 

t o  a l l  systems. Access t o  t h e  weld groove i s  r e s t r i c t e d  and i n s t a l l a t i o n  

of v i d e o  equipment cannot  be  permi t ted  t o  o b s t r u c t  d i r e c t  viewing. The 

equipment i s  somewhat d e l i c a t e  and must be p ro t ec t ed  from damage and 

exposure t o  prehea t  temperatures .  Improved f i b e r o p t i c s  a r e  h e l p f u l  i n  

t h i s  r e s p e c t  and c l o s e  observa t ion  of t h e  a r c  can be ob ta ined  us ing  a  

close-up (zoom) l e n s .  I n  a d d i t i o n  t o  t h e  t e c h n i c a l  d i f f i c u l t i e s  

a s s o c i a t e d  wi th  o b t a i n i n g  a  c l e a r  and d e t a i l e d  image, t h e  TV monitor 

does no t  supply s u f f i c i e n t  3-dimensional in format ion  under dynamic 

cond i t i ons .  Zoom l e n s e s  and m u l t i p l e  images from d i f f e r e n t  ang le s  a r e ,  

t o  d a t e ,  t h e  b e s t  methods f o r  enhancing pe r spec t ive .  Actual  remote 

ope ra t i on  f o r  f i c l d  u s e  through a  monitor ing system has  no t  been 

developed and w i l l  r e q u i r e  f u r t h e r  t e s t i n g  and e v a l u a t i o n  t o  e s t a b l i s h  

i t s  f u l l  c a p a b i l i t y .  

In-process  radiography was at tempted dur ing  welding of a  

l a r g e  c i r c u m f e r e n t i a l  .weld seam us ing  an  I r id ium source  o u t s i d e  t h e  

s h e l l  t o  examine s e l e c t e d  a r e a s .  Subsequent comparison of f , i n a l  

rad iographs  and t h e  in -process  rad iographs  revea led  an  i nhe ren t  d i f f i c u l t y  

wi th  t h e  in -process  technique.  The d i f f e r e n c e  i n  t h e  t h i cknes s  of t h e  

base metal  and me ta l  i n  t h e  p a r t i a l l y  f i l l e d  groove r e s u l t s  i n  masking 

of d e f e c t s  a t  t h e  weld-base meta l  i n t e r f a c e .  I n  a  narrow-groove j o i n t  

wi th  near p a r a l l e l  s i d e s ,  t h e  use  of in-process  radiography is  seve re ly  



l i m i t e d  because t h e  width of t h e  weld depos i t  i s  t h e  only r eg ion  t h a t  

can be examined. S ince  t h e  ma jo r i t y  of narrow-groove d e f e c t s  would be 

expected t o  occur a t  t h e  weld-base me ta l  i n t e r f a c e ,  t h e  in-process  

technique i s  i n h e r e n t l y  i n e f f e c t i v e .  

An in-process  u l t r a s o n i c  technique was developed t o  d e t e c t  

two s p e c i f i c  d e f e c t s ,  lack-of-fusion and po ros i t y ,  t h a t  occur under 

c e r t a i n  cond i t i ons  along t h e  bottom w a l l  of h o r i z o n t a l  narrow-groove 

HW-GTA welds. The bottom bead i n  a (2G) narrow groove p re sen t s  t i e - i n  

problems t h a t  r e q u i r e  changes i n  t o r ch  ang le  t o  a s s u r e  good p e n e t r a t i o n .  

P o r o s i t y  i n  beads a t  t h e  same l o c a t i o n  is  i n d i c a t i v e  of a s h i e l d i n g  

problem c o n t r o l l e d  o r  in f luenced  by t h e  t o r ch  ang le ,  depth of t h e  

groove, and t h e  convec t ive  f o r c e s  a c t i n g  on t h e  s h i e l d i n g  gas  f lowing 

a long  t h e  preheated wa l l .  A 45" (0.79 r ad )  shear  wave technique from 

t h e  upper s i d e  of t h e  weld was found t o  be t h e  b e s t  method t o  d e t e c t  

t h e s e  f laws  with maximum s i g n a l  response.  A high-temperature couplant  

was employed on t h e  250°F (121°C) preheated s u r f a c e s .  During in-process  

UT t e s t s  on a 4-inch (101 mm) t h i c k  mock-up weld, conducted a f t e r  each 

314-inch (19 mm) of weld meta l  was depos i ted ,  t h r e e  flawed r eg ions  were 

detec, ted and r epa i r ed .  Radiography, a f t e r  t h e  weld was completed and 

s t r e s s  r e l i e v e d ,  showed no d e f e c t s .  



ON-SITE FABRICATION OF THICK WALL-VESSELS 

O Though Wakefield in a review of field fabrication of large 

vessels refers to field-rated automatic MIG and TIG welding (Graver 

Tank and Manufacturing Co.), automatic submerged-arc and manual shielded 

metal-arc welding are the processes that have been commonly employed. 

Submerged-arc welding is used for site-factory assembly. Manual metal- 

arc welding is employed, in most instances, for joining components 

during vessel erection where tolerance for fit up difficulties and 

positioned welding is required. The fact that both processes have a 

history of successful application, and are well understood, explains 

why the literature dealing with on-site fabrication provides little 

detailed information on the welding operation, while dwelling on the 

complexities of transportation, protection of personnel and equipment, 

heavy component erection, and machining. 

Manual metal-arc welding is slow, and the field assembly of a 

large vessel demands many highly skilled welders; presently in short 

supply, with no improvement in the labor pool projected through 1985 (19) 

Use of manual welding, othef than rhe abili~y Lu llalidlc poor joint fit 

up has been promoted by the lack of mechanized welding equipment considered 

suitable for use under adverse field-welding conditions, and the exccs3ive 

cost of unreliable field-welding performance. Manual metal-tiic welding 

equipment is inexpensive, readily portable and easy to maintain or 

rcplace. 

It has already been established that mechanized welding has 

a high duty cycle and produces higher quall~y welds than are obtainable 

with manual welding. Reproducibility, and a significant reduction in 

t h p  n~imhcr  of rcpair~ needed, results in a significant reduction in 

total welding time. The incentive for the large-scale introduction of 

mechanized welding processes to on-site fabrication has existed for 

some time. Whether or not the potential for economic advantage can be 

exploited hinges more on developing confidence in equipment reliability 

than on any other item. 



A partial list of site-assembled vessels in service since 

1964, found in reference 100, for use in the petroleum, alumina, aerospace, 

paper, and chemical industries shows 19 heavy-wall assemblies including 

six fabricated with A387 steel. The largest of the 2 114 Cr-1 Mo 

vessels is a 13-foot (4 m) diameter x 70 foot (21 m) long refinery 

reactor having a shell thickness of 7 114 inches (108 mm). The design 

pressure and temperature are, respectively, 1600 psi (11 MPa) and 800°F 

(426°C). The 575-ton (521,600 kg) vessel was shipped in ten complete 

shell rings and two head sections. Defect-free welding (shielded 

metal-arc) of all eleven girth seams was demonstrated by gamma radiography 

and ultrasonic inspections. All weld seams were preheated and post-weld 

heat treated at 1150°F (620°C) in position. 

Bagni and ~ o m i ~ l i ( ~ ~ )  have described submerged-arc fabrication 

of a large petrochemical reactor made from A387 Gr. D steel that was 

shipped in two halves, assembled, and joined with a single shielded 

metal-arc girth weld in the field.  h he 12-foot (3.66 m) diameter, 
62-foot (18.9 m) high vessel, requiring five shell courses of 4.4-inch 

(112 mm) thick plate was designed to operate at 610°F (320°C) at a 

pressure of 1820 psi (12.5 MPa) .  Desigrl requirements, to reduce the 

wall thickness, called for a room temperature ultimate strength of 

82.3 ksi (567 MPa) and a yield at 610°F (320°C)'of 45.4 ksi (313 MPa) 

with 100% joint efficiency. These values are intermediate to those 

for normalized and tempered 387 Gr. D and quenched and tempered A542. 

To obtain the desired properties, some portions nf the bottom 

half u1 the reactor, including the longitudinally welded shell courses, 

were quenched add tempered after welding. For fabricating the courses, 

the procedure was: 

Hot rolling 

Seam welding at 445-480°F (230-250°C) preheat 

Normalizing. The normalized courses were placed in 

plate-bending rolls to be sized and cooled. 



Non-destructive examination 

Austenitizing.and spray quenching . .  

Tempering 

Non-destructive examination 

The technique avoided ovalization. The increase in diameter was never 

more than 0.2 inch (5 mm). 

The upper and lower sections were delivered to the site and 

positioned vertically with supports. The bearing face between the two 

support3 was f j t t e d  with a steel-aluminum-steel pad, about 1.20 inch 

(30 IIIIII) thick t o  allnw for contraction during girth welding. 'l'he 

juncture was 111adc by a 6hicJde.d metal-arc weld. Induction heating coils, 

directly above and below the joint, were used for preheating and for 

post-weld heat treatment. 

@ Details of the on-site assembly, by shield-arc wel.ding, of a liner, 

diagrids, and gas baffle for an advanced gas-cooled nuclear reactor 
(86) have been provided by Greener . 

The liner which serves primarily as a leak-tight membrane 

to prevent seepage uf reuctor gas through the concrete containment 

vessel is a 62 foot (18.9 m) diameter, 63 112 foot (19.4 m) high 

vertical cylinder with a flat roof and f l o u r  is made from plate in the 

thickness range 112 to 1 114 inch (13 to 32 mm). The membrane liner 

was produced using shop prefabricated units comprising 16 full-height 

wall panels, 16 floor segments, and 30 roof segments. 

The modernrur graphite core nf  the reactor is supported by a 

d i a g f i d ,  Ialrlcatcd from 1 318 inch (35 mm) plate which experiences 

temperatures as high as 660°F (350°C) and is subject to both irradiqtion 

F r o m  the core and vibrations induced by the turbulance of the inlet gas. In 

plane view, the diagrid.is a 16 sided polygon 39 ft (11.9 rn) acrost; 

the flats with structural members about 6 feet (1.8 m) deep. The size 

required much of the fabrication to be carried out on site. The unit 

wils st~ccessfully welded and stress relieved using a specially designed 

electric furnace constructed around the assembly. 



The gas baffle was in the form of a I-inch (25 mm) wall 

circular shell., 45 feet (13.7 m) in diameter, fitted with a 2 518 inch 

(66 mm) thick torespherical dome. The baffle was assembled and stress 

relieved in a large covered tank. 

@ The field-fabrication experience of the Chicago Bridge and 

Iron Company in site-erection of nuclear power generation plants and 

other large facilities is reviewed in references 98, 99, and 100. 

A 545 MWe boiling water reactor (BWR) is 17 feet (5.2 m) in 

diameter,64 feet (19.5 m) high, has an average shell thickness of more 

than 5 inches (127 mm), and weighs 500 tons (4.5 x lo5 kg). Site 

assembly is the only practical way to erect vessels of this size and 

weight at locations inaccessible by navigable waterways or where overland 

transport is either not economical or impossible. 

BWR vessels are shipped to the site as 13 shop-fabricated 

major sections: The top head, four shell rings of two sections eacl~, 

the bottom head knuckle section and a bottom head dollar plate. Each 

shell ring is formed from two plates, with the half-ring segments 

temporarily joined to permit stainless steel overlay welding and to 

insure correct dimensions and alignment prior to shipment. Al.1 nozzles 

are installed and clad in the shop. Subassembly at the site, by shielded 

metal-arc welding, of two or more components of sizes that can be 
5 handled by a 150 ton (1.36 x 10 kg) derrick reduces the number of 

sections to six. The bottom head is welded into a single assembly, 

each shell ring is completed, the upper flange is joined to t l ~ e  cop 

shell ring, and the top head is welded to the head flange. These six 

pieces are then assembled within the containment vessel. About three- 

quarters of all assembly occurs at the site. The construction sites 

are equipped with several cylindrical steel. igloos which provided 

protection from the weather and double as stress-relieving furnaces. 

The igloos furnish dust-free enclosures, which ran be air-co~iditioned 

for temperature and humidity control as required. These enclosures ~ I - P  

used not only in the assembly yards', but inside the containment v e s s c l s  

where some heat treating must be performed in the final location. 



All welding procedures used on site were developed at the 

C B & I  welding laboratory to.insure structural integrity and dimensional 

tolerances. When welding is underway, each inch ' (25 nun) of deposit 
* 

is magnetic-particle inspected and, upon completion of welding, the 

joints are examined ultrasonically and by radiography using gamma 

sources. 

Preheating and intermediate stress relieving is obtained by 

utilizing either electric resistance heaters or gas burners, or 

combinations of both. Final stress relief of the girth welds between 

subassemblies in the containment vessel is performed at 1100/1175°F 

(590/635°~). Teu~porary baffles are installed below and abnve the joint 

on the inside of the vessel and the external surface i~ cover~rl with 

insulation. C B b I  has used similar stress-relieving techniques on 

hundreds of components and vessels where conventional furnace methods 

wcre impractical or not available. 
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